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RESUMEN 

En las ciudades alrededor el mundo, los autobuses propulsados por combustibles fósiles 

han sido componentes clave en los sistemas de transporte urbano y, en consecuencia, son 

una fuente importante de emisiones de CO2 y NOx. Por ello, en la última década, la Unión 

Europea ha introducido medidas sucesivas para reducir el consumo de energía y las 

emisiones emitidas por los vehículos pesados, incluidos los autobuses. Hasta hace poco, 

los motores de vehículos pesados se sometían esencialmente a pruebas de homologación 

de emisiones contaminantes con ciclos de conducción normalizados. Sin embargo, estos 

resultados no reflejan el rendimiento que los autobuses y sus motores presentan cuando 

están funcionando en condiciones reales de tráfico. La operación de los autobuses urbanos 

está caracterizada por condiciones de conducción a baja velocidad y una alta frecuencia 

de eventos de parada-arranque. Estas características de viaje conducen a un mayor 

consumo de energía y emisiones para los autobuses impulsados por combustibles fósiles, 

especialmente en zonas urbanas congestionadas.   

En este contexto, el objetivo principal de esta tesis es comprender los efectos de la 

congestión del tráfico urbano en las emisiones de CO2 y NOx de los autobuses 

propulsados por combustibles fósiles, basado en el desarrollo de un enfoque integrado 

que incorpora emisiones del mundo real, perfiles de conducción naturalista y datos de los 

sensores de tráfico de la ciudad. Una ruta de autobús representativa en Madrid (Línea 74), 

fue seleccionada para representar las condiciones típicas de la congestión del tráfico 

urbano. En general, el desarrollo de esta investigación aborda las variaciones en las 

emisiones de los autobuses urbanos debido a la congestión del tráfico. En este estudio, 

estas variaciones de las emisiones se analizaron en tres niveles y/o fases: motor, vehículo 

y ruta. Cada fase incluyó también un aspecto y/o procedimiento novedoso, que fue 

determinado en base a las brechas identificadas en la revisión de la literatura. Además, 

los datos y procedimientos resultantes de estos tres niveles de análisis se articularon 

sistemáticamente para definir un único marco metodológico de investigación integrado 

que permita alcanzar el objetivo general definido. 

En la primera fase, un autobús diésel Euro V fue testeado en condiciones reales de tráfico 

urbano para investigar la eficiencia de combustible y el rendimiento de las emisiones de 

su motor en términos de energía (g/kWh). Para ello, este trabajo desarrollo un conjunto 

de mapas de motor de eficiencia y emisiones, basados en la combinación de datos 

transitorios del motor obtenidos directamente del sistema de diagnóstico a bordo (OBD) 

y de las emisiones del mundo real obtenidas con un sistema de medición de emisiones 

portátil (PEMS). Debido a la variabilidad de los datos transitorios del motor, este trabajo 

propuso un método para desarrollar estos mapas de motor, que consistió en agrupar los 

datos medidos en cuadrículas basadas en rangos de velocidad de giro y par del motor, y 

luego promediarlos para obtener un único valor (ya sea de consumo de combustible o de 

emisiones) por cuadrícula. Este método se caracterizó también por su bajo coste 

computacional. 
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En la segunda fase, este trabajo investigó el consumo de combustible y las emisiones en 

el mundo real de un autobús diésel Euro V y un autobus de gas natural comprimido (GNC) 

Euro VI, con diferentes niveles de congestión (mediante la velocidad media en tramos de 

ruta), carga de pasajeros y pendiente de la vía. En esta fase, el consumo de combustible y 

los factores de emisión se calcularon en términos de distancia (g/km), usando los datos 

medidos con PEMS. Además, estos datos PEMS se combinaron con el enfoque “Vehicle 

Specific Power” (VSP), para estudiar desde otra perspectiva las diferencias de emisiones 

entre los autobuses de GNC y diésel, y también para desarrollar un modelo empírico de 

micro emisiones. En particular, tanto el  modelo de emisiones VSP, como los mapas de 

motor de la primera fase, podrían utilizarse para simular las emisiones de un autobus bajo 

diferentes escenarios de operación, aunque la selección dependerá de los datos de entrada 

que estén disponibles. 

En la última fase, se modelizaron las emisiones de CO2 y NOx producidas por los 

autobuses diésel y GNC en diferentes escenarios de congestión a nivel de ruta (y/o viaje 

completo). Para ello, se condujo un complejo proceso de integración de datos de 

emisiones del mundo real, perfiles de conducción naturalistas e información de los 

sensores de tráfico de la ciudad. En primer lugar, para la definición de los escenarios de 

tráfico a nivel de ruta, se realizó un análisis de conglomerados K-medias que permitió 

agrupar los viajes de conducción naturalistas en función de dos indicadores de congestión. 

Estos indicadores fueron seleccionados mediante un análisis de correlaciones entre 

diversos parámetros de congestión tanto estacionarios en carretera, como dinámicos 

procedentes de un vehículo. En segundo lugar, se estimaron las emisiones para cada viaje 

de conducción naturalista y para los dos tipos de autobuses; esto usando el modelo de 

micro emisiones VSP que fue desarrollado con emisiones del mundo real como parte de 

la segunda fase de esta investigación. Finalmente, los datos de los viajes agrupados por 

escenario de tráfico y las emisiones modeladas fueron combinados para entonces 

cuantificar los efectos de la congestión a nivel de viaje en las emisiones de los autobuses 

urbanos.  

Los resultados de este trabajo representan información científica precisa que puede 

utilizarse para mejorar las estimaciones de las emisiones de los autobuses, y que puede 

ser utilizada por los responsables políticos para diseñar estrategias que permitan lograr 

una transición exitosa hacia sistemas de transporte urbano sostenibles. 
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ABSTRACT 

In cities around the world, fossil fuel-powered buses have been key components in urban 

transport systems and hence, are important sources of CO2 and NOx emissions. 

Consequently, over the past decade, the European Union (EU) has introduced successive 

measures to reduce the energy consumption and emissions from heavy-duty vehicles 

(HDVs), including buses. Until recently, HDV engines were subjected to pollutant 

emissions type-approval tests, based on standardised driving cycles. However, these 

results do not reflect the performances of the buses and their engines when operating 

under real-world traffic conditions. The operation of urban buses is mainly characterised 

by low-speed driving conditions and a high frequency of stop-start events. These travel 

characteristics lead to increased energy consumption and emissions for fossil-fuelled 

buses, especially in congested urban areas. 

In this context, the main objective of this thesis is to understand the effects of urban traffic 

congestion on the CO2 and NOx emissions from fossil fuel-powered buses, based on 

developing an integrated approach incorporating to real-world emissions, naturalistic 

driving profiles, and city traffic sensor data. A representative bus route in Madrid (Route 

74) is chosen to represent typical conditions of urban traffic congestion. In general, the 

development of this research addresses the variations in bus emissions owing to urban 

traffic congestion. In this study, these emission variations were analysed at three levels 

and/or phases: engine, vehicle, and route. Each phase also included a novel aspect and/or 

procedure; these were determined based on the gaps identified in a literature review. In 

addition, the data and procedures resulting from these three levels of analysis were 

systematically articulated to define a single integrated methodological research 

framework for achieving the defined overall objective. 

In the first phase, a Euro V diesel bus was tested in real-world urban traffic conditions, 

aiming to investigate the fuel efficiency and emission performance of its engine in terms 

of energy (g/kWh). For this purpose, this work developed a set of engine efficiency and 

emissions maps, based on combining transient engine data obtained directly from on-

board diagnostic (OBD) systems and real-world emissions obtained with a portable 

emission measurement system (PEMS). Owing to the variability of the transient engine 

data, this work proposed a method for developing these engine maps, consisting of 

grouping the measured data into grids based on engine speed and torque ranges, and then 

averaging them to obtain a single value (either fuel consumption or emissions) per grid. 

This method was also characterised by a low computational cost. 

In the second phase, this work investigated the real-world fuel consumption and emissions 

of a Euro V diesel bus and Euro VI compressed natural gas (CNG) bus, with different 

levels of congestion (by link-average speed), passenger loads, and road gradients. The 

fuel consumption and emission factors were calculated in terms of distance (g/km), using 

PEMS-measured data. Additionally, these PEMS data were combined with a vehicle 



 

 

iv 

 

specific power (VSP) approach to study the differences between CNG and diesel buses, 

and to develop an empirical micro-emission model. Notably, both the resulting VSP-

based emissions model and the engine-engine maps from the first phase could be used to 

accurately simulate the emissions of a bus under different operating scenarios, depending 

on the available input data. 

In the last phase, the CO2 and NOx emissions of diesel and CNG buses were modelled for 

different congestion scenarios at the route level. For this, a complex process was 

conducted to integrate real-world emissions, naturalistic driving profiles, and traffic 

sensor information. The definition of the traffic scenarios was based on a K-means 

clustering analysis for classifying the collected naturalistic driving trips. For this purpose, 

through a correlation analysis, two traffic condition indicators were chosen as criteria for 

the K-means clustering. In parallel, the CO2 and NOx emissions for the naturalistic driving 

trips were estimated using the VSP micro-emission model developed in the second stage 

of this research. Finally, the clustering and modelled emissions data were combined, so 

as to quantify the effects of trip-level congestion on urban bus emissions. 

The findings of this work represent scientifically accurate information that can be used to 

improve estimations of bus emissions, and that can be used by policy makers to design 

strategies for achieving a successful transition to sustainable urban transport systems. 
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CHAPTER 1. INTRODUCTION 

 Problem Statement  

In cities worldwide, road transport acts as a main source of greenhouse gas (GHG) 

emissions and air pollution, affecting the environment and human health, respectively. In 

the European Union (EU), road transport produces approximately 23% of the total 

emissions of carbon dioxide (CO2), the main GHG gas (European Environment Agency, 

2016b). Moreover, road transport produces more than 30% of the nitrous oxides (NOx) 

emissions in the EU (European Environment Agency, 2016a). Heavy-duty vehicles 

(HDVs), including buses, are responsible for nearly one-fourth of the CO2 emissions from 

road transport in the EU, and for approximately 6% of the total EU emissions  (European 

Environment Agency, 2019). The EU expects that its CO2 emissions will increase by up 

to 10% between 2010 and 2030 (EC, 2016). Consequently, over the past decade, the EU 

has introduced successive measures for reducing the energy consumption and CO2 

emissions from HDVs. However, although the EU has implemented the Euro VI 

regulations, with more demanding nitrous oxide (NOx) emission standards, road 

transportation remains the largest contributor (approximately 14 %) to the NOx emissions 

in Europe (FuelsEurope, 2018).  

 Difference between real-world and type-approval emissions 

Traditionally, HDVs have been commercialised with various possible combinations of 

engines, transmissions, and body types. Several years ago, chassis dynamometer testing 

was the ideal methodology for the testing the performances of complete HDVs (Franco, 

Delgado, & Muncrief, 2015). However, the high operating costs of HDV chassis 

dynamometers rendered this approach expensive and impractical when performing type 

approvals for all possible combinations of HDVs. Until recently, only HDV engines were 

subjected to pollutant emissions type-approval tests, based on an engine test bench under 

standardised driving cycles. However, these test results did not reflect the engine 

behaviours when operating the vehicle in real-world driving conditions. In particular, 

when an engine is tested following steady-state cycles, the results are unrealistic, and do 

not capture the transient behaviours in the transition from partial loads to full loads 

(Niekerk, Drew, Larsen, & Kay, 2020). Recently, the differences between real-world and 

type-approval emissions, as reported by several studies on LDVs, has produced rapid 

changes in the implementations of regulations in the USA (EPA, NHTSA, & DOT, 2016), 

China, and the EU (EU, 2011). Consequently, it has been necessary to use portable 

emission measurement systems (PEMSs) and on-board diagnostic (OBD) systems to 

verify the emissions of HDVs, both for type-approval tests and real-world tests.  

 Highest emissions for urban buses 

Unlike light passenger vehicles (LDVs), buses are useful for the mass transportation of 

people. They are key components in the public transport systems of cities worldwide 

(Holmberg, Andersson, Nylund, Mäkelä, & Erdemir, 2014), and contribute to improving 
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air quality by emitting less CO2 per passenger than other modes of transport. However, 

the energy consumption and emissions of fossil fuel-powered buses under real traffic 

conditions can be significantly influenced by several operational factors or conditions. 

The operation of urban buses is considerably different from that of coaches, trucks, and 

LDVs, as urban buses frequently stop at bus stops to serve passengers (Rosero, Fonseca, 

López, & Casanova, 2020). The operating characteristics of urban buses include (a) a low 

average speed, (b) a high frequency of acceleration and deceleration events, and (c) long 

idle times. These travel characteristics lead to a higher energy consumption for urban 

buses than those of coaches and trucks equipped with similar power engines. Moreover, 

these travel characteristics can potentially lead to lower NOx conversion efficiencies in 

the after-treatment systems of urban buses (Oprešnik, Seljak, Vihar, Gerbec, & Katrašnik, 

2018; Sowman et al., 2018). Therefore, the energy consumption and environmental 

complications of fossil fuel-powered buses in cities cannot be ignored. 

 Problem of modelling traffic-related emissions 

Traffic congestion was widely recognised as one of the main causes of the increases in 

road transport energy consumption and emissions by Smit et al. (Smit, Poelman, & 

Schrijver, 2008), Boulter et al. (Boulter et al., 2002), and Zhang et al. (Kai Zhang, 

Batterman, & Dion, 2011). The impacts of congestion on road transport emissions can be 

quantified based on scales ranging from an individual intersection to a complete network 

(Smit, Ntziachristos, & Boulter, 2010). For this reason, simulations based on traffic 

models and emission models are a commonly applied combined approach (Alam & 

Hatzopoulou, 2014b; Grote, Williams, Preston, & Kemp, 2018). However, such 

simulation-based approaches may not be able to represent the wide variability in bus 

emissions under real-world traffic. In addition, the emissions models that explicitly 

address congestion, such as those based on the 'Handbook Emission Factors for Road 

Transport' (HBEFA), have subjective definitions of the state of traffic, resulting in 

significant differences in the estimated emissions by level of congestion (Borge et al., 

2012). Therefore, emissions models based on the traffic state, or on integrated traffic and 

emissions simulations, may not be the most appropriate options for assessing the effects 

of congestion on emissions for a bus route in Madrid. Alternatively, recent approaches 

based on real-world emissions data using PEMSs, vehicle dynamics from GPS data (also 

called 'naturalistic driving patterns'), and road traffic data from electronic devices could 

be progressively integrated into a combined approach, i.e. to explicitly address the effects 

of congestion on bus emission performances at different levels (e.g. engine, vehicle, and 

route). It is important to note that the 'naturalistic observation' is a non-intrusive research 

approach that aims to collect information regarding a given event in its natural 

environment, but without the researcher and/or his measuring equipment altering the 

normal course of that event. 
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 Research Scope  

This study focuses on the emissions from urban buses under real-world traffic conditions. 

A representative bus route in Madrid, Route 74, is chosen to represent typical conditions 

of urban traffic congestion. Initially, real-world emissions from a Euro V diesel bus and 

a Euro VI compressed natural gas (CNG) bus are characterised, aiming to develop an 

empirical micro-emissions model. Then, open-access traffic information from city 

monitoring sensors and GPS-based naturalistic driving profiles are collected to 

characterise the vehicle activities and dynamics of the buses, respectively. Finally, this 

work purposes an original approach for integrating real-world emissions, naturalistic 

driving profiles, and traffic sensor data to estimate and analyse the CO2 and NOx 

emissions from buses in different traffic congestion scenarios.  

 Research Objectives 

Based on the problems described above, the overall objective of this doctoral thesis is as 

follows: 

− Understanding the effects of traffic congestion on the CO2 and NOx emissions from 

urban buses, based on developing an integrated approach incorporating real-world 

emissions, driving data, and traffic data. 

To achieve the overall objective and to address the research gaps related to bus emissions, 

this study includes three specific objectives, as follows: 

• Research Objective 1. To investigate the real-world fuel efficiency and 

emissions of an diesel urban bus at different engine operating points. 

• Research Objective 2. To investigate the real-world fuel consumption (FC) and 

emissions from diesel and CNG urban buses for different congestion levels, 

passenger loads, and road grades.  

• Research Objective 3. To model and assess the CO2 and NOx emissions from 

urban buses for different route- level traffic congestion scenarios using real-world 

emissions, naturalistic driving profiles, and road traffic sensor information. 

 Research Questions 

Considering the specific objectives of this study, the following research questions and 

their respective hypotheses are formulated: 

• Research Question 1. What is the performance of an urban diesel bus engine 

under real-world traffic congestion?  

o Hypothesis 1.1. Engine maps, which are typically used to analyse 

emission performances, can be developed based on data from PEMS and 

OBD systems for an urban bus engine under real traffic conditions. 
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o Hypothesis 2.2. High idle-mode operation periods, which are typical in 

urban congestion, directly influence the performance and energy-

emissions of an urban bus engine. 

o Hypothesis 3.3. If urban bus engines operate in urban off-cycle 

conditions, their energy-specific emission factors will be higher than those 

allowed by their respective emission regulations. 

 

• Research Question 2. What are the effects of the congestion at the link level and 

other operational factors on the distance-specific emission factors for diesel and 

CNG buses?  

o Hypothesis 2.1. The FC, CO2 emissions, and NOx emissions from urban 

buses increase with increased congestion at the link level. 

o Hypothesis 2.2. The passenger load and road grade levels influence the 

FC and emissions of urban buses. 

o Hypothesis 2.3. Compared to a diesel bus, a CNG bus emits higher CO2 

and total hydrocarbon (THC) emissions, but lower NOx emissions.  

o Hypothesis 2.4. The PEMS measurements can be integrated into a 

vehicle-specific power (VSP) methodology to develop a micro-emissions 

model.  

 

• Research Question 3. How do the congestion indicators, as well as the CO2 and 

NOx emissions of urban buses, vary with different traffic scenarios at the trip 

level? 

o Hypothesis 3.1. The traffic records from inductive loop detectors in a city 

can be used to characterise the spatial-temporal traffic patterns over a 

typical bus route. 

o Hypothesis 3.2. It is possible to define scenarios with different levels of 

traffic congestion at the route level by linking stationary (from city 

sensors) and dynamic (from naturalistic driving profiles) traffic data. 

o Hypothesis 3.3. The real-world emissions, naturalistic driving profiles, 

and city traffic sensor data can be integrated to quantify the effects of 

congestion on bus performance.  

o Hypothesis 3.4. The CO2 and NOx emissions from diesel and CNG buses 

increase with the level of traffic at the trip level. 

 Research Framework 

In the development of this study, five steps were defined. In the Step I, the research scope, 

objectives, questions, and design were defined, prior to conducting a thorough review of 

the literature. Then, the three research objectives were addressed individually in steps II 

to IV, respectively. In particular, step II analysed the real-world emissions from city buses 

at the engine level (e.g. energy-specific emission factors), whereas for step III, they were 

analysed at the vehicle level (e.g. distance-specific emission factors). Subsequently, in 
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step IV, the emissions were modelled for real-world bus driving patterns at the route level; 

then, the bus emissions were assessed for different road-level traffic scenarios. Finally, in 

step V, the results from steps II to IV were aggregated to answer the proposed research 

questions from step I. Figure 1.1 provides a summary of the activities conducted for each 

step of the research. Detailed information on how each research objective was addressed 

is provided later (in the Methodology section). 

 

Figure 1.1. Steps defined for the research (FC: fuel consumption; PEMS: portable emission 

measurement system; CNG: compressed natural gas). 
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STEP III. DEVELOPMENT OF
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•PEMS data proccessing of 
the CNG  bus

•Data integration of diesel 
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 Structure of the Doctoral Thesis 

The thesis includes seven chapters covering the proposed research questions, as discussed 

in Subsection 1.4. Figure 1.2 shows an overview of the structure of the thesis, and its 

relation to the research steps.  

 

Figure 1.2. Structure of thesis with research steps. 

Chapter 1 introduces the problems arising from the pollutant emissions generated by 

urban buses in real traffic conditions, and then sets out the objectives and research 

questions to be addressed throughout this study. 

Chapter 2 explains the fundamentals of the formulation of pollutant emissions in internal 

combustion engines based on compression (diesel) and spark ignition (natural gas), and 

the technologies for reducing such emissions. It also presents the fundamentals of traffic 

congestion, i.e. the characteristics, fundamental relationships, and methods of 

measurement. Finally, this chapter presents a summary of the state-of-the-art research 

related to bus emissions in real traffic conditions, and the different approaches that have 

been used to study this problem. 

Chapter 3 presents the overall methodology used in this study. Initially, the methodology 

framework is shown, and then the data collection, pre-processing, integration, and post-

processing stages are explained in detail. This chapter also indicates how the different 

types of data (e.g. road conditions, vehicle performance, and vehicle activity data) were 
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applied to address the three overall research objectives, as well as how the results were 

reported in Chapters 5 to 7. 

Chapter 4 analyses the real-world emissions from buses at the engine level. A diesel bus 

was selected as a case study for this chapter, thereby addressing research objective No. 1. 

This chapter considers the results regarding the real-world emissions performance of a 

bus engine under urban traffic conditions, based mainly on the development of transient 

state-engine emissions maps. 

Chapter 5 investigates the real-world emissions from urban buses at the vehicle level. It 

shows the results from variations of the distance-specific emission factors of the diesel 

and CNG buses, with different levels of congestion (through link-level speed), road 

grades, and passenger loads. This chapter also presents an in-depth comparison of the 

emission performances of diesel and CNG buses. In addition, it describes how the VSP 

approach was used to study the differences between the performances of the two types of 

buses, and to develop an energy-based emissions model. 

Chapter 6 assesses the effects of congestion at the route level based on emissions from 

urban buses, by integrating GPS-based naturalistic driving profiles, real-world emissions, 

and city sensor traffic data. This chapter shows the results from the modelling of the CO2 

and NOx emissions of the diesel and CNG buses for the five traffic scenarios defined for 

the case study. These traffic scenarios were characterised based on a K-means clustering 

analysis for classifying an extensive number of naturalistic driving trips. This chapter also 

shows the variations of the congestion indicators and bus operating modes with increasing 

traffic levels. 

Chapter 7 presents the general conclusions of this study (Chapters 4 to 6 include 

conclusions that are more specific to the research objective addressed in each chapter). 

Finally, Chapter 7 provides the main contributions of this research, a dissemination of 

results, and suggestions for future work on the research topics. 

 



 

 



Chapter 2 

9 

 

CHAPTER 2. FUNDAMENTALS AND STATE OF THE ART 

 Fundamentals of Pollutant Emissions from Road Vehicles  

Motor vehicles produce various GHGs and air pollutants, affecting the environment and 

human health, respectively (Forehead & Huynh, 2018). Although the GHG emissions 

from other sectors of the economy have decreased in recent decades, the road transport 

GHG emissions have increased by approximately 16% from their levels in 1990 

(European Environment Agency, 2017). Road transport is also responsible for significant 

contributions to emissions of NOx and particulate matter (PM), especially in urban areas, 

where the majority of the population currently resides. Unlike GHG emissions, the main 

pollutant emissions from road transport have decreased in recent decades (European 

Environment Agency, 2016a). This reduction is owing to the fact that several regional 

governments, such as the EU, have set stringent emission standards for both LDVs and 

HDVs. Consequently, vehicle manufacturers have successively introduced various 

technological solutions for emissions control, such as the use of exhaust catalytic 

converters. However, uncertainty still remains regarding the performances of these 

vehicles and their technological devices under real-world traffic conditions. 

 Types of vehicle emissions 

Road vehicle emissions can be categorised into three types, according to how they are 

produced: (1) exhaust emissions, (2) abrasive emissions, and (3) evaporative emissions 

(European Environment Agency, 2016a). The first category includes emissions from the 

tailpipe, such as carbon monoxide (CO), THC emissions, and NOx, as well as CO2. They 

result from the combustion processes in internal combustion engines, which are mainly 

powered by fossil fuels (e.g. diesel, natural gas, and liquefied petroleum gas). Exhaust 

emissions are mostly regulated by national and regional governments. The second 

category includes emissions from tyre wear, brake and clutch wear, and road surface wear 

(Boulter, Barlow, Mccrae, Latham, & Parkin, 2009). These are produced from the 

abrasion and corrosion of various vehicle components. PM emissions are the most 

important emissions in this group. The third category concerns the results from losses of 

no-combustion volatile organic compounds (VOCs); these arise from the evaporation of 

hydrocarbons through the vehicle's fuel system, even while the vehicle is not running. 

This study focuses on the vehicle exhaust emissions, predominantly CO2 and NOx, 

although THC and CO emissions are also addressed in some parts of this study.  

 Overall description of regulated pollutants  

2.1.2.1. Carbon Dioxide (CO2) 

CO2 is one of the main products from combustion in vehicle engines, together with water 

(Grimaldi & Millo, 2015). Although CO2 is considered as a non-toxic combustion 

product, it is a GHG. Consequently, CO2 contributes significantly to climate change, and 

needs to be regulated (European Environment Agency, 2016b). The CO2 emissions from 
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vehicles are directly related to their FC (Fonseca, Casanova, & Valdés, 2011). The 

operating conditions and fuel type can also raise the level of CO2 produced by a vehicle 

(Rosero, Fonseca, López, & Casanova, 2021).  

2.1.2.2. Hydrocarbons (HCs) 

Hydrocarbons (HCs) result from several non-ideal processes during combustion, e.g. by 

either incomplete or partial combustion in vehicle engines (Grimaldi & Millo, 2015). 

Consequently, HCs have a highly heterogeneous composition (Payri & Desantes, 2011). 

The composition of a fuel can quantitatively and qualitatively influence the formation of 

HCs. The corresponding emissions, especially VOCs, contribute to the formation of 

ground-level ozone and photochemical smog in the atmosphere (European Environment 

Agency, 2016b). These can lead to health problems, mainly in the cardio-respiratory 

system (Khreis et al., 2016).  

2.1.2.3. Carbon monoxide (CO) 

CO is the result of incomplete combustion, and occurs when the carbon in the fuel is 

partially oxidised, thereby resulting in CO instead of CO2 (European Environment 

Agency, 2016b). CO is one of the main pollutant emissions from combustion processes, 

and depends directly on the dosage of the engine (Payri & Desantes, 2011). CO, as 

emitted, is colourless and odourless. Nevertheless, it can be lethal in low doses, as it 

reduces the flow of oxygen in the circulatory system. As a result, CO can particularly 

affect people with heart disease (Khreis et al., 2016). Additionally, CO emissions 

contribute to the formation of ground-level ozone and photochemical smog in the 

atmosphere (European Environment Agency, 2016b). 

2.1.2.4. Nitrogen oxides (NOx) 

The term NOx is used as a generic term for nitrous oxides, which include mostly NO and 

NO2 (Rahman et al., 2013). NOx is produced when fuel is combusted in an engine in the 

presence of air (which mainly comprises nitrogen gas). NOx contributes to the formation 

of acid rain and photochemical smog (Payri & Desantes, 2011). Although NO does not 

harm health in the typical concentrations found in the atmosphere, NO2 can represent 

risks to both the environment and health (European Environment Agency, 2016b). In fact, 

NO2, which has a penetrating smell and reddish-brown colour, can cause irritation to the 

lungs, increasing the risk of infectious diseases (Khreis et al., 2016). 

 Formation of pollutant emissions in combustion engines 

For HDVs, including buses and coaches, a diesel compression ignition engine remains 

the first choice worldwide, owing to its fuel efficiency and high reliability. However, 

heavy-duty spark ignition engines powered by natural gas and liquefied petroleum gas 

have become another competitive option in the last decade, especially for urban bus fleets. 

Before discussing how emissions are formed in diesel and natural gas engines, it is 

necessary to present the combustion process of an HC fuel in an internal combustion 
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engine. HC fuels have various compositions of carbon and hydrogen (e.g. diesel and 

gasoline, with ratio b/a of approximately 1.85). The ideal combustion of an HC fuel with 

air will result in non-toxic products, such as CO2, water vapor (H2O), nitrogen (N2), and 

oxygen (O2) (Grimaldi & Millo, 2015). In fact, the air-fuel mixture should burn out 

completely, according to the stoichiometric balance detailed in Equation (2.1) 

(Korakianitis, Namasivayam, & Crookes, 2011), as follows:  

 
𝐶𝑎𝐻𝑏 + (𝑎 +

𝑏

4
) (𝑂2 + 3.773𝑁2)  → 𝑎𝐶𝑂2 +

𝑏

2
𝐻2𝑂 + 3.773 (𝑎 +

𝑏

4
) 𝑁2 

(2.1) 

However, real engine combustion, which is not ideally stoichiometric, generates pollutant 

emissions, such as CO, HCs, and NOx. These emissions represent approximately 1% by 

volume of the combustion products, as shown in Figure 2.1. To assess the emissions 

characteristics of engine-fuel combinations, specific emission terms are used, and are 

expressed based on the emission mass flow divided by the engine effective power (e.g. 

(kg/s) / (W) or (MJ)), or as parts per million (ppm) of emissions. 

 

 Figure 2.1. Characteristic composition of exhaust gases from an internal combustion engine. 

Source (Grimaldi & Millo, 2015) 

2.1.3.1. Emission mechanisms for compression ignition engines (diesel engines) 

A diesel engine is based on the self-ignition of an air-fuel mixture. It is therefore 

necessary to achieve high temperatures in the combustion chamber, but simultaneously, 

to also prevent uncontrolled spontaneous ignition (Grimaldi & Millo, 2015). The fuel is 

injected directly at a high pressure into the combustion chamber when it is close to the 

end of the compression stroke. At this time, the air temperature and pressure in the 

combustion chamber must be higher than the ignition point of the fuel. This results in 

heavy demands on the diesel injection system. Nevertheless, the process of forming the 

air-fuel mixture makes it possible to control the load of the diesel engine (Payri & 

Desantes, 2011). The control consists of varying the amount of fuel, but not the amount 

of intake air. Unlike induction ignition engines, a diesel engine mixture has a high degree 

of heterogeneity in the combustion chamber. In fact, the rich mixture zones are within the 

jet core, whereas the lean zones are far from the jet (Bergthorson & Thomson, 2015). In 

the diesel engine, a wide range of gases and organic and inorganic compounds are emitted 

during the particulate phase, containing higher amounts of aromatics and sulphur (Tadano 
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et al., 2014). Diesel exhaust emissions and their compositions are mainly determined by 

the engine type, fuel properties, and emission control system. 

In diesel engines, the mechanisms of NOx formation are complex and are affected by the 

(a) cylinder temperature, (b) time needed for the reaction to occur, (c) coefficient of the 

air surplus, (d) in-cylinder temperature, (e) charge pressure, (f) exhaust gas recirculation 

(EGR) rate, (g) earlier or later start of injection, and (h) properties of the fuel (Rahman et 

al., 2013). There are three main mechanisms of NOx formation in combustion engines: 

(1) thermal, (2) prompt or Fenimore, and (3) fuel nitrogen mechanisms (Payri & Desantes, 

2011). The thermal mechanism, also known as the Zeldovich mechanism, is the most 

important, and comprises breaking the strong triple bonds of nitrogen molecules at high 

combustion temperatures of approximately 1800 K (Sun, Caton, & Jacobs, 2010). The 

NOx prompt mechanism is slightly temperature-dependent, and only accounts for 5% of 

the total NO from diesel engines. 

The CO emissions in exhaust gases comprise the lost chemical energy that is not used 

completely (Rahman et al., 2013). As a result of the heterogeneous combustion process 

in diesel engines, there are two main sources of CO: (a) excessively lean mixing zones 

(air-fuel-ratio: λ >1), which do not support rapid combustion and thus form products from 

pyrolysis and partial oxidation of the fuel, especially at low loads; and (b) excessively 

rich zones (λ<1), which do not find sufficient air to mix with, and then completely oxidise 

the fuel (Payri & Desantes, 2011).  

HC emissions are formed in a combustion engine owing to an irregular combustion 

process, and are mainly related to flame extinction from misfiring, insufficient fuel 

evaporation, exhaust leaks, and extreme local dosing. The operation of an EGR system 

also increases HC emissions levels, as well as CO levels (Lu, Han, & Huang, 2011). For 

diesel engines, alkanes and aromatics are the most abundant compounds in HC emissions. 

2.1.3.2. Emission mechanisms for spark-ignition engines (natural gas engines) 

Spark-ignition (SI) engines use fuels with low reactivity, such as gasoline, CNG, or 

liquefied petroleum gas (LPG). The fuel and air are pre-mixed homogeneously, and then 

the mixture is introduced into the engine cylinder to compress it, reaching temperatures 

and pressures of approximately 700 K and 20 bar, respectively (Grimaldi & Millo, 2015). 

To burn the air-fuel mixture in the cylinder, it is necessary to provide a localised spark 

plug, which uses energy from an external source. After the spark, the flame front begins 

to propagate through the fresh mixture in the rest of the combustion chamber. The 

propagation is developed layer-by-layer, using the heat transferred from the zones already 

burned. The flame front speed (with typical values of approximately 20 to 40 m/s) is 

proportional to the intensity of the mixture turbulence, which increases with the speed of 

the engine. The load for a conventional SI engine is based on the quantitative mixture 

regulation, i.e. controlling the flow of the air-fuel mixture at the engine intake, without 

varying the homogeneity of the mixture (Payri & Desantes, 2011). The air-fuel ratio in 

an SI engine is kept very close to the stoichiometric value (λ ≈ 1), which is theoretically 
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necessary to achieve complete combustion, as well as for the purpose of using a modern 

three-way converter (TWC) post-treatment system (Bergthorson & Thomson, 2015). 

As a result of the combustion process, CO emissions are rapidly formed in the flame, but 

they are then transformed into CO2 by oxidation with the nearby oxygen. Therefore, in SI 

engines with air-fuel ratios close to stoichiometry, the resulting CO is relatively low. 

However, when the mixture is enriched (λ < 1), the CO emissions tend to increase 

exponentially. The lack of oxygen in the rich mixture avoids the transformation of CO 

into CO2 (Korakianitis et al., 2011). 

In an SI engine, HC emissions can be formed by the following: (1) fuel not burning owing 

to extremely rich or lean mixtures, (2) flame extinction by misfiring under normal 

mixtures, and (3) oil and residues on the cylinder walls mixing with the air-fuel mixture 

during the compression stroke (Lu et al., 2011). This leads to fuel not being completely 

burned in the expansion and exhaust phases, resulting in the formation of HC.  

NOx, and more specifically NO, is formed in combustion zones with high temperatures, 

as the nitrogen from the air is oxidised (Grimaldi & Millo, 2015). As stoichiometric SI 

engines do not have sufficient oxygen after the flame, the periods for NOx formation are 

relatively short. There are two factors that can reduce the NOx in an SI engine: (1) low 

flame temperatures at a low load engine load (λ > 1.2), and (2) a low oxygen concentration 

under rich mixture conditions (λ < 1) (Payri & Desantes, 2011). Consequently, the NOx 

emissions are maximum from slight mixtures (λ ≈ 1.11, ɸ ≈ 0.9), whereas those of CO 

and HC are lowest (Heywood, 1988). Overall, the air-fuel ratio has a significant influence 

on the emissions of an SI engine. 

Natural gas (or CNG) is composed mainly of methane, but also includes other alkanes 

(e.g. ethane, propane, butane, pentane, hexane), and other minor components (CO2, 

nitrogen, sulphide or helium). The composition of the natural gas varies with the source 

of the gas and other factors (Lu et al., 2011). Compared to diesel and gasoline fuels, 

natural gas is a less carbon-intensive fuel (Yoon, Collins, Thiruvengadam, & Gautam, 

2013). Furthermore, as natural gas is free of aromatic HCs, it contributes to lower 

particulate emissions.  

The formation of emissions in natural gas engines has direct correlations with the quality 

of the air-fuel mixture, spark timing, and knock limits. First, the air-fuel mixture depends 

on several aspects, such as the injection time and injection pressure, as well as other 

structural parameters of the injection (e.g. geometry of nozzle, combustion chamber) (H. 

Chen, He, & Zhong, 2019). The injection timing is an important parameter for the 

concentrations of THC and CO, whereas the concentration of the NOx is affected by the 

excess air ratio. The injection pressure has a minor impact on HC emissions. Second, an 

advanced spark timing can significantly increase NOx formation (Heywood, 1988). This 

problem is common to gasoline engines that are converted by end-users to run on natural 

gas. 
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Third, natural gas engine emissions are also influenced by the knock limits, which are 

related to the compression ratio and exhaust gas recirculation. For example, NOx 

emissions typically increase with the compression ratio, whereas HC emissions decrease 

(H. Chen et al., 2019). When an EGR system is activated to reduce engine knock, it results 

in an increase in HCs, but the NOx is reduced. Overall, the SI engine technologies applied 

in CNG buses have advanced from lean-burn to stoichiometric combustion with a TWC, 

providing reductions in the NOx, PM, and non-methane HC emissions by 87–98 %, but 

increasing the CO and THC emissions (Korakianitis et al., 2011).  

 Technologies for reducing fuel consumption and emissions 

To improve fuel efficiency and reduce the emission levels for vehicles equipped with 

internal combustion engines in accordance with demanding regulations, vehicle 

manufacturers have included technological improvements to both engines and exhaust 

after-treatment systems. These technological improvements are presented below. 

2.1.4.1. Technologies for improving engine efficiencies 

When moving a bus or truck, only approximately 34% of the chemical energy of the fuel 

is effectively used (e.g. 13.2% is lost to rolling resistance, 13.4% to wind resistance, and 

7.2% to braking (Holmberg et al., 2014)). The remaining energy corresponds to exhaust 

heat losses by 30%, exhaust heat by 20%, non-frictional auxiliary losses by 3.6%, the 

friction of engine components by 7.3%, and transmission system losses by 5.1%, as 

shown Figure 2.2.  

Consequently, to improve the energy efficiency of modern IC engines, several 

technological improvements have been incorporated into engine design, particularly in 

regards to ignition timing (European Environment Agency, 2016a). These technological 

improvements include: direct fuel injection, variable valve timing, cylinder deactivation, 

turbocharging, and start-stop systems (Zhou, Jin, & Wang, 2016). For example, direct 

injection (DI) systems make it possible to precisely control the timing and quantity of the 

fuel injected into the cylinder (Jiaqiang et al., 2018). Unlike conventional SI engines, the 

mixture in a DI system engine is generated directly in the combustion area. This strategy 

leads to higher compression ratios and higher efficiency for the injected fuel, and thus to 

lower FC (Gallus, Kirchner, Vogt, Börensen, & Benter, 2016). Notably, these 

technological devices have been mostly implemented in LDVs. 
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Figure 2.2. Breakdown of the average energy consumption from the four categories of trucks 

and buses. Source (Holmberg et al., 2014). 

Current heavy-duty diesel engines include several complex electronic controls. Their 

efficiency has been improved, based on increasing injection pressures (e.g. 2000 bar) and 

providing accurate injection control for the diesel (N.-O. Nylund & Koponen, 2012). 

Common rail injection systems are a widely used technology in diesel engines. Such 

systems include an external high-pressure pump, hydraulic accumulator, and rail 

connected to electronically controlled injectors. The electronic control injects the fuel in 

separate stages, improving engine performance and reducing emissions levels (Grimaldi 

& Millo, 2015). However, the current heavy-duty natural gas engines are mainly SI 

stoichiometric engines equipped with multipoint injection systems. Overall, modern 

HDVs engines are currently provided with turbochargers and intercoolers, whereas other 

technological improvements (e.g. variable valve timing and variable geometry 

turbochargers) are being implemented more gradually (Jiaqiang et al., 2018).  

2.1.4.2. Technologies for exhaust after-treatment  

Improvements in engine technology have significantly reduced FC; nevertheless, these 

improvements can potentially lead to increases in NOx and PM emissions (Rahman et al., 

2013). Consequently, to meet the required emission standards, additional devices have 

been developed, such as EGR and exhaust after-treatment systems. Figure 2.3 and Figure 

2.4 present the most common configurations for modern heavy vehicles equipped with 

diesel and CNG engines, respectively. 
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Figure 2.3. Heavy-duty diesel engine with turbocharger, after-cooler, exhaust gas recirculation 

(EGR) and exhaust after-treatment system, including selective catalytic reduction (SCR), diesel 

oxidation catalyst (DOC), and diesel particulate filter (DPF). Source (Giakoumis, 2016) 

 

Figure 2.4. Heavy-duty natural gas engine with turbocharger, after-cooler, EGR, and three-

way catalyst (TWC). Source (Giakoumis, 2016) 
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EGR systems have been commonly used to reduce the formation of NOx, based on 

reducing combustion temperatures (N.-O. Nylund & Koponen, 2012). A portion of the 

exhaust gas is introduced into the cylinder to reduce the oxygen in the combustion 

chamber, thereby reducing the combustion temperature. There are different EGR 

configurations, e.g. external high pressure EGR, external low pressure EGR, and internal 

EGR. These variants have been implemented since the Euro IV engines (Rexeis, 

Hausberger, & Riemersma, 2005). The main limitations of an EGR system are that its 

high operating rates increase the particulate emissions and cooling requirements.  

A selective catalytic reduction (SCR) system significantly reduces NOx emissions by 

injecting a liquid reducing agent through a special catalyst into the exhaust stream of a 

diesel engine. The reducing agent is typically a mixture of 32% urea in water (Lowell & 

Kamakaté, 2012). The heat of the exhaust gases converts the urea into ammonia, which 

produces a chemical reaction that converts the NOx into nitrogen, water, and CO2. These 

resultant non-polluting gases are finally expelled by the vehicle's exhaust. The 

effectiveness of an SCR system in reducing NOx emissions depends on several design 

parameters, such as the catalyst material, catalyst volume, and urea dosing/control 

strategy (Lowell & Kamakaté, 2012). However, the exhaust temperature also 

significantly influences the SCR system. In fact, at relatively low temperatures (below 

200 °C), the urea cannot be injected, as it will not be able to convert into ammonia. In a 

diesel engine, the exhaust temperature is proportional to the engine load. The resulting 

relatively low temperatures in vehicles operating under urban conditions can lead to poor 

performances from SCR systems. Consequently, an SCR system may have a low NOx 

efficiency at relatively low engine loads; such loads are common in vehicles under urban 

conditions (Sowman et al., 2018). 

TWC systems oxidise CO and HC, and reduce NOx emissions (Korakianitis et al., 2011). 

To achieve a conversion efficiency of more than 80% for these three pollutants, TWC 

systems require engines to operate in a narrow air-fuel mixture range close to 

stoichiometry (e.g. ɸ ≈ 0.998 to 1.007), which limits the oxygen in the exhaust (Payri & 

Desantes, 2011). Consequently, a TWC can only be implemented in gasoline engines and 

stoichiometric natural gas engines (Bergthorson & Thomson, 2015). In these engines, an 

oxygen lambda sensor and electronic control unit work in a closed loop to continuously 

regulate the mixture. Compared to lean-burn CNG engines, stoichiometric CNG engines 

with TWC systems emit less NOx and non-methane HC, i.e. by approximately 95%, 

whereas the CO and methane emissions increase (H. Chen et al., 2019). Notably, to satisfy 

current emission standards, lean-burn CNG engines require an SCR, which is a more 

complex system (in regard to design, cost, and maintenance,) than the TWC system used 

for stoichiometric CNG engines (Korakianitis et al., 2011). 

 Emissions standards for road transport 

Over the past 20 years, regulators in Europe, the United States, and Japan have 

implemented various policies to reduce the GHGs and pollutant gases produced by 
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vehicles. These policies have mainly comprised setting exhaust pollutant emission limits, 

which must be met by manufacturers for their new vehicles to be approved. Consequently, 

vehicle emissions legislation has also considered aspects such as test cycles, measurement 

procedures, calculations, and emissions reporting. 

2.1.5.1. Emission standards for heavy-duty vehicles 

Traditionally, HDVs, including buses and trucks, have been commercialised with many 

possible combinations of engines, transmissions, and body types. However, the engine 

families for HDVs, which are mostly diesel-powered, have been relatively small. This 

has led to the development of emissions regulations based on engine concepts. In fact, 

emission approval limits have been set in terms of energy-specific emissions, which are 

expressed in (g/kWh). The term 'Euro' followed by a Roman numeral has been adopted 

to reference emission regulations for HDV engines (e.g. 'Euro V')., whereas those for 

LDVs use an Arabic number (e.g. 'Euro 5').  

The Euro I and Euro II standards were introduced in 1992 and 1996, respectively. In 1999, 

the Euro III, Euro IV, and Euro V standards were introduced, but the latter two were 

modified in 2005. In the same year, durability and OBD requirements were added. The 

Euro IV standard was originally set out in Regulation 595/2009, and became applicable 

in 2013, after several amendments. Euro VI included several significant changes to the 

legislation, such as: introducing limits for particle numbers, stringent requirements for 

OBD systems, and new testing requirements (e.g. off-cycle, in-service emissions based 

on PEMSs) (Ntziachristos & Galassi, 2014). Notably, in the Euro IV and V standards, 

diesel HDV engines were tested based on the European Steady-State Cycle (ESC) and 

European Load Response Cycle (ELR), whereas positive ignition HDV engines (e.g. NG 

and LPG) were tested based on the European Transient Cycle. In the Euro VI standard, 

these tests were replaced by two new cycles: the World Harmonised Stationary Cycle  

(WHSC) and World Harmonised Transient Cycle (WHTC) (Williams & Minjares, 2016). 

A summary of the emission standards successively introduced for HDV engines is 

presented in Table 2.1. 

Table 2.1. European Union (EU) emission standards for heavy-duty vehicle (HDV) 

engines.  

 
Stage  Date Test Cycle CO 

(g/kWh) 
HC 

(g/kWh) 

CH4
a 

(g/kWh) 
NOx 

(g/kWh) 
PM 

(g/kWh) 

PN 

(1/kWh) 

Compression Ignition engines(diesel): Steady-state testing 

Euro I 1992, ≤ 85 kW 

Economic 

Commission 

for Europe 

(ECE) R-49 

4.5 1.1 - 8.0 0.612 - 

Euro I 1992, > 85 kW ECE R-49 4.5 1.1 - 8.0 0.36 - 
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Table 2.1. (continued) 
Stage  Date Test Cycle CO 

(g/kWh) 
HC 

(g/kWh) 

CH4
a 

(g/kWh) 
NOx 

(g/kWh) 
PM 

(g/kWh) 

PN 

(1/kWh) 

Compression Ignition engines(diesel): Steady-state testing 

Euro IV Oct. 2005 ECE R-49 1.5 0.46 - 3.5 0.02 - 

Euro V Oct. 2008 

European 

Steady-State 

Cycle (ESC) 

& European 

Load 

Response 

(ELR) 

1.5 0.46 - 2.0 0.02 - 

Euro VI Jan. 2013 

World 

Harmonised 

Stationary 

Cycle 

(WHSC) 

1.5 0.13 - 0.4 0.01 8.0x1011 

Compression Ignition (diesel) and performance improved (PI) engines(gas): Transient testing 

Euro III Oct. 1999 EEV only 

European 

Transient 

Cycle (ETC) 

3.0 0.40f 0.65 2.0 0.02b - 

Euro III Oct. 2000 ETC 5.45 0.78f 1.6 5.0 0.16b,c - 

Euro IV Oct. 2005 ETC 4.0 0.55f 1.1 3.5 0.03b - 

Euro V Oct. 2008 ETC 4.0 0.55f 1.1 2.0 0.03b - 

Euro VI Jan. 2013 

World 

Harmonised 

Transient 

Cycle 

(WHTC) 

4.0 0.16f,d 0.5 0.46 0.01b 6.0x1011e 

 a for gas engines only (Euro III-V: NG only; Euro VI: NG + LPG) 
 b not applicable for gas fuelled engines at the Euro III-IV stages 

 c PM = 0.21 g/kWh for engines < 0.75 dm3 swept volume per cylinder and a rated power speed > 3000 min-1 
 d THC for diesel (CI) engines 
 e PN limit for PI engines applies for Euro VI-B and later  
 f NMHC limit for gas engines 

 

Source (Jääskeläinen & Khair, 2020) 

 Methodologies for measuring emissions in type-approval processes 

The techniques for measuring vehicle emissions can be classified into two groups: (1) 

measurements under controlled laboratory conditions, and (2) measurements under real-

world conditions. In laboratory measurements, either chassis or engine dynamometers are 

used. These tests are conducted following a predetermined test cycle in which 

environmental conditions and other parameters are controlled, thereby achieving similar 

results between individual tests. Consequently, for type-approval processes (meeting 

regulatory standards), laboratory tests have been the common technique for obtaining 

emission factors, either for a complete vehicle (with chassis testing) or for an engine 

(engine dynamometers). In contrast, real-world measurements can be conducted in a 

tunnel, via remote sensing, or through on-road or on-board measurements with a PEMS 
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(Smit et al., 2010). As real-world measurements do not follow a standard test cycle and 

several parameters (e.g. traffic level) cannot be controlled, their results are generally less 

accurate and repeatable than those from laboratory measurements (Franco et al., 2013). 

However, today, real-world techniques, in particular those based on PEMSs, have become 

very valuable tools for validating the emission factors reported in laboratory tests. 

LDVs, including passenger vehicles and light-duty vans, have traditionally been approved 

based on chassis tests, which evaluate the emission performance of the entire vehicle (e.g. 

the entire power train). Unlike the case with LDVs, the common technique for type-

approval tests for HDVs has been based on measurements developed on an engine 

dynamometer. This is because the emission regulations for HDVs have been developed 

based on an engine concept, as described above. An engine dynamometer is a device that 

simulates the resistive power directly at the engine output. In the engine dynamometer, 

the power is measured at the engine flywheel, preventing losses in the transmission or in 

the driving line from influencing the results (Franco et al., 2013). However, engine tests 

do not represent the performance of the vehicle under real traffic driving conditions. 

Consequently, modern engine test benches have been fabricated to run any test drive 

cycle, aiming to simulate real-world engine and vehicle operating conditions. The test 

cycles for engines can be classified as follows: (1) steady-state cycles, which evaluate 

engine performance under different modes with a constant engine load; and (2) transient 

cycles, which include multiple variations in the engine operation to represent real-world 

engine operating situations (Giakoumis, 2016). The driving cycles for HDVs are 

discussed in Subsection 2.1.7. 

The gap between the real-world and type-approval test cycle NOx emissions reported in 

several studies has led to additional changes in European vehicle regulations (European 

Environment Agency, 2016a). In fact, since Euro VI, tests of real-world emissions with 

PEMS equipment and OBD systems have been included in the certification processes for 

some HDV groups (e.g. those with a gross vehicle combination weight rating >3.5 t) 

(Vermeulen & Ligterink, 2018). PEMS equipment comprises a set of emission 

measurement instruments, which can be installed on a vehicle to study its performance 

under road conditions. In the case of buses, the PEMS equipment is installed on the 

vehicle cabin, mainly to avoid contamination and excessive vibration (López, Gómez, 

Aparicio, & Sánchez, 2009). PEMS equipment can measure the instantaneous emissions 

from a vehicle, because the instruments include a set of gas analysers with heated sample 

lines which can take samples directly from the exhaust pipe. PEMS equipment is 

commonly used to measure CO2, CO, THC, and NOx emissions (Kousoulidou et al., 

2013). Additionally, the connection of PEMS equipment requires only slight 

modifications, which are easily reversible in the tested vehicle. The characteristics of 

PEMS equipment is discussed later in detail in Subsection 3.1.3.1. Meanwhile, OBD 

systems have been designed for monitoring the performance of engines and the 

corresponding after-treatment components, including those responsible for controlling 

emissions (EPA, 2008). Moreover, OBD systems are key components of inspection and 
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maintenance programs for reducing in-use emissions and reducing the impacts of high-

emission vehicles. In HDVs equipped with SCR technology, the OBD systems can also 

alert the driver regarding malfunctions of the SCR system, so as to avoid high NOx 

emissions (Posada & Bandivadekar, 2015).  

Finally, following real-world emissions testing, other measures have been progressively 

introduced into legislation, aiming to control the emissions from a vehicle during its 

normal operation throughout its life-cycle. These measures include those based on 

durability, off-cycle emissions, on-board diagnostics, conformity in production, and in-

service conformity. 

 Driving cycles for heavy-duty vehicles (HDVs) 

Driving cycles are representative vehicle speed pattern curves, and are represented as a 

time series, typically on the scale of seconds (Sturm & Hausberger, 2005). Driving cycles 

have been designed by organisations and agencies worldwide, with the purpose of 

initially characterising the operations of vehicles and then evaluating their performance, 

mainly from environmental and energy perspectives. Driving cycles have also been 

applied to specifically address the performances of combustion engines and transmission 

systems (Giakoumis & Zachiotis, 2017). In recent years, driving cycles have also been 

increasingly used as inputs to vehicle and emissions simulators (Bishop, Stettler, Molden, 

& Boies, 2016; Grijalva & López, 2019). The driving cycle characteristics are given based 

on the required working energy (e.g. kWh) or distance (e.g. km), average speed, 

maximum speed, speed standard deviation, and idle proportion. Driving cycles can be 

categorised based on two criteria: (1) whether the entire vehicle is evaluated or only the 

engine (these two types of cycles are performed using chassis and engine dynamometers, 

respectively, and can be either stationary or transient); and (2) whether the cycle is 

included in a vehicle regulation. A first group of cycles is used for approval procedures, 

whereas others, called 'unregulated cycles', are used only for research purposes. 

As heavy vehicle engines have a wide range of applications, legislated and non-legislated 

driving cycles have been developed for urban buses, which operate in highly transient 

conditions with low average speeds and long idle periods. For example, in the USA, the 

'New York cycle' was developed specifically to characterise the severe urban bus driving 

conditions, including sequences of rapid acceleration and deceleration events, followed 

by relatively long idle periods (Giakoumis & Zachiotis, 2018). In Europe, the 

Braunschweig (‘Stochastischer Fahrzyklus für Stadtlinien Omnibusse’) cycle was 

initially developed for LDVs in Germany, and was then adapted for buses. The 

Braunschweig bus cycle includes 12 bus stops, and 12 stops owing to congestion 

conditions on the route (Giakoumis, 2016). In addition, in France, the Paris 'ADME' Cycle 

was developed for urban buses, based on data collected on a conventional Paris bus line 

(Clark et al., 2007). This model was characterised by a highly transient speed profile, and 

a maximum speed of less than 50 km/h. To specifically measure the FC of urban buses, 

the International Union of Public Transport developed the Standardised On-Road Test 
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(SORT) cycle set (Millo, Rolando, Fuso, & Zhao, 2015). There are three SORT cycles 

(heavy urban traffic, easy urban traffic, and easy suburban traffic), which are based on a 

combination of three trapezes consisting of three sections: acceleration, constant speed, 

and deceleration. Table 2.2 shows the kinematic characteristics of the driving cycles 

applied for HDVs. 

Table 2.2. Non-legislated driving cycles on chassis dynamometers for HDVs, in 

ascending average speed order. 

Cycle Abbreviation 
Time 

(sec) 
Distance 

(km) 

Average 

speed 
(km/h) 

Idle 

( %) 
Stops 

per km 

New York Bus NYBus 600 0.98 5.94 66 12.4 

ADEME-RATP Paris or ADEME 1897 5.68 10.7 33 7.52 

Manhattan Manhattan 1099 3.33 10.9 37 6.00 

Washington WMATA 1839 6.84 13.4 39 3.80 

New York Comp. NYComp 1029 4.04 14.1 33 4.46 

Standardised On-Road 

Test 

SORT  

(e.g. SORT 2) 
184 920 18 33 - 

European passenger 

car cycle 
ECE R15 780 4.05 18.7 31 2.71 

Orange County OCTA 1950 10.5 19.4 24 2.95 

Central Business 

District 

 

CBD 
568 3.23 19.9 22 4.33 

Braunschweig Braunschweig 1750 10.9 22.6 26 2.65 

ETC-Urban ETC 600 3.80 22.7 11 0.80 

Beeline Beeline 1724 10.9 22.8 28 2.29 

City Suburban Heavy-

Duty Vehicle Cycle 
CSHVC 1700 10.8 22.9 22 1.24 

Heavy Heavy-Duty 

Diesel Truck HHDDT 
Transient 688 4.59 24.0 18 1.09 

Helsinki 1 bus cycle Helsinki 1 1062 7.52 25.5 25 1.99 

Urban Dynamometer 

Driving Cycle 
UDDS 1060 8.91 30.3 33 1.46 

King County Metro KCM 1964 20.6 37.7 19 1.17 

Arterial Arterial 292 3.22 39.7 17 1.24 

World Transient 

Vehicle Cycle 
WTVC 1800 20.1 40.1 14 0.50 

Commuter Comm 330 6.44 70.2 12.3 0.16 

Source (N. Nylund, Erkkilä, Clark, & Rideout, 2007). 

 

 Fundamentals of Traffic Congestion 

To study the nature of congestion, it is essential to discuss the fundamental aspects related 

to traffic flows, based on traffic engineering approach. This engineering aims at planning 

the movements of people, goods, and services, with goals related to safety, speed, 

efficiency, and minimising the impacts to the environment. In this subsection, the 

characteristics, parameters, and fundamental relationships of a traffic flow are presented. 

This is followed by a description of the nature of congestion and its effects on vehicles. 

In the following, methodologies are presented for estimating and/or measuring traffic 

flows on a road.  
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 Traffic flow characteristics: interactions and types of traffic flows  

Traffic flow studies investigate the interactions between travellers (e.g. pedestrians, 

cyclists, vehicles, and their drivers) and infrastructure (e.g. roads, traffic signs, and traffic 

control devices) (Gartner, Messer, & Rathi, 2001). As a vehicle can have various 

interactions with other vehicles, the road environment, and traffic control devices 

(especially at intersections), the literature identifies two categories for traffic flows, i.e. 

the uninterrupted (speed-independent flow) and interrupted (cyclic speed-flow variation) 

traffic flows (Head, 1995).  

An uninterrupted flow of traffic is characterised as a flow of traffic dominated by the 

internal interactions between vehicles, and reduced interactions of these vehicles with the 

road environment (e.g. the road grade and speed limits). Moreover, interaction with traffic 

control devices is almost non-existent. Thus, non-urban roads, such as highways and 

motorways, are commonly considered to have uninterrupted flows of traffic (Smit, 

Brown, & Chan, 2008). In contrast, an interrupted traffic flow is typical for roads situated 

in urban areas (e.g. collectors and local roads), where there are significant influences from 

external factors of the road environment and traffic control devices (e.g. the configuration 

and management of traffic lights and signs). These external factors increase the frequency 

of start/stop events for vehicles (Fonseca et al., 2011). Three parameters are commonly 

used to study the relationships among traffic flow characteristics: (1) intensity, (2) 

average speed, and (3) density (Kraemer et al., 2003); these are discussed more fully 

below. 

2.2.1.1. Traffic intensity: Definition and spatial and temporal variation 

The traffic intensity (𝑞), also called the traffic volume or flow rate, represents the number 

of vehicles (𝑁) circulating through a road segment (𝐿) per unit of time (𝑇), as shown in 

Equation (2.2). The most common unit for intensity is vehicles/hour. The intensity is 

considered as the most important parameter, as the other magnitudes are directly related 

to it (Gartner et al., 2001). On a road, the traffic intensity varies in time and space. These 

variations, over long time periods, lead to the formation of daily, weekly, or annual hourly 

trends, which are generally characterised by cyclical oscillations (Kraemer et al., 2003). 

Moreover, the variations in intensity can also be measured over periods of less than an 

hour, such as 30 or 15 minutes; this is especially useful for continually evaluating the 

performances of roads with high traffic levels, and then determining peak-time schedules. 

In contrast, the spatial variations in traffic intensity can be analysed either between 

different lanes at the same point of the road, or between different points along the road. 

This spatial variation data is very useful when evaluating the traffic on a given route (e.g. 

a bus route), which may include different types of roads. 

 
𝑞 =

𝑁

𝑇
 

(2.2)  
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2.2.1.2. Traffic speed 

The average speed (�̅�), typically expressed in kilometres per hour, represents the distance 

travelled (𝐿) by a vehicle for a given time interval (𝑇), as shown Equation (2.3). In traffic 

flow theory, there are two types of average speed: (a) the time mean speed �̅�𝑡, which is 

the arithmetical mean of the instantaneous speeds (𝑣𝑖) of all vehicles (𝑁) passing through 

a stationary point on the road during a given time period (𝑡), as shown Equation (2.4); 

and (b) the spatial mean speed �̅�𝑠, i.e. the arithmetical mean of the instantaneous speeds 

of all vehicles circulating on a segment of road (𝑠) at a given instant, as shown in 

Equation (2.5) (Gartner et al., 2001). Overall, the average speed can depend on various 

factors, such as the type of road, level of traffic, or climatic conditions. For example, in 

urban areas with continuous traffic signs, the average speed is significantly reduced 

relative to that on highways and motorways (Boulter et al., 2002). Hence, the average 

speeds are commonly below 20 km/h in the central areas of cities. For urban buses, the 

speed is even lower, owing to the frequent stops for attending to passengers (Alam & 

Hatzopoulou, 2014b).  

 
�̅� =

𝐿

𝑇
 

(2.3)  

 
�̅�𝑡 =

∑ (𝑣𝑖)
𝑁
𝑖=1

𝑁
 

(2.4)  

 
�̅�𝑠 =

∑ (𝑣𝑖)
𝑁
𝑖=1

𝑁
 

(2.5)  

2.2.1.3. Traffic density  

The traffic density (𝜌) , expressed in vehicles per kilometre, is used less frequently. It is 

given by the number of vehicles (𝑁) per unit of road length (𝐿) for a given moment, as 

shown Equation (2.6) (Head, 1995). The quality of vehicle circulation directly depends 

on the traffic density. For example, when the density increases, a driver tends to make a 

greater number of manoeuvres to maintain the desired speed, resulting in a progressive 

deterioration in driving. At the peaks in the density, the driver is no longer able to reach 

the desired speed, and must therefore drive at a speed defined by the traffic flow (Smit, 

Poelman, et al., 2008). Density measurements are not commonly carried out, as they 

generally require capturing an aerial image of a road section for counting the number of 

vehicles. However, it is also possible to calculate the density based on the parameters for 

speed and intensity, which can be measured directly on the road.  

 
𝜌 =

𝑁

𝐿
 

(2.6)  

Notably, there is another parameter called occupancy, which is directly related to traffic 

density. For a section of road, the occupancy is the ratio of the length occupied by vehicles 

to the total length available. In the case of a single-point analysis, the occupancy 
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corresponds to the percentage of time that the vehicles occupy the given point (Kachroo 

& Özbay, 2018). 

 Fundamental relations of traffic parameters 

Based on macroscopic flow theory, which addresses the performance and behaviour of a 

traffic stream as a whole instead of as individual pairs of vehicles within the traffic stream, 

traffic studies have defined several fundamental relationships between the three traffic 

parameters described above. Some relationships are inferred based on the self-definitions 

of the parameters, whereas others have been obtained empirically based on real-world 

road data collection (Boulter et al., 2002). Hence, the fundamental relationship between 

the intensity (𝑞), density (𝜌), and spatial average speed (�̅�𝑠), is given by Equation (2.7) 

(Gartner et al., 2001). 

 𝑞 = 𝜌 ∙ �̅�𝑠 (2.7) 

This relationship has two restrictions: (1) it is valid only for continuous variables (e.g. 

uninterrupted traffic situations; and (2) it assumes that the traffic flow is homogeneous 

(e.g. the vehicles are of similar type) and stationary (e.g. the traffic flow does not change 

with position and time) (Kachroo & Özbay, 2018). Figure 2.5 shows an example of the 

fundamental relationship as viewed from different planes, based on free-flowing (blue 

lines) and congestion conditions (red lines) (Seo, Bayen, Kusakabe, & Asakura, 2017). 

Importantly, these two variable relationships will be affected by factors related to the 

road, traffic composition, climatic conditions, and environmental conditions, as well as 

by traffic regulations. 

 

Figure 2.5. Examples of fundamentals relations between flow, density, and speed. Source (Seo 

et al., 2017) 

 Description of traffic congestion  

2.2.3.1. Nature of the congestion 

Congestion can be the result of a variety of circumstances on the road, such as a high 

traffic density, temporary decrease in road capacity (emerging road works, traffic 

accidents, and adverse weather conditions), conflicts between road users (e.g. drivers, 

cyclists, and pedestrians), and inadequate use of traffic control devices (e.g. traffic light 
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settings and speed limits) (Smit, 2007). In view of these wide and varied causes, 

congestion has been predominantly classified into three categories: (i) expected 

congestion, which occurs cyclically at well-identified critical points in a road network; 

(ii) exceptional congestion, which occurs as a result of a planned major event, and where 

a temporary increase in the road capacity is not possible; and (iii) unexpected congestion, 

which is the result of unpredictable events, such as traffic accidents (Boulter, McCrae, & 

Emmerson, 2012). 

2.2.3.2. Definition and effects of congestion 

‘Traffic congestion’ is defined as the deterioration of the traffic flow in a network or a 

road segment, owing to either an increase in the volume of vehicles, or a decrease in the 

capacity of the road (Smit, Brown, et al., 2008). In the case of congestion based on vehicle 

volume, it can increase with the intensity of travel, or when travellers choose non-mass 

transport modes, especially in urban areas (Forehead & Huynh, 2018). In contrast, the 

capacity is determined based on the characteristics of the road network (e.g. geometric 

road design, road grade and pavement condition) and traffic management, as well as on 

external factors such as weather conditions (e.g. fog, rain, and snow) (Grote, 2017).  

In a traffic flow, the effects of congestion are diverse, interrelated, and particularly 

evident to drivers. These effects can include increased traffic density, increased travel 

time, increased vehicle queuing, and increased free-flow speed deviations (Smit, Brown, 

et al., 2008). Although the effects of congestion may not be relevant to free-flow 

conditions, they become very significant when the traffic flow is close to the maximum 

capacity of the road. Simultaneously, these changes in the traffic flow can lead to an 

increase in the environmental impacts of road transport.  

2.2.3.3. Traffic congestion indicators  

Although the concept of congestion is generally used to refer to traffic with longer delays 

and lower speeds, the perception of the level of congestion for drivers can vary 

considerably depending on the type of road. For example, a speed of 50 km/h might 

indicate congestion on a motorway, whereas it would indicate fluid traffic on an urban 

road. The travel speed is useful for comparing the levels of congestion on a given route, 

but it may have certain limitations in certain speed ranges (Barth & Boriboonsomsin, 

2008). Consequently, there have been a wide range of congestion indicators proposed in 

the literature, which are either qualitative (Notter, Cox, Jamet, Keller, & Cox, 2019; TR 

Board - National Research, 2010) or quantitative (Boulter et al., 2002; Montazeri-Gh & 

Fotouhi, 2011). 

Owing to the complexity of congestion, previous studies have suggested the simultaneous 

use of several indicators to improve the assessment of a particular situation. Hence, this 

study addresses the effects of congestion on emissions performance by combining GPS-

based naturalistic driving patterns (with vehicle dynamics) and road traffic sensor data. 

For the road traffic data, the congestion indicators that can be used are the traffic density, 
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traffic occupation, and mean velocity, whereas those for the vehicle dynamics data 

include e.g. the number of full stops, proportion of idle time, acceleration of noise, 

coefficient of the variation of speed (COV), total absolute difference in speed (TAD), 

positive kinetic energy (PKE), delay rate (DR), and congestion index(CI) (Montazeri-Gh 

& Fotouhi, 2011; Smit, Brown, et al., 2008). Both types of congestion indicators, 

including their equations and units, are presented subsequently in. the Methodology 

chapter, in Subsection 3.4.12. 

 Traffic flow measurements  

Overall, the methods for measuring traffic status can be classified into two categories: 

manual and automatic (e.g. inductive loop detectors (ILDs), and GPS data) (Grote, 

Williams, Preston, & Kemp, 2016). Until the last decade, traffic data collection was 

mainly conducted by people, who manually counted and registered the number of vehicles 

at a specific point on the road. However, currently, based on the introduction of various 

automatic counting mechanisms (e.g. devices and/or systems), the use of manual methods 

has been significantly reduced, and they are only applied in very particular situations. 

These situations may include those with requirements for more detailed traffic 

information (e.g. the composition of traffic by vehicle type and average number of 

occupants per vehicle), as well as situations involving confirming the counting accuracy 

of automatic devices. As the scope of this study is the estimation of traffic conditions 

based on automatic methods, the different mechanisms for automatic measurements are 

presented below.  

Automatic measurement mechanisms, also called traffic sensors, can be grouped into two 

types, i.e. those based on stationary and mobile data, respectively. The stationary data are 

obtained from a fixed point on the road using devices such as ILDs, ultrasonic detectors, 

and radar detectors, as well as video cameras (Seo et al., 2017). These sensors are located 

either below or above the road. The stationary data results can be used explore the 

temporal variations of traffic at a specific road location. ILDs are installed under the road 

surface, and directly measure the traffic flow and occupation; the average speed can be 

inferred by knowing the vehicle length parameters. Thus, ILDs have become valuable 

tools for operators of traffic control devices (e.g. traffic lights), especially in the central 

and peripheral areas of cities (Grote et al., 2016). Figure 2.6 shows a space-time diagram 

of example vehicle paths captured with ILDs. There is another group of aerial devices 

(e.g. drones and helicopters) considered to provide stationary measurements, as they 

capture an aerial image of a given route segment. Although the use of these devices 

remains limited, they are very useful for determining certain space-related traffic flow 

characteristics (e.g. spacing, density) (Kachroo & Özbay, 2018). 
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Figure 2.6. Space-time diagram of the trajectories of two vehicles (orange and blue lines) 

captured with inductive loop detectors (ILDs) (red rectangle). Source (Ni, 2016) 

In contrast, mobile traffic data approaches are mainly based on a technique called a 

floating vehicle; this technique consists of recording the dynamics of a vehicle (e.g. 

instantaneous speed profiles) driven along a route with real traffic conditions (Du, Wu, 

Yang, & Zhou, 2017). The vehicle's dynamic data (also referred as the 'naturalistic driving 

profile' in this study) is sampled at a high frequency (e.g. approximately 1 or 2 Hz) using 

a GPS device (e.g. navigation systems and smartphones), or via an OBD system of the 

vehicle (Seo et al., 2017; Shaojun Zhang, Wu, Huang, et al., 2016). 'Advanced Driving 

Assistance Systems', recently introduced for autonomous and connected vehicles, can 

also be used to provide mobile-type traffic data (Makridis, Ciuffo, Fontaras, & Toledo, 

2017). Thus, the mobile traffic data (based on vehicle dynamics) can be applied when 

assessing the congestion level, as well as when assessing vehicle and driver performance 

(Forehead & Huynh, 2018). 

 Fundamentals of Estimating Traffic Emissions 

As estimating the emissions from traffic has become relevant for analysing air quality 

problems, various methods and simulation tools have been developed to calculate the 

emissions from road transport (Samaras, Ntziachristos, & Samaras, 2016). Emissions 

simulations have mainly been used to develop emissions inventories and reports at 

different spatial domains (from an individual road segment to a city road network, or even 

countries), as well as to assess the effects from implementing urban measures and 

strategies for reducing traffic emissions levels (e.g. speed limits, intelligent traffic light 

control, and restricted traffic zones) (Smit et al., 2010). Emissions inventories have been 

developed using two approaches, namely 'top-down' and 'bottom-up' (Pinto et al., 2020). 

The top-down approach estimates the emissions of a given region based on generic 
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information (e.g. disaggregated vehicle population, fuel economy, and vehicle distance 

travelled), whereas the bottom-up approach requires more detailed information (e.g. 

average speeds of vehicles) (Coelho et al., 2014). In line with the aim of this study, 

bottom-up modelling is of particular interest.  

Overall, a process of estimating traffic emissions consists of integrating data on driving 

conditions (e.g. driving speed) and data on the emission factors from different vehicles 

(e.g. FC or mass of pollutants by distance (g/km), time(g/s), or energy (g/kWh)) 

(Quaassdorff et al., 2016). Thus, the amount of emissions and their spatial-temporal 

distribution are mainly determined by two aspects: (i) the traffic flow conditions, which 

can be measured on the road (as discussed in Subsection 2.2.4) or generated in traffic 

simulators; and (ii) the vehicle characteristics, which are included explicitly or implicitly 

in the different model emission types. The traffic simulators and emission models, along 

with their different approaches, are discussed below. 

 Traffic flow modelling approaches  

Traffic modelling is a method for representing the dynamics and behaviours of traffic 

streams on different time and space scales. The information generated by traffic models 

is often used as an input to emission models, because these models are practical methods 

for generating either (a) aggregate traffic flow data or (b) second-by-second speed and 

acceleration data for individual vehicles. In fact, as the collection of detailed vehicle 

traffic information is expensive, traffic simulations have become an alternative and 

complementary tool for traffic planners and operators, as well as for researchers. Overall, 

traffic flow models can be categorised into macroscopic, mesoscopic, and microscopic 

simulators (Pasquale, Sacone, Siri, & Ferrara, 2019).  

Macroscopic traffic models use analytical techniques (such as fluid dynamics or micro-

simulations) to model the traffic flow, average speed, and traffic density on each link in 

a road network (Forehead & Huynh, 2018). Mesoscopic traffic models represent traffic 

flows at the level of individual vehicles or groups of vehicles (platoons). The behaviour 

of each vehicle is based on probabilistic distribution functions for the flow/capacity 

relationship (Pinto et al., 2020). Microscopic traffic models represent the dynamics of 

individual vehicles at a high level of detail (Pasquale et al., 2019). The movement of each 

vehicle is considered as the result of individual disaggregated choices, as well as the result 

of interactions with other vehicles and the road environment. The individual vehicle 

mechanics are based on car-following, lane-changing, and gap acceptance lane changing 

theories (Anya, Rouphail, Frey, & Schroeder, 2014). Microscopic models are reasonably 

accurate, but owing to their sophistication, they also have a higher computational cost 

than the mesoscopic and macroscopic models. Table 2.3 shows a summary of the main 

aspects of these three categories of traffic models. 
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Table 2.3. Characteristics of traffic models based on spatial scale. 

Types of traffic 

model 

Traffic 

representation 

Traffic flow 

parameters  

Typical traffic 

 models  

Macroscopic Traffic flow Aggregated 
CUBE, Emmen, and 

VISUM 

Mesoscopic Vehicle unit Aggregated Integration 

Microscopic Vehicle Unit Disaggregated 

PARAMICS, AIMSUN, 

VISSIM, and corridor 

simulation (CORSIM) 

Source (Pinto et al., 2020) 

 Vehicle fuel consumption and emissions modelling approaches 

Emissions models were developed for estimating and predicting the environmental 

impacts generated by various sources of emissions (Boulter, McCrae, & Barlow, 2006). 

In the case of road transport, various emission models have been designed for quantifying 

FC and vehicle emissions. Although all of these models address various vehicle and road 

environment parameters capable of directly affecting emissions levels, the form and level 

of detail applied to each model can vary significantly (Pasquale et al., 2019). In fact, the 

more complex models, which are generally considered as more accurate, require more 

detailed input data. However, as these detailed data are more likely to include 

measurement and estimation errors, they may also lead to increased error in the emission 

model outputs (Grote et al., 2016). In contrast, oversimplification of the emission model 

input data may also lead to inaccurate results. Hence, to choose a model, a balance 

between complexity and accuracy needs to be reached, while considering the availability 

of data for conducting the study. 

Vehicle FC and emission models can be categorised using a variety of criteria, but based 

on the scope of this study, the following six classification criteria are of particular interest, 

i.e. the (i) spatial scale, (ii) vehicle modelling scale, (iii) nature of the vehicle performance 

data, (iv) model transparency, (v) approach to addressing congestion, and (vi) approach 

to integral modelling. A summary of all of the emission model classification criteria is 

presented in Figure 2.7. This scheme is also useful later for the purpose of choosing one 

or more emission model types and/or approaches, as part of the development of this study. 

In the following, each classification criterion is discussed in more detail.  
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Figure 2.7. Different criteria applied to classify emission models. 

Depending on the spatial scale, emission models can be classified into the same categories 

as the traffic models (e.g. macroscopic, mesoscopic, and microscopic) (Pasquale et al., 

2019) discussed in the previous subsection. Macroscopic models (e.g. 'COPERT', 

'MOBILE', and ' CORFLO ') are based mainly on the average speed and acceleration and 

are used mainly for emission control purposes, owing to their moderate computational 

cost. Microscopic models (e.g. Motor Vehicle Emissions Simulator (MOVES), 

Comprehensive Modal Emissions Model (CMEM), 'VERSIT', Virginia Tech 

Microscopic (VT-Micro), and Passenger Car and Heavy-Duty Emission Model (PHEM)), 

demand very detailed information regarding both the vehicle dynamics and road 

environment, resulting in more sophisticated processing, with higher computation costs. 

Hence, microscopic models are often applied in offline evaluation studies. Mesoscopic 

models (e.g. the Continuous Traffic Assignment Model (CONTRAM)) serve as a 

connector between the macroscopic and microscopic models. 

With regard to the scales of vehicle emission performance modelling, there are three types 

of emission models: (a) engine-based models, (b) whole vehicle-based models, and (c) 

modal-based models. In engine-based models (Bishop et al., 2016), the required input 

data typically includes the engine speed, engine torque, and engine power. Whole vehicle-

based models require either average or instantaneous speed and acceleration values. 

Hence, models based on the wheel power traction, such as MOVES (EPA, 2015), fall into 

this category. In the case of classic modal-based models (A. Wang et al., 2011), the 
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mesurements

Real-traffic 
mesurements

Model 
transparency

White-box 

Grey-box 

Black-box 

Addressing 
congestion

Driving pattern 
data as input 

Simulated driving 
pattern within 

the model 

Measured driving 
patterns as a 

model 
component 

Integral 
modelling 
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factors
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Traffic-situation

Traffic-variable 
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predictions of the consumption and emissions are a function of multiple vehicle operation 

modes, such as idling, cruising, acceleration, and deceleration.  

According to the experimental method used to characterise the vehicle performance 

(Franco et al., 2013), the models can be classified into two categories: (a) models based 

on controlled laboratory measurements, and (b) models based on road tests with real 

traffic. These two types of measurements were discussed previously in Subsection 2.1.6.  

The following classification is based on a novel criterion called 'model transparency' 

(Zhou et al., 2016), which classifies emission models into three groups, i.e. (a)white-box 

models, (b) grey-box models, and (c) black-box models. A white-box model is highly 

deterministic, and can be based on physical and chemical processes in the engine of the 

vehicle. In this category of models, the carbon balance method (Shaojun Zhang, Wu, Un, 

Fu, & Hao, 2016) and mean value phenomenological method (Heywood, 1988) have 

mainly been applied. In contrast, black-box models are based on a large amount of 

experimental data, as collected in their developmental stage. Hence, in these models, the 

user only introduces data as an input, and then obtains output data (e.g. CMEM, VT-

Micro, PHEM, and MOVES). Grey-box models (e.g. the Vehicle Transient Emissions 

Simulation Software (VeTESS)) act as a bridge between the white-box and black-box 

models. 

Considering the effects of congestion, which is directly related to driving patterns (Smit, 

Brown, et al., 2008), there are three categories of models: (a) models that require driving 

pattern data as an input (e.g. VERSIT), as these data allow for the effects of congestion 

to be explicitly addressed; (b) ,models which generate driving patterns as part of their 

modelling procedure (e.g. the Traffic Emissions and Energetics (TEE) model), and which 

require traffic and environmental characteristics of the roads as input data (in this 

category, congestion is also explicitly considered); and (c) models that incorporate 

measured driving pattern data as part of the model development process. In these models, 

the emissions factors can be constants, or functions of either a continuous quantitative 

variable (e.g. in models based on average speed such as COPERT) of the driving patterns, 

or of a quantitative or qualitative indicator of the traffic situation (e.g. the HBEFA model). 

Hence, with the exception of models based on a traffic indicator, this third group of 

emission models mostly does not allow users to control the traffic level. 

Based on an integral modelling approach, which to some extent also includes and 

combines some of the classification criteria previously discussed, emissions models can 

be classified into eight generic groups, falling into six major categories, as follows: (a) 

aggregated emission factors models, (b) average speed models, (c) traffic situation 

models, (d) traffic variable models, (e) cycle variable models, and (f) modal models. 

Table 2.4 summarises the characteristics of each of these model groups, including how 

they address congestion. 

 



Chapter 2 

33 

 

Table 2.4. Classification of emission models by an integrated modelling approach.  

Generic type 
Typical 

models  

Spatial  

scale 

Level of 

input 

data 

Type of 

input data 

Type of 

emission 

factors/ 

function 

Typical applications 
Congestion 

account 

Aggregated 

emission 

factors 

National 

Atmospheri

c Emissions 

Inventory 

(NAEI) 

Macro Trip-based Road type Discrete 
Emission inventories, EIA*, 

SEA**. 
Implicit 

Average speed 

COPERT, 

MOBILE, 

Emission 

Factors 

(EMFAC) 

Macro-

Meso 

Trip-or link 

based 

Average trip 

speed 
Continuous 

Emission inventories, 

dispersion modelling 
Implicit 

Traffic 

variable: 

Adjusted 

average speed 

Traffic 

Emissions 

and 

Energetics 

(TEE) 

Meso Link-based 

Average 

speed, level 

of congestion 

Continuous 
Emission inventories, 

dispersion modelling 
Explicit 

Traffic 

situation 

Handbook 

Emission 

Factors for 

Road 

Transport 

(HBEFA), 

ARTEMIS 

Macro-

Meso 
Discrete 

Road type, 

speed limit, 

level of 

congestion 

Discrete 

Inventories, EIA, SEA, 

area-wide assessment of 

urban traffic management 

schemes, dispersion 

modelling 

Explicit 

Multiple linear 

regression 
VERSIT+ 

Meso-

Micro 
Link-based Driving cycle Discrete 

Emission inventories, 

dispersion modelling 
Explicit 

Modal: Accel/ 

decel/ cruise/ 

idle 

UTOPOL Micro Link-based 

Distribution 

of driving 

modes 

Discrete 
Local assessment of urban 

traffic management scheme 
Explicit 

Modal 

Instantaneous- 

‘simple’ 

MODEM Micro Continuous Driving cycle Discrete 

Detailed temporal and 

spatial analysis of 

emissions, dispersion 

modelling 

Explicit 

Modal 

Instantaneous -

’advanced’ 

Passenger 

Car and 

Heavy-Duty 

Emission 

Model 

(PHEM), 

Motor 

Vehicle 

Emissions 

Simulator 

(MOVES) 

Micro Continuous 

Driving 

cycle, road 

gradient, 

vehicle data 

Discrete 

Detailed temporal and 

spatial analysis of 

emissions, dispersion 

modelling 

Explicit 

*EIA=environmental impact assessment. 
**SEA = strategic environmental assessment. 

Source (Boulter et al., 2006; Grote et al., 2016; Smit et al., 2010). 
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 State-Of-The-Art 

 Latest CO2 regulations for HDVs 

In Europe, HDVs, including buses, account for the production of approximately a quarter 

of the road transport CO2 emissions (EU, 2019). Consequently, the EU has been 

successively implementing regulations for reducing CO2 emissions, and for limiting the 

permissible levels of pollutant gasses in HDVs. The latest measures can be summarised 

as follows: (a) implementing certification procedures for the CO2 emissions from HDVs 

using the ‘Vehicle Energy Consumption Calculation Tool’ (VECTO) (EU, 2017); (b) 

monitoring and reporting the CO2 emissions and FC of new HDVs (EC, 2017); (c) setting 

up CO2 emission standards for prominent HDV groups (EU, 2019); and (d) promoting 

increasing numbers of clean and energy-efficient road transport vehicles (EC, 2015).  

2.4.1.1. Implementation of the vehicle energy consumption calculation tool (VECTO)  

Since 2009, the EU has been developing a simulation tool for determining the CO2 

emissions and FC of HDVs (trucks, buses, and coaches) (EC, 2009). The new tool was 

designated as the 'VECTO', as mentioned above. Since August 14, 2019, the use of the 

VECTO, together with other related parameters, has become mandatory for CO2 

emissions and fuel certifications for four groups of HDVs (EU, 2019). These approaches 

have also been used in the United States of America (in the ‘gas emissions model’ 

(GEM)), Canada, China, and Japan (ICCT, 2018) for the CO2 certification of HDVs. 

According to Tsiakmakis et al. (Tsiakmakis et al., 2019), vehicle simulations, such as 

VECTO, can help to close the gap between the CO2 emission values reported under 

standardised type – approval conditions and those under actual individual driver testing. 

2.4.1.2. Importance of engine maps approach for vehicle simulation modelling 

In the development phase, both vehicle simulators (VECTO, GEM) and emission models 

(PHEM, MOVES) need to characterise the behaviours of different vehicles and their 

engines. This information can be obtained from engine maps. However, FC and emissions 

engine maps contain information rarely available to the public. Additionally, detailed 

information on how the tests were developed is generally unavailable. Engine maps can 

be developed with experimental data obtained in steady-state or transient-state conditions. 

However, the engine behaviours are usually significantly different between these two 

states. (Gao, Conklin, Daw, & Chakravarthy, 2010). Steady-state data are obtained 

experimentally in an engine test bench; however, the engine maps obtained under these 

conditions are unable to capture the hysteretic effects produced by start/stop events or 

cold-start operating conditions. Moreover, turbocharger lag is another important factor in 

the transitory operation of a diesel engine (Giakoumis & Alafouzos, 2010). Accordingly, 

some studies have proposed methodologies for applying dynamic correction factors to 

steady-state engine data (Gao et al., 2015). The resulting adjusted data represents a state 

called a quasi-steady state. To obtain transient-state experimental data for creating engine 

maps, the engine must be mounted on the vehicle. The transient-state tests can be 
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developed based on a chassis dynamometer (Dekraker, Barba, Moskalik, & Butters, 2018; 

Giakoumis & Zachiotis, 2018; Karaoǧlan, Vatansever, & Kuralay, 2018), or in on-road 

operating conditions with real traffic situations (Bishop et al., 2016; Mata, de Oliveira 

Leite, Moreno, Agudelo, & Armas, 2016). 

 Overview of the techniques applied for investigating bus emissions 

Previous studies have focused on evaluating the fuel efficiency and emissions levels in 

buses based on three techniques: (a) emissions models and vehicle simulators, (b) life 

cycle assessments (LCAs), and (c) PEMS approaches.  

2.4.2.1. Emission models and vehicle simulators 

Emission models have been successfully used to obtain the emission factors of buses 

under different operating conditions. Emission factors serve to relate the amount emitted 

from a pollutant to the distance travelled, fuel used, or energy consumed (Franco et al., 

2013). As discussed above, each emission model can use different input data, such as the 

second-by-second instantaneous speed (e.g. ‘VERSIT+’) or power demand (MOVES, 

PHEM), average speed of travel (e.g. COPERT), or traffic situations (e.g. HBEFA). 

Hence, the availability of traffic, driving, and road environment data is a determining 

factor in the choice of the emission model for a study. The most common emission models 

applied to investigate bus emissions are MOVES (Alam & Hatzopoulou, 2014a; C. Li, 

Yu, & Song, 2017), COPERT (F. Li et al., 2019; Quaassdorff et al., 2016; Smit, Casas, 

& Torday, 2013) , and HBEFA (Badin et al., 2017; Borge et al., 2012). These and other 

studies related to emission models are discussed in Subsection 2.4.3.2. Currently, vehicle 

simulators have also become an excellent option for evaluating vehicle performances 

under various operating conditions, and are being used by authorities, builders, and 

researchers. In addition, both emission models and vehicle simulators allow for 

researches to estimate the improvements in fuel economy when low-emission routes, eco-

driving driving patterns, or alternative fuels are implemented in buses (J. Wang & Rakha, 

2016; Yanzhi Xu, Li, Liu, Rodgers, & Guensler, 2017). However, these two simulation-

based techniques may not be able to represent the wide variability in bus emissions under 

real-world traffic conditions. 

2.4.2.2. Life cycle assessment 

The fuel energy efficiency in buses has also been addressed by some researchers using 

LCAs. This approach comprises a compilation and valuation of the inputs, outputs, and 

potential environmental factors for a product throughout its entire life cycle (García 

Sánchez, López, Lumbreras Martín, & Flores Holgado, 2012). This methodology 

includes a well-to-tank analysis and tank-to-wheel analysis (H. Hao, Wang, Song, Li, & 

Ouyang, 2010). For instance, García-Sánchez et al. (García Sánchez et al., 2012) 

developed life cycle-based comparisons of the energy consumption and GHG emissions 

from natural gas, biodiesel, and diesel buses in Madrid city (Spain). Then, García-

Sánchez et al. (García Sánchez, López, Lumbreras Martín, Flores Holgado, & Aguilar 
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Morales, 2013) studied the impacts of the Spanish electricity mix on the life cycle energy 

consumption and GHG emissions of electric, hybrid diesel-electric, fuel cell hybrid, and 

diesel buses. Subsequently, Grijalva et al. (Grijalva & López, 2019) estimated the energy 

consumption for a bus on a typical bus route, using a vehicle simulator and the life cycle 

approach.  

2.4.2.3. Portable emissions measurement system (PEMS) measurements 

Traditionally, the emissions factors of HDV engines, which are expressed in (g/kWh), 

have been obtained based on engine dynamometer tests. To obtain the emission factors 

as expressed in (g/km), several studies for HDVs has used chassis dynamometers 

(Delgado, Clark, & Thompson, 2011; Jayaratne, Ristovski, Meyer, & Morawska, 2009), 

tunnel studies, and remote sensing (Hallquist, Jerksjö, Fallgren, Westerlund, & Sjödin, 

2013; Jayaratne, He, Ristovski, Morawska, & Johnson, 2008; Moore, Figliozzi, & 

Monsere, 2012) (Carslaw, Priestman, Williams, Stewart, & Beevers, 2015). Chassis 

dynamometer tests use a specific driving cycle under controlled conditions and can be 

easily replicated, but their results do not represent real-world traffic conditions. In tunnel 

and remote sensing tests, a emission sample is taken from a vehicle in a static location, 

and not along the route (H. Zhai, Frey, & Rouphail, 2008). Therefore, none of these three 

techniques capture the wide variability in emissions from buses under real-world traffic 

conditions. 

In recent years, PEMSs have become the most preferred option for measuring vehicle 

emissions, owing to the above-mentioned gaps between real-world and test cycle 

emissions. On-board measurements with PEMSs for buses were initially conducted in the 

USA. For instance, Clark et al (Clark et al. 2007) addressed the effect of a load mass on 

the emissions from diesel and lean-burn natural gas buses. Frey et al (Frey, Rouphail, 

Zhai, Farias, & Gonçalves, 2007) compared the real-world FC of diesel and hydrogen 

buses, and Zhai et al (H. Zhai et al., 2008) used PEMS measurements to evaluate the 

variability of emissions from diesel buses based on average speed intervals. PEMSs have 

also been used to analyse the real-world emissions from HDVs in the USA (Durbin et al., 

2007; Misra et al., 2013; Quiros et al., 2016). In China, bus research using a PEMS has 

been developed for a variety of goals (Guo et al., 2015; A. Wang et al., 2011; Shaojun 

Zhang, Wu, Liu, et al., 2014). For instance, Yu et al. (Yu, Li, & Li, 2016) analysed the 

effect of the passenger load on the real-world emissions of Euro III diesel urban buses in 

Nanjing, China. Zhang et al. (Shaojun Zhang, Wu, Hu, et al., 2014; Shaojun Zhang, Wu, 

Liu, et al., 2014) evaluated the variations in FC, and CO2, and NOx emissions from buses 

owing to fuel types and link-average speeds in Beijing. Guo et al. (Guo et al., 2015), 

Wang et al. (Chao Wang, Ye, Yu, & Gong, 2018), and Keramydas et al. (Keramydas et 

al., 2018) developed PEMS-based studies for comparing the emissions from urban buses 

powered by different fuels, such as diesel and CNG. Guo et al. (Guo et al., 2014) 

developed a specific comparison between CNG (e.g. Euro V) and diesel buses (e.g. Euro 

III to V). The most recent Chinese study was developed by Pan et al. (Pan, Chen, Qiao, 
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Ukkusuri, & Tang, 2019); they quantified the emission characteristics from Euro V diesel 

buses, liquefied natural gas (LNG) buses, and gas-electric hybrid buses. 

In European bus studies, López et al. (López, Jiménez, Aparicio, & Flores, 2009) initially 

explored the emissions from buses using PEMSs. They explored the emission levels of 

two Euro VI diesel buses equipped with different after-treatment systems. Subsequently, 

Spreen et al. (Spreen, Vonk, Vermeulen, Zuidgeest, & Baarbé, 2014), Vermeulen et al. 

(Vermeulen, Gijlswijk, & Goethem, 2018), and Sowman et al. (Sowman et al., 2018) 

analysed the real-world NOx emissions from Euro VI and Euro V diesel buses in urban 

conditions. Recently, Gis et al. (Gis, 2017) compared the emissions between CNG and 

diesel Euro VI articulated buses, and Grigoratos et al. (Grigoratos, Fontaras, Giechaskiel, 

& Zacharof, 2019) examined the real-world emissions in a long-distance Euro VI diesel 

bus. Armas et al. (Armas, Lapuerta, & Mata, 2012) conducted other important research 

on buses in Europe. However, the real-world FC and emissions performance of a 

conventional Euro VI CNG bus have not yet been investigated. Overall, several European 

laboratories have developed research regarding bus emissions based on PEMS 

measurements, such as the Netherlands Organisation for Applied Scientific Research 

(Spreen et al., 2014; Vermeulen et al., 2018; Vermeulen & Ligterink, 2018), Technical 

Research Centre of Finland (N.-O. Nylund, Karvonen, Kuutti, & Laurikko, 2014; 

Söderena, 2017; Söderena, Nylund, Pettinen, & Mäkinen, 2018), and University Institute 

for Automobile Research of Spain (García Sánchez et al., 2012; López, Jiménez, et al., 

2009; López et al., 2017). 

 Factors influencing bus fuel consumption and emissions 

The real-world emissions from urban buses can be influenced by several operational 

factors or condition. Overall, the operating conditions can be categorised based on: (i) 

bus design (e.g. the type of bus, driveline configuration, power train technology, fuel type, 

and after-treatment system technology); (ii) driver characteristics (e.g. driver behaviours); 

(iii) travel conditions (e.g. passenger loads and auxiliary power demands); (iv) traffic flow 

conditions (e.g. congestion); (v) road conditions (e.g. road grade and road type); (vi) 

ambient conditions (e.g. temperature); and (vii) geographic conditions (e.g. atmospheric 

pressure). In addition, the combustion scheme (e.g. lean burn or stoichiometric) has a 

direct effect on the bus emission performance, especially for a CNG bus (Kado et al., 

2005). Previous research has indicated that the traffic congestion, passenger load, and 

road grade significantly affect the performances of buses. A summary of the previous 

research on buses with regard to these operating conditions is presented below. 

2.4.3.1. Effects of type of fuel  

To promote the use of alternative-energy buses (e.g. CNG or LNG buses, hybrid diesel 

buses, or battery electric buses), the European Union has offered several tax incentives. 

This has led to traditional diesel buses being replaced in significant numbers by CNG 

buses equipped with SI engines, especially for urban services. For instance, the bus fleet 

of Madrid city (Spain) has 1395 CNG buses, representing approximately 70% of the total 
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bus fleet (EMT-Madrid, 2020). Moreover, CNG buses have also been adopted in various 

cities worldwide, such as in New Delhi (India), Beijing (China) (Yue et al., 2016), and 

Dhaka (Bangladesh). In addition, owing to an increase in fracking activities in recent 

years, natural gas is abundantly available at a low price in the fuel market. In fact, the 

natural gas production increased by approximately 5% in 2018, one of the fastest growth 

rates since 1984 (BP, 2019). These considerations have made CNG vehicles a competitive 

option in the urban bus market. However, fuel efficiency remains one of the most 

competitive factors in the HDV market, as fuel spending represents approximately 30% 

of the operating costs (European Automobile Manufacturers’ Association – ACEA, 

2016). In this sense, diesel engines are still the most widely used in HDVs, owing to their 

fuel efficiency and reliability. Currently, diesel engine technology continues to improve, 

obtaining average in-use thermal efficiencies of up to 45% in EU commercial 

applications, and peaking between 50% and 55% in non-commercialised prototypes 

(Tansini A., Zacharof N., Prado Rujas I., 2018). 

2.4.3.1.1 Technological evolution of compressed natural gas (CNG) buses  

Until the EURO V regulation, CNG buses were mainly equipped with lean-burn engines 

and oxidation catalysts (Park, Kim, Lee, Lee, & Lee, 2019). These lean-burn CNG buses 

had low FC, and did not require expensive after-treatment systems (Hallquist et al., 2013; 

Yoon et al., 2013). The EURO VI regulation for heavy-duty engines required a reduction 

of approximately 75% of the NOx emissions (from 2.0 to 0.40 g/kWh for transient testing) 

relative to EURO V (Grigoratos, Fontaras, Martini, & Peletto, 2016). This led to EURO 

VI CNG buses being mostly equipped with stoichiometric-combustion engines, three-

way catalysts, and EGR systems (Hajbabaei, Karavalakis, Johnson, Lee, & Durbin, 2013). 

This type of CNG bus increased the FC and CO emissions, but reduced the NOx emissions 

relative to CNG lean-burn buses with oxidation catalysts (Hesterberg, Lapin, & Bunn, 

2008; Yoon et al., 2013). The TWC systems installed in urban CNG buses have shown a 

relatively stable NOx conversion efficiency under real-world operation conditions 

(Shaojun Zhang, Wu, Hu, et al., 2014).  

2.4.3.1.2 Technological evolution of traditional diesel buses  

Diesel buses, and especially their after-treatment systems, have experienced a rapid and 

significant technological evolution, owing to the demanding emission standards (Guo et 

al., 2014). Between the Euro I and Euro VI regulations, the NOx emissions limits for bus 

diesel engines have been reduced by up to 95 % (N.-O. Nylund et al., 2014). Since the 

Euro IV regulation, most diesel buses have been equipped with SCR systems to reduce 

their NOx emissions (Lowell & Kamakaté, 2012). The NOx reduction efficiency of an 

SCR system depends on several design factors and operating parameters (Bermúdez, 

Luján, Climent, & Campos, 2015; Smit et al., 2019), such as the exhaust gas temperature 

(Mera, Fonseca, López, & Casanova, 2019). For instance, low exhaust temperatures lead 

to a low NOx conversion efficiency in an SCR system (Guo et al., 2015; Söderena et al., 

2018). Overall, more recent evidence (Guo et al., 2014; N.-O. Nylund et al., 2014; 
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Oprešnik et al., 2018) has suggested that the gap in the NOx emissions between diesel and 

CNG buses is closing, owing to the rapid technological progress being made in the after-

treatment systems for diesel engines (Söderena et al., 2018; Shaojun Zhang, Wu, Hu, et 

al., 2014). Consequently, some uncertainty remains regarding the real-world energy 

consumption and pollutant emissions of CNG buses relative to those of diesel buses, 

especially in real urban driving conditions (Carslaw et al., 2015; Keramydas et al., 2018).  

2.4.3.2. Effects of traffic congestion  

As discussed above, ‘traffic congestion’ is defined as the deterioration of the traffic flow 

in a network or a road segment, owing to either an increase in the volume of vehicles, or 

a decrease in the capacity of the road (Smit, Brown, et al., 2008). Traffic congestion has 

been widely recognised as one of the main causes of the increases in road transport energy 

consumption and emissions, e.g. by Smit et al. (Smit, Poelman, et al., 2008), Boulter et 

al. (Boulter et al., 2002), and Zhang et al. (Kai Zhang et al., 2011). Congestion can also 

lead to increased travel times on the same route, or large fluctuations in travel speeds. In 

urban conditions, congestion also produces a significant increase in the frequency of stop-

and-go situations (Choudhary & Gokhale, 2016). Several indicators have been used to 

quantify the congestion level, e.g. the average speed, number of full stops, acceleration 

noise, and delay rate. However, the average speed remains the most widely used 

parameter, especially in urban studies (André & Hammarström, 2000; Shan, Chen, Jia, & 

Ye, 2019; Wen et al., 2020; Shaojun Zhang, Wu, Liu, et al., 2014). For instance, Zhai et 

al. (H. Zhai et al., 2008) and Zhang et al. (Shaojun Zhang, Wu, Liu, et al., 2014) conducted 

PEMS measurements on urban buses to determinate the variabilities of FC and emissions 

as the link-average speed decreased.  

The impact of congestion on road transport emissions can be explored from the scale of 

an individual intersection to that of a complete network (Smit et al., 2010). For this reason, 

simulations based on emission models have commonly been applied (Alam & 

Hatzopoulou, 2014b; Grote et al., 2018). In Europe, the impact of congestion on the 

emissions from urban buses under real traffic conditions was initially investigated by 

Andre et al. (André, 2004; André & Hammarström, 2000). Subsequently, their results 

were used to define the ARTEMIS (Assessment and Reliability of Transport Emission 

Models and Inventory Systems) driving cycles (André, Joumard, Vidon, Tassel, & Perret, 

2006), which were used to develop an emissions model called the HBEFA. As the 

HBEFA includes particular vehicular activity data from five European countries, namely 

Germany, Austria, Switzerland, Sweden, and Norway, its definition of a traffic situation 

is somewhat subjective. In fact, some previous studies (Borge et al., 2012) have 

demonstrated the limitations of the HBEFA as applied to cities of other European 

countries, e.g. Spain (Madrid). In addition, the HBEFA, together with some other macro 

emission models (e.g. COPERT) were unable demonstrate the transitory behaviours of 

the emissions of a bus under real-world urban driving conditions. Overall, previous bus 

studies have mainly explored the relationship between congestion and CO2 emissions. 

However, none of these works have integrated real-world emission data with road flow 
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traffic data and vehicle dynamics to estimate the variations in bus emissions for different 

traffic congestion scenarios. 

2.4.3.3. Effects of road grade  

The ‘road grade’ is defined as the change in elevation over a horizontal distance travelled, 

and is expressed as a percentage (%) (Boroujeni, Frey, & Sandhu, 2013). A positive road 

grade indicates that the elevation of the road increases with the distance travelled. The 

road grade can be quantified based on data from design drawings, light detection and 

ranging (LIDAR)systems, accelerometers, inclinometers, and GPS receivers. Currently, 

GPS data is employed in the most widely used techniques; however, its altitude data must 

be subsequently corrected using rigorous procedures (Yazdani Boroujeni & Frey, 2014). 

Previous bus studies have explored the effects of the road grade on energy consumption 

and CO2 emissions. For instance, Khan et al. (A. S. Khan & Clark, 2010) included 

sections with road grades of 1–5 % in rolling and mountainous terrains for different 

driving cycles (e.g. the New York City Bus Cycle, the ADEME (French Environment and 

Energy Management Agency)–Paris cycle, the Orange County Transit Authority (OCTA) 

cycle, the Braunschweig, and King County Metro (KCM) cycle), and then combined the 

obtained data with chassis dynamometer data. Their results showed that the average FC 

increased by up to 30% for grades from 1% to 5%. A more recent study (Alam & 

Hatzopoulou, 2014a), used simulations with an emission model to demonstrate that the 

GHG emissions from urban buses doubled when the road grade increased from 0% to 5%. 

However, the impacts of the road grade level on buses operating under real-world traffic 

conditions was not fully explored. 

2.4.3.4. Effects of passenger load  

Unlike the case with LDVs, the passenger load plays an important role in the fuel 

efficiency and emissions of urban buses. Clark et al. (Clark et al., 2007) initially evaluated 

the impacts of passenger loads on buses, using a chassis dynamometer. They found that 

the FC of a bus increased by approximately 9% during operation under a full passenger 

load relative to operation without a passenger load. Next, Frey et al. (Frey et al., 2007), 

using the VSP methodology, found that passenger loading had a significant effect on FC, 

particularly in medium- and high-speed ranges. Simulations based on emission models, 

such as MOVES, were performed by Alam et al. (Alam & Hatzopoulou, 2014a) to explore 

the influences of passenger loads on the CO2–equivalent emissions from diesel and CNG 

buses. However, owing to the technical complications and expenses of testing buses in 

real-traffic operating conditions with different levels of passenger loads, relatively few 

studies have explored the effects of passenger loads on real-world performances of urban 

buses. In fact, only a study in China (Yu et al., 2016) has been able to quantify the impact 

of a passenger load on the real-world emissions from a diesel bus. 
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 Versatility of vehicle-specific power (VSP) in emissions modelling  

The VSP is a variable representative of the traction power, and it is calculated as a 

function of the vehicle speed, acceleration, and road grade (H. Zhai et al., 2008). As 

vehicles have transitory behaviours in real traffic conditions, the VSP is useful for 

explaining the variability in emissions in terms of average rates. Both the combined and 

individual effects of the congestion level (Song & Yu, 2009), road grade (W. Zhang, Lu, 

Xu, & Zhang, 2015), load mass (Shuanghong Zhang, Yu, & Song, 2017), and other 

operational factors have been frequently addressed using the VSP methodology. This 

methodology was initially proposed for light passenger vehicles by Jimenez-Palacios et 

al. (Jiménez-Palacios, 1999). Subsequently, Frey et al. (Frey, Unal, Chen, Li, & Xuan, 

2002) applied it to buses. Additionally, VSP has been used to develop empirical emission 

models (Z. Zhai, Song, & Yu, 2018). In fact, MOVES was also initially based on the VSP 

approach (EPA, 2015). For urban bus studies, the VSP methodology has been widely 

applied in the USA (T. Khan & Frey, 2018), Canada (Alam & Hatzopoulou, 2017) and 

China (C. Li et al., 2017; Yang et al., 2016), but not in Europe. The VSP methodology 

has only been recently applied to LDVs in European studies (Costagliola, Costabile, & 

Prati, 2018). 

 Traffic congestion state estimation: simulated vs real-world data 

Previous works mostly defined scenarios with different traffic levels based on the 

integration of a traffic simulator and external emission model. For example, Samaras et 

al. (Samaras et al., 2017, 2019) coupled a microscopic dynamic traffic model ('AIMSUN') 

with an instantaneous emission model ('CRUISE') to define three traffic conditions, and 

then to evaluate the FC of LDVs. Anya et al. (Anya et al., 2014) combined AIMSUN with 

an empirical model based on the VSP to assess the emissions in signalised arterial 

corridors. Lejri et al. (Lejri, Can, Schiper, & Leclercq, 2018) coupled a traffic simulator 

with COPERT and PHEM to analyse vehicle emissions in a small urban area. However, 

the characterisations of traffic behaviours resulting from traffic simulators can include 

substantial deviations from actual traffic situations (Song, Yu, & Zhang, 2012). This may 

eventually lead to inaccuracies in the emission estimates.  

A recent approach, based on real-world traffic measurement data (e.g. historical 

stationary and streaming mobile data), has been proposed a valuable alternative for 

estimating the traffic status, as it does not explicitly require the use of traffic models (Seo 

et al., 2017). In addition, there is currently a greater availability of real-world traffic data, 

owing to the implementation of traffic control systems with inductive sensors, fleet 

monitoring systems with GPS devices, and the increased use of smart phones (S. Chen, 

Bekhor, & Broday, 2016). In fact, the EU has promoted the implementation of intelligent 

transportation systems (ITS) (EC, 2016), which are designed to record massive dynamic 

traffic data. Hence, approaches based only on real-world traffic data have received greater 

attention in recent studies, and more particularly, in regards to analyses with high spatial-
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temporal resolution. A summary of the previous research on vehicle emissions with 

regard to the isolated and combined applications of GPS and ILD data is presented below. 

In the case of GPS data, X. Ma et al. (X. Ma, Miao, Wu, & Liu, 2020) used high-resolution 

GPS data to develop a model for quantifying the energy efficiency of diesel and electric 

buses in Beijing, China. Chen et al. (S. Chen et al., 2016) showed that aggregated GPS 

tracking data was useful for mapping vehicle NO2 emission concentrations over different 

time periods of a day. Other recent Chinese studies have used GPS 'big data' to perform 

high-resolution spatial analyses, which are referred to as 'fine-grained' analyses (Kan et 

al., 2018; Shaojun Zhang et al., 2018; Zhao, Wang, Shen, & Sun, 2021).  

With regard to traffic control system data, which is mostly derived from ILDs, Arias et 

al. (Arias & Bae, 2016) used historical real-world traffic flow and weather conditions to 

predict the charging demands for electric LDVs and buses in South Korea. Grote et al. 

(Grote et al., 2018) developed an empirical model based on ILDs data for estimating the 

CO2 emissions from different types of vehicles. Bhaskar et al. (Bhaskar, Tsubota, Kieu, 

& Chung, 2014) used traffic flow data from ILDs and Bluetooth MAC address scanners 

to develop a model for quantitatively estimating the states of urban traffic in an Australian 

city. Moreover, based on open-access traffic congestion data, Wen et al. (Wen et al., 

2020) mapped the dynamic road emissions in Shenzhen, China.  

In the context of combining GPS and ILDs data, Chinese studies have used taxi driving 

speed records to develop high-resolution emissions inventories, e.g. in Macau (Shaojun 

Zhang, Wu, Huang, et al., 2016) and Nanjing (Shaojun Zhang et al., 2018). (Faria et al. 

2018). Based on this integrated approach, Faria et al. (Faria, Varella, Duarte, Farias, & 

Baptista, 2018) analysed the temporary variations in emissions for LDVs owing to 

increased traffic flows in a city in Portugal. However, this research did not focus on the 

bus dynamics data, and did not assess the emissions in the context of particular traffic 

scenarios. 

To explicitly classify the states of urban traffic, and based on the use of traffic sensors 

and GPS trace data (Necula, 2015; Rempe, Huber, & Bogenberger, 2016; Kaisheng 

Zhang, Sun, Shen, & Zhu, 2017), as well as traffic images (Lozano, Manfredi, & Nieddu, 

2009), recent studies have applied various clustering techniques (e.g. Fuzzy c-means 

(FCM) clustering). The results have shown that clustering techniques are a valuable 

resource for identify the levels of urban traffic on a road. Therefore, these clustering 

methods could be useful for defining the traffic scenarios on an urban bus route, collecting 

road traffic flow data, and identifying the driving patterns of buses. 
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 Defining the Research Gaps on Bus Emissions 

Based on the literature review described above, the identified research gaps can be 

grouped into three levels: (i) engine emissions, (ii) whole vehicle emissions, and (iii) route 

emissions. The following describes the gaps for each proposed level in more detail. 

 Research gaps at engine level  

No previous research has combined the data from OBD systems and PEMSs to develop 

transient engine maps for evaluating the fuel efficiency and emissions levels of buses 

under real-world operating conditions. The engine map approach was used in certain parts 

of bus studies by Mata et al. (Mata et al., 2016) and Gis et al. (Gis, 2017). The main 

limitation of these works was that the OBD systems data was unavailable. In contrast, 

Merkyisz et al. (Merkyisz & Rymaniak, 2017), Oprešnik et al. (Oprešnik et al., 2018), 

Soylu et al. (Soylu, 2014), and N. Nylund et al. (N. Nylund et al., 2007) obtained data 

from OBD systems and PEMSs in buses, but did not use this data to create transient 

engine maps (much less use such maps to predict FC and emissions). Thus, in the existing 

literature, the performance of a bus engine under real-world conditions has not been 

deeply analysed based on the engine map approach. 

In urban conditions, the operation of a bus engine is influenced by the high frequency of 

speed changes and full-stop events, leading to the engine operation being highly transitory 

(Thiruvengadam et al., 2014). Under these conditions, the main problem is that for every 

engine operation point, there are measured data with a wide variability. However, to 

create transient engine maps, it is necessary to propose a methodology that allows for 

obtaining a single value of FC or emissions to represent every speed-torque engine 

operating point. Methods for developing engine maps based on combining transient-state 

engine data obtained directly from the PEMS and OBD system, in a simple way and with 

a low computational cost, were shown in studies for LDVs by Bishop et al. (Bishop, 

Molden, & Boies, 2019; Bishop et al., 2016) and L. Hao et al. (L. Hao et al., 2017). Their 

estimation errors for the overall FC and emissions were between 4–9 %. Moreover, both 

works confirmed the potential of transient engine maps for predicting second-by-second 

FC and emissions with good accuracy. Therefore, a similar method will be applied in the 

current research, using experimental data from an urban bus in Madrid (Spain). 

 Research gaps at vehicle level  

The gaps in bus emission research at vehicle level can be summarised in five aspects, as 

follows: (1) most of the research has been based on laboratory tests and model 

simulations, which are not representative of real-world driving; (2) prior research has 

focused predominantly on diesel buses and their CO2 emissions performance; (3) The 

VSP methodology has not been applied in European studies for buses; (4) PEMS-based 

bus studies have not simultaneously addressed the influences of the congestion, road 

grade, passenger load, and fuel type; and (5) the real-world FC and emissions 

performance of conventional EURO VI CNG buses have not yet been investigated. 
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 Research gaps at route level 

To address the problems regarding traffic-related bus emissions at the route level, traffic 

simulators and emissions macro models have been the main methodology used in 

previous bus studies. However, other methodologies based on real-world measurement 

data (e.g. road traffic sensor data, GPS-based vehicle dynamics (from naturalistic driving 

trips), and PEMS emissions) have only been applied in LDVs research. Hence, the gaps 

at route level can be summarised as follows: (1) the open data of city flow traffic sensors 

and GPS-based vehicle dynamics data have not been integrated by clustering methods to 

define congestion scenarios (or traffic scenarios) on a typical urban bus; (2) although 

VSP-based micro-emission models have previously been applied in bus research, these 

empirical models were developed with PEMS emission data obtained in different spatial 

domains from the case study; and (3) the real-world data on traffic flows, driving, and 

tail-pipe emissions have not been simultaneously used to assess the effects of congestion 

on the performance of diesel and CNG buses along an urban bus route.  
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CHAPTER 3. METHODOLOGY: RECOLLECTION AND 

PROCESSING DATA 

This chapter describes the methodology applied for data collection and processing, with 

the aim of covering the three research objectives of this thesis. As shown in Figure 3.1 

(from left to right), the proposed methodological framework comprises four stages: (i) 

data collection, (ii) data pre-processing, (iii) data integration, and (iv) data processing. 

The following describes the activities, methods, and/or processes applied for each stage 

in detail. The data analyses and interpretations of the results, as grouped by each research 

objective in Figure 3.1 (from top to bottom), are discussed in Chapters 4 to 6. 

 

 
Figure 3.1. Flowchart of the methodology for data processing (VSP: vehicle-specific power). 

 



Methodology: Recollection and processing data 

46 

 

 Data Collection 

 Description of the test route: case study  

A representative bus route in Madrid was chosen to represent typical urban real-world 

operation conditions. Route No. 74 was selected as the spatial domain of this study, as its 

trajectory only included the urban centre area of Madrid, as shown in the Figure 3.2. It 

crosses the Gran Via street, which is one of the most congested streets in the hyper-centre 

of Madrid. Route 74 is a circuit with 53 bus stops, and includes an outward (orange) and 

a return (blue) travel route. Table 3.1 provides the main information regarding the test 

route. In addition, the positive cumulative altitude gain on the test route is approximately 

180 m. Notably, most of data regarding the test route was acquired through geographic 

information system (GIS) mapping. 

 

 

Figure 3.2. Selected experimental route for field data collection. 
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Table 3.1. Characteristics of test route No. 74 in Madrid 

Parameter 
Route travel 

Outward Return 

Start bus station P. Pintor Rosales Plaza de Venecia 

Final bus station Plaza de Venecia P. Pintor Rosales 

Route length (m) 8260 8818 

Number of bus stops 25 28 

Altitude at origin/destination 

station (m) 
673/635 635/673 

Altitude difference (m) +38 −38 

Positive altitude gain (m) 102 72 

 Test vehicles 

In this study, two conventional buses from the Municipal Transport Company of Madrid 

(EMT) were tested using a PEMS. The first vehicle was an Iveco Euro V model equipped 

with a direct-injection diesel engine and after-treatment system including a particle filter 

and SCR system. The second bus was a Scania Euro VI bus fuelled by CNG and equipped 

with a stoichiometric engine and TWC after-treatment system. Both types of buses 

possessed several similar characteristics, namely in regards to their passenger capacity, 

dimensions, weight, engine power, and gearbox type. Additional details on these buses 

are provided in Table 3.2. The selected EURO V diesel bus is the most current diesel-

fuelled vehicle available from the EMT; this is because in 2010, the company decided to 

progressively replace its diesel buses with modern CNG buses (European Commision, 

2015). In fact, the EMT is now one of the European city bus companies with the most 

CNG-fuelled vehicles (Municipal, Company, & Madrid, 2014). Although the tested buses 

met different emission standards, the comparison between them is useful for analysing 

the environmental benefits of replacing EURO V diesel buses with EURO VI CNG buses. 

Table 3.2. Technical specifications of the tested buses  
Vehicle parameter Bus A Bus B 

Fuel type Diesel Compressed natural gas (CNG) 

Model name Irisbus Iveco Citelis Scania N280 S2 CNG 

Model year 2010 2018 

Emission regulations  Euro V Euro VI C 

Gross vehicle weight (t) 19 19.1 

Weight (t)  12.5 13.15 

Length /Width/ Height (m) 12/2.55/3.30 12/2.55/3.35 

Max passengers 78 85 

Axle configuration 4×2 4×2 

Gearbox Automatic Automatic 

Transmission make and model ZF Ecolife VOITH 854.5 

Accumulated mileage (km)  378000 53000 

Manufacturer engine model Scania OC09 101 Iveco F2BE3682C*R 

Number of engine cylinders Six in-line Five in-line 

Engine total displacement (cm3) 7790 9291 

Engine maximum power (kW@rpm) 213@2050 206@1900 
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 Real-world emission testing using PEMS  

3.1.3.1. Instrumentation  

3.1.3.1.1 On-board system (OBS) 2200, Horiba PEMS 

A Horiba on-board system (OBS) 2200 PEMS was used in the experimental tests to 

measure and record the on-board second-by-second FC and CO2, CO, THC, and NOx 

emissions from tested buses under real-world operating conditions. The Horiba OBS 2200 

consists of vibration-proof gas analysers, a tail-pipe attachment with a factory-calibrated 

pitot tube, and a laptop PC with software for system control and data logging. The Horiba 

OBS 2200 uses a heated non-dispersive hot infrared (HNDIR) analyser without water 

extraction to measure the CO2 and CO concentrations. The THC concentration is 

measured by a hot-flame ionisation  (HFID) analyser, and the NOx concentration is 

measured by a heated chemiluminescence (HCLD) analyser (Horiba, 2006), with all of 

the gases being supplied by a heated gas line. Moreover, the Horiba OBS 2200 includes 

humidity and ambient temperature sensors, and a GPS for obtaining instantaneous vehicle 

speed and location data (López, Jiménez, et al., 2009).  

3.1.3.1.2 Dewe-101: on-board diagnostic (OBD) data acquisition system 

A data acquisition system called 'Dewe-101' was used to record the different data signals 

from the engine performance. The Dewe-101 can read the Controller Area Network 

(CAN) data from the OBD system of the bus. The data was recorded at a frequency of 1 

Hz. The Dewe-101 software include a database based on the Society of Automotive 

Engineers (SAE) standard J1939 for HDV regulation (Dewesoft, 2009), allowing for 

conversion of the binary values of the CAN network to decimal values. The Dewe-101 

could also obtain the operating parameters of other vehicle components, such as the 

gearbox, differential, wheels, and doors. For the current research, the data obtained from 

the engine control unit (ECU) of the bus included the engine speed, engine torque, wheel 

speed, fuel injection flow, throttle pedal position, and engine temperature. Moreover, an 

external GPS was integrated with the data logger (Dewe-101) to obtain second-by-second 

position (only longitude and latitude) and speed data from the vehicle. Notably, the GPS 

altitude data were not used to calculate the road grade, as detailed in Subsection 3.3.2  

3.1.3.2. Experimental campaign: test protocol  

Two experimental campaigns using a PEMS were conducted along Route 74 of Madrid. 

The campaigns for the diesel and CNG buses were executed in 2018 and 2019, 

respectively, including both peak and non-peak time periods. Commercially available 

automobile fuels were used for both of the experimental campaigns. During the different 

tests, the air conditioning of both the buses was switched on, and the measuring 

instruments were powered by a portable electricity generator, so as to avoid additional 

loads on the engine during tests. The buses were heated for at least 30 minutes prior to 

starting the tests on each test day. In addition, a zero setting and standard gas calibration 

were performed on the PEMS equipment before beginning each test. Overall, to ensure 
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repeatable conditions for both experimental campaigns, the following aspects were the 

same: the test route, bus driver, test schedule, measurement equipment and calibration 

protocol, and technical staff. Figure 3.3 shows how the PEMS equipment was installed 

on the diesel bus during the first experimental campaign.  

 

Figure 3.3. A Euro V diesel urban bus from EMT-Madrid equipped on board with the portable 

measurement equipment (PEMS). Source: INSIA-UPM. 

The buses were driven normally on the test route, with normal opening and closing of the 

doors; however, people were not permitted to board the buses. To explore the effects of 

passenger loads, concrete blocks were placed inside on the buses (in the areas for standing 

passengers) during the experimental campaigns, wherein 68 kg, i.e. the average weight 

of all men and women in Spain, was taken as one 'unit' of passengers. The diesel bus was 

tested with three levels of loads, namely 0, 1200, and 4000 kg, corresponding to carrying 

no passengers, 18, and 60 passengers, respectively. Similarly, the experiments for the 

CNG bus were conducted with 0 and 1200 kg passenger loads. The third level of 

passenger load for the CNG bus was confined to only 3200 kg (equivalent to 47 

passengers), as this bus did not have adequate space to accommodate 4000 kg of concrete 

blocks.  

The duration of each entire trip (outgoing and return route) on the test route was 

approximately two hours, and the average speed of the bus was approximately 9 km/h. 

As the objective of the current study was not to evaluate the engine and vehicle 

performance according to the requirements of in-service-conformity (ISC) legislation, the 

test trip was developed for urban off-cycle conditions. As result, a total of approximately 

120,000 real-world FC and emission data (second-by-second) were recorded using the 

on-board PEMS equipment and OBD data logger in the diesel and CNG buses. The PEMS 

emission data were applied in this study for the following two purposes: (i) to evaluate 

the real-world emission performance of the diesel bus engine, as discussed subsequently 

in Subsection 3.3.1; (ii) to evaluate the real-world emissions from the diesel and CNG 
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buses in different operating conditions; and (iii) to develop an empirical emissions micro-

model. The latter two purposes are discussed in Subsection 3.3.2. 

 Collection of naturalistic driving profiles using GPS logger 

3.1.4.1. GPS logger: HOLUX RCV-3000 

On the study route, a GPS logger device was used to collect a large number of real-world 

bus driving profiles. This device, called the 'HOLUX RCV-3000' was a wireless global 

navigation satellite system logger that supported two satellite systems, i.e. the GPS and 

'Global Navigation Satellite System' (GLONASS) (Holux, 2018). The device allowed for 

the storage of approximately 250000 GPS coordinates, including those for latitude, 

longitude, time, and altitude, with a frequency of 1 Hz. The data recorded with HOLUX 

RCV-300 could be downloaded via USB or Bluetooth interface to a computer for analysis 

and/or processing.  

3.1.4.2. Naturalistic driving experimental campaign 

Naturalistic observation is a non-intrusive approach that aims to collect information 

regarding a given event in its natural environment, but without the researcher and/or his 

measuring equipment altering the normal course of that event. The campaign for 

collecting naturalistic driving data was conducted in June and July 2019. It was conducted 

during working and weekend days, including both peak and non-peak time periods. Two 

GPS loggers with additional power sources were installed in different buses from the 

EMT, as shown in Figure 3.4. These buses were driven in normal operation conditions; 

the boarding of people was allowed, without any restrictions. With these uncontrolled bus 

driving conditions, the information collected could be then be referred to as naturalistic 

driving data (Faria, Duarte, & Baptista, 2019). In general, naturalistic driving profiles are 

a way of representing real-world vehicle dynamics, and are typically expressed as a time 

series of instantaneous speeds. For this study, a total of 450 h (with approximately 1.7 

million second-by-second GPS positions) were recorded from the tested buses. The 

collected naturalistic driving profile data, which included data on the bus dynamics, were 

applied in this study for two purposes: (i) to calculate different congestion indicators 

related to the road traffic conditions at the route level, and (ii) as input data for estimating 

bus emissions using an empirical emission micro-model. This is discussed below in 

Subsection 3.3.3.  
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 Figure 3.4. An urban bus from EMT-Madrid equipped on board with GPS logger.  

 Collection of road traffic sensor data 

To characterise the vehicle activity (or traffic state) on Route 74, this study used the open-

access vehicle traffic data of Madrid collected by the EMT (EMT-Madrid, 2016). In 

Madrid, there are approximately 7800 vehicle detection devices, located at approximately 

4100 measurement points (Ayuntamiento de Madrid, 2018). The vehicle counting is 

mostly based on ILDs, although there are also approximately 200 devices using optical 

systems for artificial vision, and other double ILDs that allow for speed control. For each 

measurement point, the historical records mainly include three types of traffic-related 

variables: (i) traffic intensity or flow (vehicles/hour), (ii) occupation percentage, and (iii) 

traffic load, which is expressed in percentage terms as a function of the intensity, 

occupation, and road characteristics. This study obtained the historical traffic information 

of Madrid corresponding to June and July 2019, the same two months in which the 

naturalistic driving data was collected. As result, a total of approximately 23 million road 

traffic sensor observations were obtained in the initial download of this open access data. 

These road traffic sensor data were mainly applied in conjunction with the naturalistic 

driving data to define the different traffic scenarios at the route level for this study. 

 Data Pre-Processing 

 Pre-processing of study route data 

As a result of pre-processing the information of the study route, the following resources 

were obtained: the theoretical route (longitude, latitude, altitude approximately every 10 

meters), profiles of the road grade and altitude, locations of bus stops and traffic sensors, 

bus schedules, and number of lanes and types of roads along the route. For example, 

Figure 3.5 shows the altitude profile of Route 74, including road grade levels from –4 % 

to +4 %. 
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Figure 3.5. Altitude profile of the experimental route. 

 Pre-processing of on–road bus emissions data  

As the measurements were made with several devices with different initial recording 

times and different sampling rates, a process for synchronising the databases and signals 

was conducted to ensure the quality of the results presented in this study (Armas, Gómez, 

Mata, & Ramos, 2012). The equipment data were aligned with a frequency of 1 Hz. The 

Horiba OBS 220 and Dewe-101 databases were synchronised using the FC and fuel 

injection flow signals, respectively. Moreover, the synchronisation was verified between 

different signals from the same equipment. Thus, in the Dewe-101 database, the external 

GPS signal was synchronised with the vehicle speed, to avoid the effects of GPS satellite 

reading delays. Additionally, the altitude profile of each experimental test was corrected 

based on combining the use of a digital terrain map, GIS software, and the Software R 

'2.7.2'. A section of signal synchronisation is presented in Figure 3.6. Figure 3.6a shows 

the synchronisation between two signals from different measuring equipment. 

Conversely, Figure 3.6b shows two synchronised signals from the Horiba OBS 2200 

PEMS. The same pre-processing methodology was applied to real-world emissions data 

of the diesel and CNG buses. After completing pre-processing using RStudio Software 

(RStudio, 2018), a total of approximately 55,155 and 49,430 valid (second-by-second) 

PEMS emissions data for diesel and CNG buses, respectively, were available for the 

development of this study.  
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 Figure 3.6. Synchronisation between the signals: (a) same measuring equipment and 

(b) different measuring equipment. 

 Pre-processing of naturalistic driving data 

As the GPS loggers had unsupervised recording processes for each individual test trip, 

the collected GPS-based data needed to be extensively pre-processed before use. The 

applied post-processing method, using Software RStudio (RStudio, 2018), consisted of 

the following seven steps: (1) remove all records that are not in the test route; (2) identify 

the start and end points for each test trip according to the route direction; (3) verify, for 

every trip, that the bus has covered the entire route; (4) remove trips that are either 

incomplete or have variations; (5) standardise idle times (zero speed) at both the 

beginning and end of each test trip; (6) smooth the speed profile for each experimental 

test according to a moving average filter (J. Wang & Rakha, 2017); and (7) correct and 

smooth the altitude profile for each experimental test according to EU Regulation 

2016/646 to obtain the second-by second road grade. At the end, a total of 

approximately190 valid trips (including outbound and inbound trips) were obtained, 

representing approximately 530,000 second-by-second GPS position data points for the 

buses. 

 Pre-processing of road traffic sensor data 

To use the open-access traffic records to investigate the congestion variability on Route 

74, the traffic records were post-processed based on a four-step method: (1) identify the 

traffic sensors located along Route 74 using GIS mapping tools; (2) filter the traffic 

records of the approximately sixty sensors (e.g. 30 outward trips and 30 return trips) of 
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the study route; (3) remove records that are empty or include incorrect values; and (4) 

assign each sensor a route segment between two consecutive route stops. After 

completing the pre-processing using Software RStudio (RStudio, 2018), a total of 

approximately 330,000 road traffic sensor observations (measured at 15-minute intervals) 

were applied in this study.  

 Data Integration by Aim (research objective) 

 Data integration for the engine performance analysis 

The diesel bus was used to address research objective 1, i.e. to investigate the real-world 

fuel efficiency and emissions from an urban bus at the engine level. This involved 

integrating the study route data, technical specifications of the diesel bus engine, and 

synchronised PEMS measurement data from the diesel bus. After completing the 

integration process using Software RStudio (RStudio, 2018), a total of 55,155 valid FC 

and emissions data (second-by-second) were available for the development of the 

research objective 1. Table 3.3 shows an overview of the engine operation statistics based 

on passenger load levels, as obtained during the experimental data campaign of the diesel 

bus. 

Table 3.3. Overview of operation engine conditions by passenger load levels 

Passenger 

load 

(kg) 

Total 

time 

(s) 

Total 

Idle 

period 

(%) 

Total 

Accel. 

period 

(%) 

Average values 

For all data points 
After removal idle-mode 

engine points 

Speed 

(rev/min) 

Torque 

(N.m) 

Power 

(kW) 

Speed 

(rev/min) 

Torque 

(N.m) 

Power 

(kW) 

0 20892 42.80 25.13 822.90 289.90 27.88 965.60 352.90 38.99 

1200 20343 42.83 25.47 832.13 297.86 29.23 980.71 363.64 40.84 

4000 13920 42.95 26.95 846.06 335.30 33.67 995.58 407.11 46.85 

All test 55155 42.86 25.85 833.70 307.69 30.26 980.63 374.55 42.22 

 

 Data integration for the analysis of the impact of link-level congestion and 

other operational factors 

As mentioned earlier, research objective 2 of this study is to investigate the effects of the 

passenger load, road grade, and congestion level on the real-world FC and emissions of 

diesel and CNG urban buses. This was achieved by integrating the data of the study route 

(e.g. altitude profile), technical specifications of the diesel and CNG buses, and 

synchronised PEMS measurement data from the two types of urban bus. After completing 

the data integration, a total of 104,580 valid PEMS emission data observations from diesel 

and CNG buses were available to address research objective 2. Table 3.4 shows an 

overview of the bus operating statistics, based on the fuel types and passenger load levels 

during the experimental campaigns. 
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Table 3.4. Overview of the operating conditions for the diesel and CNG buses in terms 

of passenger load level in the experimental campaigns 

Urban 

Bus by 

fuel type 

Passenger 

load 

(kg) 

Tests* 

Average 

trip speed 

(km/h) 

Average 

moving 

speed 

(km/h) 

Maximum 

trip speed 

(km/h) 

Average 

positive 

accel. 

(m/s2) 

Total idle 

period 

(%) 

Total 

accel. 

period 

(%) 

Total 

decele. 

period 

(%) 

Total 

cruise 

period 

(%) 

Diesel 0 3 8.88 16.07 46.62 0.46 43.17 24.87 23.45 8.5 

 1200 3 9.11 16.47 46.41 0.46 41.81 25.93 23.30 8.9 

 4000 2 8.86 16.08 42.42 0.43 41.06 27.71 23.05 8.1 

CNG 0 3 10.14 18.48 48.65 0.51 43.28 26.19 23.06 7.45 

 1200 3 9.97 18.03 45.82 0.50 43.13 26.64 22.69 7.49 

 3200 3 9.88 17.69 44.93 0.48 42.71 26.59 22.68 7.95 

*included an outward and a return travel 

To study the effect of the passenger load, the distance-specific FC and emission factors 

for each passenger load level were normalised over the full trip along the chosen route (at 

trip-route level). These values included those from the idle mode operation as well. The 

regular route chosen for the experimental PEMS measurements was non-compliant with 

the in-service-conformity (ISC) regulatory requirements, as the scope of this research was 

to analyse the real-world emissions from urban buses operating under full urban driving 

conditions. 

To explore the effects of the road grade level on the emissions from the urban buses, 

second-by-second altitude data were obtained by combining the data from a geographic 

information system (GIS), digital terrain map, and experimental GPS data. The applied 

methodology consisted of the following four steps: (1) the test route was drawn in the 

GIS software, so as to extract its theoretical coordinates (only longitude and latitude) at 

intervals of 10 m; (2) an altitude value was added for each theoretical coordinate, using 

the digital terrain map information; (3) for each second-by-second experimental 

coordinate (GPS data), a search was conducted for the most similar (least distant) 

theoretical coordinate, so as to obtain an altitude value; and (4) the altitude profile for 

each experimental test was corrected and smoothed according to EU Regulation 

2016/646, and then the second-by second road grade was obtained. The distance-specific 

emission factors for the different road grade cases were calculated based on four steps: 

(1) the zero-speed vehicle PEMS data was removed to avoid the effects of idling on the 

emission factors; (2) the second-by-second PEMS measurement database data from the 

CNG and diesel buses were grouped in road grade intervals of 1 % (from -4 % to +4 %), 

as well as by the passenger load conditions; (3) to avoid the effects of speed on the 

distance-specific emission factors, it was verified that the resulting groups had similar 

average speeds (the average speed for each road grade group was in the range between 

15 and 18 km/h); and (4) the FC and emission factors were calculated for each road grade 

case.  

To explore the effects of the traffic congestion level on real-world emissions from urban 

buses, in this study, the link-average speed was used as a quantitative variable 

representative of the congestion level. A low link-average speed indicates a high 



Methodology: Recollection and processing data 

56 

 

congestion level on the road (Boulter et al., 2002). In this sense, previous bus studies have 

already successfully used the link-average speed to investigate the sensitivity of real-

world emissions (André & Hammarström, 2000; H. Zhai et al., 2008; Shaojun Zhang, 

Wu, Liu, et al., 2014). The link-average speed was obtained by dividing the test route into 

micro-trips, e.g. one or two consecutive bus stops, and then calculating the average speed 

for each segment of the route. Following this, the distance-specific FC and emission 

factors were calculated for each micro-trip. Thus, they could be expressed as a function 

of the link-average speed. For instance, the test route was divided into 17 links with 

average distances of 400 m and travel times greater than 600 s. A total of 272 micro trips 

were obtained after processing the databases of both of the experimental campaigns. 

 Data integration for the congestion impact analysis at route level 

To address research objective 3, which focuses on modelling and evaluating the bus 

emissions for different road traffic scenarios, this study proposed an original approach for 

integrating the real-world emissions from PEMS measurements, vehicle dynamics data 

from naturalistic driving profiles, and traffic information from city monitoring sensors. 

The three phases comprising this proposed data integration method, which was executed 

in RStudio (RStudio, 2018), are described below. The methods and calculations applied 

for the research objective 3 are discussed later in the Subsections 3.4.8 to 3.4.14 . 

3.3.3.1. Integration for the traffic flow investigation  

To determine the different traffic scenarios on the study route, this first phase focused on 

investigating traffic patterns on the route using the road traffic sensor data and naturalistic 

driving profiles. However, there was a relative complexity in integrating these two 

databases, as they had different sampling rates. The naturalistic driving patterns included 

second-by-second vehicle dynamics data, whereas the stationary road traffic sensor 

measurements had a high sampling rate (approximately five to fifteen minutes). In this 

context, the process of integrating road traffic sensor and naturalistic driving profiles 

databases included the following four steps: (1) each second-by-second experimental 

coordinate from the naturalistic driving profile was correlated with a nearby traffic sensor 

in a range of approximately 30 meters by longitude and latitude values, as well as by the 

trip direction (e.g. outward or return route); (2) when an experimental coordinate-sensor 

pair was identified, the traffic records for the detected sensor were filtered, and then the 

traffic observation with the most similar recording date was selected (at a tolerance of up 

to 15 minutes), where each selected observation included three traffic-related values, i.e. 

the intensity, occupation, and load; (3) it was verified that for each naturalistic driving 

trip, all corresponding traffic sensors by travel direction had been identified at least once; 

and (4) repeated records were removed, leaving only one traffic observation for the sensor 

and naturalistic driving trip. Ultimately, a total of approximately 5700 traffic sensor 

observations were assigned for a set of 190 naturalistic driving trips.  
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3.3.3.2. Integration for VSP-based emission estimates on real-world driving trips 

Before starting with the development of the second integration phase of this study (from 

research objective 3), it was necessary to have completed the first two research objectives. 

These two research objectives made it possible to characterise the real-world emissions 

performances of the diesel and CNG buses through an energy-based empirical emissions 

model.  

To estimate the second-by-second the CO2 and NOx emissions for the diesel and CNG 

buses along the test route, the following four data sources needed to be integrated: (i) road 

information (e.g. altitude profile and ambient temperature) (ii) vehicle characteristics (e.g. 

mass, frontal area, and gearbox type, type of fuel), (iii) naturalistic driving trips with 

corresponding vehicle dynamics (e.g. speed and acceleration bus patterns at a frequency 

of 1 Hz), and (iv) the proposed VSP-based micro-emissions model. This process of data 

integration was developed based on the following three steps: (1) the road and vehicle 

information were added to the GPS-based naturalistic driving trips; (2) the second-by-

second traction power per vehicle mass unit (or VSP) were calculated for the diesel and 

CNG buses (with their corresponding weights and dimensions), using Equations (3.16) 

and (3.17), discussed later Subsection 3.4.6; and (3) the resulting naturalistic driving trips 

database (from the second step) was used as an input to the VSP-based emissions model 

to estimate the emissions for the diesel and CNG buses. This third step is discussed in 

more detail in Subsection 3.4.11.  

3.3.3.3. Integration for assessing the impact of congestion 

In this third integration phase, the two natural driving databases resulting from the two 

previous integration phases were combined. As these two databases were derived from 

the same database of GPS-based natural driving trips, they were combined on a second-

by-second basis, without difficulty. The resulting combined database contained extensive 

information related to the traffic patterns, driving profiles, and second-by-second 

emissions of different types of buses. Hence, it could be used to quantify and analyse the 

effects of congestion on the performance of diesel and CNG buses on the study route.  

 Post-Processing: Calculation and Methods 

 Torque and effective power of the engine 

The engine torque values (𝜏𝑜𝑏𝑑) supplied by the OBD system were expressed as a 

percentage value (%), with respect to the maximum torque available from the 

engine (𝜏𝑚𝑎𝑥 = 2100 𝑁. 𝑚). To calculate the instantaneous engine torque (𝜏) expressed 

in N.m, Equation (3.1) was used, as follows: 

 𝜏 = 𝜏𝑜𝑏𝑑 ⋅ 𝜏𝑚𝑎𝑥 (3.1) 

In this research, the torque and power engine curve data were available from the technical 

specifications of the bus manufacturer (Irisbus-Iveco, 2012). Therefore, to ensure that the 

calculated torque values were correct, these were compared with the full torque engine 
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curve, as shown later in Figure 4.4. The instantaneous effective engine power  (𝑃𝑒), 

expressed in (kW), was calculated by directly multiplying the torque (𝜏) by the engine 

speed. 

 Fuel energy efficiency and emissions factors of the engine 

The second-by-second mass flows of CO2 and other pollutants (𝑘) as collected with the 

PEMS were used to calculate the instantaneous FC (expressed in g/s), based the carbon-

balance method (Horiba, 2006) for diesel combustion, using Equation (3.2): 

 
𝐹𝐶 =

0.861 ⋅ 𝐸𝑅𝑇𝐻𝐶 + 0.429 ⋅ 𝐸𝑅𝐶𝑂 + 0.273 ⋅ 𝐸𝑅𝐶𝑂2

𝑊𝑐
 

(3.2) 

Here, 𝐸𝑅𝑇𝐻𝐶  , 𝐸𝑅𝐶𝑂, and 𝐸𝑅𝐶𝑂2
 are the instantaneous emission rates (g /s) of THC, CO, 

and CO2, respectively. 𝑊𝑐 is the carbon mass fuel fraction, and was 0.861 for the diesel 

fuel in these tests.  

To create the grid engine maps, the brake thermal efficiency (𝐵𝑇𝐸) of the engine, 

expressed as a percentage, was calculated second-by-second using Equation (3.3) 

(Bermúdez et al., 2015) as follow: 

 
𝐵𝑇𝐸 =

𝑃𝑒

 𝑃𝑡ℎ
=

𝑃𝑒

𝐹𝐶 ⋅ 𝐶𝑉𝑓𝑢𝑒𝑙
 

(3.3)  

In the above, 𝑃𝑡ℎ is the instaneous thermal power (kW) owing to the injected fuel, and 

𝐶𝑉𝑓𝑢𝑒𝑙 is the calorific value of the diesel fuel used (42700 𝑘𝐽/𝑘𝑔). The diesel fuel density 

(𝜌𝑓𝑢𝑒𝑙) was 835 kg/m3.  

Moreover, it was necessary to calculate the second-by-second brake-specific fuel 

consumption (BSFC) (Arregle, Bermúdez, Serrano, & Fuentes, 2006) and brake-specific 

emissions (𝐸𝐹𝑘
𝑒) for each pollutant (𝑘), expressed in (𝑔/𝑘𝑊ℎ). These two variables were 

calculated using Equations (3.4) and (3.5), respectively.  

 𝐵𝑆𝐹𝐶 =
3600 ⋅ 𝐹𝐶

𝑃𝑒
 (3.4) 

 
𝐸𝐹𝑘

𝑒 =
3600 ⋅ 𝐸𝑅𝑘 

𝑃𝑒
 (3.5) 

To evaluate the overall engine performance for each individual test trip (𝑖) based on the 

passenger load level (𝑤), the average values of the FC, emission rate (𝑔/𝑠), BTE (%), 

average BSFC (𝑔/𝑘𝑊ℎ), and energy emission factors (𝑔/𝑘𝑊ℎ) were calculated using 

Equations (3.6)–(3.10), respectively:  

 𝐹𝐶̅̅̅̅
𝑖,𝑤 =

∑ (𝐹𝐶𝑖,𝑤)
𝑇𝑖,𝑤

𝑡=1

𝑇𝑖,𝑤
 (3.6) 
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 𝐸𝑅̅̅ ̅̅
𝑖,𝑤,𝑘 =

∑ (𝐸𝑅𝑖,𝑤,𝑘)
𝑇𝑖,𝑤

𝑡=1

𝑇𝑖,𝑤
 (3.7) 

 𝐵𝑇𝐸̅̅ ̅̅ ̅̅
𝑖,𝑤 =

∑ (𝐵𝑇𝐸𝑖,𝑤)
𝑇𝑖,𝑤

𝑡=1

𝑇𝑖,𝑤
 (3.8) 

 𝐵𝑆𝐹𝐶̅̅ ̅̅ ̅̅
�̅�,𝑤 =

∑ (𝐵𝑆𝐹𝐶𝑖,𝑤)
𝑇𝑖,𝑤

𝑡=1

𝑇𝑖,𝑤
 (3.9) 

 𝐸𝐹̅̅ ̅̅ 𝑒
𝑖,𝑤,𝑘 =

3600 ⋅ ∑ (𝐸𝑅𝑖,𝑤,𝑘)
𝑇𝑖,𝑤

𝑡=1

𝑃𝑒𝑖,𝑤

 (3.10) 

In the above, T is the number of second-by-second test data. 

 Method for creating grid engine maps of emissions and fuel consumption  

Usually, three variables are necessary to create an engine map. The first two variables are 

the engine speed and engine torque, which are located on the horizontal and vertical axes 

of the engine map graphs, respectively. The third variable is the factor defining the subject 

of each engine map. In this research, the engine maps show the values of the fuel 

efficiency, energy emissions, FC rates, and emissions rates. The main difficulty in 

creating transient-state engine maps using experimental data is that a wide range of values 

(third variable) are obtained for the same engine speed-torque point. The following 

describes the method applied to obtain only one value representing each point or area of 

engine operation. 

First, the measured data regarding the FC and emissions were grouped in grid bins, 

according to their engine speed-torque values. The grid was created by dividing the axes 

of torque and speed into different uniformly-spaced numbers of intervals. Several sets of 

engine maps with approximately 150–1500 grid bins were also tested. When the 

information of an engine map is used as a model to predict emissions, apparently, a greater 

number of intervals makes it possible to improve the accuracy of the model, albeit with a 

higher computational cost. However, if the number of intervals is too high, many grid 

bins run out of data and the accuracy of the model begins to decrease, necessitating a 

process of interpolation to improve the accuracy of the model. In the current study, a total 

of 704 grid bins were defined for each engine map, including 22 intervals based on torque 

and 32 intervals based on engine speed, with ranges of 50 N.m and 50 rev/min, 

respectively. 

Second, to obtain a single value per grid bin (speed-torque), a mean function was applied 

to the grouped data. Bishop et al. (Bishop et al., 2016) and L. Hao et al. (L. Hao et al., 

2017) used the same approach to create transient engine maps for LDVs, and obtained 

very good results. Moreover, to guarantee the quality of the engine maps, the relative 

frequency, standard deviation, and median in each grid bin were also calculated. The 

relative frequency allowed for filtering out grid bins that included very few grouped data. 
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The standard deviation allowed for filtering out grid bins that showed a high variance 

between the grouped data. The value of the median was useful for comparison with the 

mean value, so as to evaluate if there were large differences between them. For each 

engine map subject, the standard deviation, median, and relative frequency limit values 

used to filter the grid bins were different. According to the real-world operating 

conditions of the test bus, the data initially occupied approximately 375 grid bins of the 

800 available grid bins. After the data were filtered using the proposed method, 

approximately 325 containers were occupied in the grid engine maps.  

Third, the averaged values of the fuel efficiency, energy emissions, FC rates, and emission 

rates were divided into different numbers of intervals, to be represented as discrete values 

on the engine maps. This allowed for the assignment of a specific colour to each data 

interval, aiming to improve the understanding of the engine performance at different 

points of operation. In some grid engine maps, if the averaged values of the third variable 

were divided into equal interval values, most data were concentrated in a few intervals. 

This was despite having more than fifteen class-equal intervals available. Increasing the 

number of intervals did not solve this problem. Therefore, in a few cases, it was necessary 

to manually define non-uniform intervals. In this sense, the relative frequency function 

was very useful for developing the histogram and then defining the non-uniform intervals 

on each engine map, as shown in Figure 3.7 (illustrating an example of how the intervals 

for the engine brake thermal efficiency variable were manually defined).  

  

Figure 3.7. Selection of engine brake thermal efficiency (BTE) intervals. 

The grid engine maps in this study were created and analysed based on the following 

assumptions: (a) the effects of the engine cold start emissions were ignored, as all of the 

tests were started in warmed-up conditions; (b) the effects of environmental conditions 

were also ignored, as the weather conditions were similar during the experimental days; 

(c) the behaviour of the engine did not vary according to the passenger load level; (d) the 

effects of emission reduction technologies were included, as the PEMS sample was taken 

near the tail pipe exit; and (e) the engine maps shown in this study did not include 

extrapolated data, as the objective of this research was to evaluate the actual operation of 

the engine. 
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 Method for engine maps model validation  

The engine map data were also used as a model for estimating the second-by-second FC 

and emissions. Accordingly, the evaluation of the model could be performed through a 

verification or a validation of the model (Smit, 2013). In this work, it was decided to use 

K-fold-cross-validation to perform the model validation. In K-fold-cross-validation, all 

data samples are partitioned into k subsamples. Then, one of the k subsamples is used as 

validation data, and the remaining (k-1) subsamples are used as training data (model 

development) (Krogh & Vedelsby, 1995). It is necessary to repeat the cross-validation 

process for k iterations, with each k subsample being used once as validation data. Eight 

iterations were performed to validate the engine map model, with a total data sample of 

approximately 55000 records. Each k subsample corresponded to a complete test trip (i) 

of approximately 17 km of trajectory, and included approximately 500 records of PEMS 

data. The root mean squared error (RMSE), relative total error (TE), and Pearson product-

moment correlation coefficient (r) were used to measure the differences between the 

predicted and observed data based on the iterations. These values were calculated using 

Equations (3.11),(3.12), and (3.13), respectively, as follows: 

 

𝑅𝑀𝑆𝐸𝑖,𝑘 = √∑ (𝐸𝑅𝑛,𝑖,𝑘 − 𝐸�̂�𝑛,𝑖,𝑘)
𝑁𝑖,𝑘

𝑛=1

2

𝑁𝑖
 (3.11) 

 
𝑇𝐸𝑖,𝑘 =  

|∑ 𝐸𝑅𝑛,𝑖,𝑘 − ∑ 𝐸�̂�𝑛,𝑖,𝑘
𝑁𝑖
𝑛=1

𝑁𝑖
𝑛=1 |

∑ 𝐸𝑅𝑛,𝑖,𝑘
𝑁𝑖
𝑛=1

 (3.12) 

 

𝑟𝑖,𝑘 =
∑ (𝐸𝑅𝑛,𝑖,𝑘 − 𝐸𝑅𝑛,𝑖,𝑘) (𝐸�̂�𝑛,𝑖,𝑘 − 𝐸�̂�𝑛,𝑖,𝑘)

𝑁𝑖,𝑘

𝑛=1

√∑ (𝐸𝑅𝑛,𝑖,𝑘 − 𝐸𝑅𝑛,𝑖,𝑘)
2

(𝐸�̂�𝑛,𝑖,𝑘 − 𝐸�̂�𝑛,𝑖,𝑘)
2𝑁𝑖,𝑘

𝑛=1

 (3.13) 

Here, 𝐸𝑅𝑛,𝑖,𝑘 and 𝐸�̂�𝑛,𝑖,𝑘 are the 𝑛th real and estimated emission rates, respectively, for 

each pollutant (𝑘) and simulated test (𝑖). 𝑁𝑖 is the total number of estimations for each 

simulated test.  

 Calculation of distance-specific fuel consumption and emissions factors of the 

vehicle for different operating conditions  

To evaluate the performance of the tested buses for different operational (e.g. fuel type 

and passenger load) and road (e.g. road grade and congestion level) conditions, their 

distance-specific emission factors (g/km) and FC (g/km) were calculated using Equations 

(3.14) and (3.15), respectively, as follows: 

 
EF̅̅̅̅

𝑖𝑗𝑘
𝑑 =

∑ (𝐸𝑅𝑖,𝑗,𝑘,𝑡)
𝑇𝑖𝑗

𝑡=1

∑ (𝑑𝑡)
𝑇𝑖𝑗

𝑡=1

 
(3.14) 
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FC̅̅̅̅

𝑖𝑗
𝑑 =

∑ (𝐹𝐶𝑖,𝑗,𝑘,𝑡)
𝑇𝑖𝑗

𝑡=1

∑ (𝑑𝑡)
𝑇𝑖𝑗

𝑡=1

 
(3.15) 

In the above, (EF̅̅̅̅
𝑖𝑗𝑘
𝑑 ) is the estimated distance-specific emission factor for the pollutant 

(𝑘), type of bus (𝑖), and operating condition ( 𝑗). This equation considers one or more 

factors simultaneously, such as the passenger load, road grade, and link-average speed. 

(𝐸𝑅𝑖,𝑗,𝑘,𝑡) is the instantaneous emission rate of the pollutant (𝑘), expressed in (g/s); 

(𝑑𝑡) is the distance travelled, expressed in (km/s); and (𝑇𝑖𝑗) is the total time of travel. In 

Equation (3.15), (FC̅̅̅̅
𝑖𝑗
𝑑 ) is the estimated distance-specific FC for the type of bus (𝑖) and 

operating condition ( 𝑗), whereas (𝐹𝐶) is the instantaneous FC rate, expressed in (g/s). 

 VSP methodology 

3.4.6.1. Description and calculation of VSP  

The VSP is a representative variable of the power demanded of an engine. It was initially 

introduced for LDVs by Jimenez (Jiménez-Palacios, 1999) and subsequently, for buses 

by Frey et al. (Frey et al., 2002). The VSP is defined as the traction power per unit mass 

of the vehicle, and is expressed in (kW/t). For a typical bus, the second-by-second VSP 

can be calculated using Equation (3.16), which is detailed in Equation (3.17). 

 𝑉𝑆𝑃 =
𝑃𝑟𝑜𝑙𝑙 + 𝑃𝑎𝑒𝑟𝑜 + 𝑃𝑐𝑙𝑖𝑚𝑏 + 𝑃𝑖𝑛𝑒𝑟

𝑚
  (3.16) 

 𝑉𝑆𝑃 = 𝑣[𝑔𝐶𝑅 cos 𝜃 + 𝑔 sin 𝜃 + 𝑎 ∙ (1 + 𝜀𝑖)] + 0.5𝜌
𝐶𝐷𝐴

𝑚
(𝑣 + 𝑣𝑚)2𝑣 (3.17) 

Here, (𝑃𝑟𝑜𝑙𝑙) is the rolling resistance power; (𝑃𝑎𝑒𝑟𝑜) is aerodynamic resistance power; 

(𝑃𝑐𝑙𝑖𝑚𝑏) is the climbing resistance power; (𝑃𝑖𝑛𝑒𝑟) is the power demanded by the inertial 

acceleration forces; 𝑚 is the total mass (kg) of the vehicle and passenger load; 𝑣 is the 

vehicle speed (m/s); 𝑔 is the gravitational acceleration (9.807 m/s2); 𝐶𝑅 is the rolling 

resistance coefficient (0.00652, dimensionless) (Rexeis et al., 2005); 𝜃 is the road grade 

angle (°); 𝑎 is the vehicle acceleration (m/s2); 𝜀𝑖  is equivalent inertia factor of the 

rotational masses for the automatic gearbox (0.1, dimensionless) (Yu et al., 2016); 𝜌 is 

the air density (1.095, kg/m3 at 25 °C for Madrid city conditions); 𝐶𝐷 is the air drag 

coefficient (0.64, dimensionless) (Kies, 2017); 𝐴 is the frontal area of the bus (m2); 

and 𝑣𝑚 is the wind speed (0, m/s). Additionally, the technical staff and experimentation 

equipment mass were considered in the total mass (m) for calculating the instantaneous 

VSP values for the tested buses. 

3.4.6.2. Estimation of the emissions and fuel consumption based on the VSP approach 

In this study, the VSP approach was used to both compare the performances between the 

CNG and diesel buses, and to develop a microscopic model for predicting the FC and 

emissions. The conceptual framework of the VSP-based model is described below in 

three stages. 
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First, it was necessary to define the VSP-based operating mode bins. These were 

developed based on the previous literature guidelines, and were defined as follows: (a) 

the operating mode bins were defined by combining the VSP and vehicle speed intervals 

(Wu et al., 2012); (b) the VSP intervals were mostly defined with a range of 1 kW/ t 

(Yaofang Xu, Yu, & Song, 2010; H. Zhai et al., 2008); (c) the vehicle speed intervals 

were defined in steps of 25 km/h (C. Li et al., 2017) and (d) the deceleration/braking 

mode and idling mode were grouped as in the MOVES approach (EPA, 2015). In this 

context, a total of 28 VSP operating mode bins were defined. These included a 

deceleration /braking mode (Bin 0), idling mode (Bin 1), and 26 acceleration/cruise 

modes (Bins 101–213), as shown in Table 3.5. 

Table 3.5. Definition of the vehicle-specific power (VSP) operating mode bins 

combining the VSP and vehicle speed. 

VSP range  

 (kW/t) 

 
Vehicle speed (km/h) 

  𝑣 < 1.6 1.6 ≤ 𝑣 < 25 25 ≤ 𝑣 ≤ 50* 

VSP < −3 Bin 0 Bin 1  Bin 101 Bin 201 

−3 ≤ VSP < −2 deceleration or braking idling Bin 102 Bin 202 

−2 ≤ VSP < 1   Bin 103 Bin 203 

−1 ≤ VSP < 0   Bin 104 Bin 204 

0 ≤ VSP < 1   Bin 105 Bin 205 

1 ≤ VSP < 2   Bin 106 Bin 206 

2 ≤ VSP < 3   Bin 107 Bin 207 

3 ≤ VSP < 4   Bin 108 Bin 208 

4 ≤ VSP < 5   Bin 109 Bin 209 

5 ≤ VSP < 6   Bin 110 Bin 210 

6 ≤ VSP < 7   Bin 111 Bin 211 

7 ≤ VSP < 8   Bin 112 Bin 212 

VSP ≥ 8   Bin 113 Bin 213 

* Experimental trips did not include vehicle speeds greater than 50 km/h. 

 

Second, the PEMS measurement databases from both types of buses were clustered into 

the VSP operating mode bins. To obtain a unique value (g/s) using each VSP mode bin, 

the clustered data of the emissions and FC rates were averaged using Equations (3.18) 

and (3.19), respectively, as follows: 

 
ER̅̅̅̅

𝑖,𝑙,𝑘 =
∑ (𝐸𝑅𝑖,𝑙,𝑘,𝑛)

𝑁𝑖,𝑙

𝑛=1

𝑁𝑖,𝑙
 

(3.18) 

 
FC̅̅̅̅

𝑖,𝑙
𝑡 =

∑ (𝐹𝐶𝑖,𝑙,𝑛)
𝑁𝑖,𝑙,

𝑛=1

𝑁𝑖,𝑙
  

(3.19) 
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Here,(ER̅̅̅̅
𝑖,𝑙,𝑘) is the estimated emission rate (g/s) for the pollutant (𝑘), type of bus (𝑖), 

and VSP operating mode bin (𝑙). (𝐸𝑅𝑖,𝑙,𝑘,𝑛) is the second-by-second emission rate (g/s), 

and (𝑁𝑖𝑙) is the number of second-by-second data observations for the pollutant (𝑘), type 

of bus (𝑖), and VSP operating mode bin (𝑙). In Equation (3.19), (FC̅̅̅̅
𝑖,𝑙
𝑡 ) is the estimated 

FC rate (g/s) for the type of bus (𝑖) and VSP operating mode bin (𝑙), and (𝐹𝐶𝑖,𝑙,𝑛) is the 

instantaneous FC rate, expressed in (g/s). 

Third, the distance-specific emission factors (g/km), (EF̅̅̅̅
𝑘
𝑉𝑆𝑃) and FC (EFC̅̅ ̅̅ ̅𝑑) for the bus 

driving cycle or entire trip were estimated based on the VSP approach, using Equations 

(3.20) and (3.21), respectively, as follows: 

 
EF̅̅̅̅

𝑖,𝑘
𝑉𝑆𝑃 =

∑ (𝐸𝑅̅̅ ̅̅
𝑖,𝑙,𝑘 ⋅ 𝑇𝑖,𝑙)

𝐿
𝑛=1

∑ 𝑑𝑖,𝑙
𝐿
𝑛=1

 
(3.20) 

 
FC̅̅̅̅

𝑖
𝑉𝑆𝑃 =

∑ (𝐹𝐶̅̅̅̅
𝑖,𝑙 ⋅ 𝑇𝑖,𝑙)

𝐿
𝑛=1

∑ 𝑑𝑖,𝑙
𝐿
𝑛=1

 
(3.21) 

In the above, (𝑇𝑖,𝑙)is the time allocation, expressed in (s), and (𝑑𝑖,𝑙) is the distance 

travelled, expressed in (km) for the type of bus (𝑖) and VSP operating mode bin (𝑙). (𝐿) 

is the number of VSP operating mode bins. 

 VSP-based model validation 

To validate the developed VSP-based emission model, the values estimated by the model 

were compared with actual values from the PEMS measurements through k-fold-cross-

validation. This method consisted of dividing all of the base data into K sub-samples. 

Then, for each validation iteration, one subsample k was used as an independent 

validation dataset, while the rest of the base data were fed to the model (Krogh & 

Vedelsby, 1995). In this work, each k sub-sample corresponded to a one-way or return 

trip of the test route. Each sub-sample included approximately 3500 s worth of PEMS 

data and 8 km of the trajectory. A total of 15 iterations were performed for the diesel bus, 

and 16 iterations were performed for the CNG bus. In terms of the cumulative values, the 

relative total error (TE) was used to compare the differences between the predicted and 

actual data for each VSP-based model iteration. Additionally, the Pearson product-

moment correlation coefficient (r) and the root mean squared error (RMSE) were 

calculated, aiming to assess the instantaneous differences between the actual PEMS and 

estimated VSP values.  

 Definition of traffic patterns using road traffic sensor data  

This study determined the temporal and spatial variations on Route 74 in Madrid, in terms 

of the traffic flow expressed in (Veh/h), and the traffic load expressed in (%). In the case 

of temporal variations, the study route was taken as a whole (outbound and return trip). 

Moreover, the following two phases were conducted in the temporal aggregation of the 

traffic data: (i) the traffic flow and load measurements, which were recorded every 15 



Chapter 3 

65 

 

minutes, were initially grouped by hour, type of day (e.g. workday or non-workday), and 

type of road (the number of lanes); and (ii) the grouped traffic data were then averaged to 

obtain a single traffic value of the flow and load for each group. 

In the case of spatial variations, only the traffic load variable was used. These data were 

grouped based on the traffic sensors and direction of travel. Then, unlike the temporal 

trends developed with averaged values, the analysis of the spatial variations was 

performed through the use of box plots. This method allowed for a graphical analysis of 

the variability of the data as grouped by quartiles (including the median), as well for a 

quick identification of the outliers. To analyse the spatial variations of the traffic, the 

measuring points needed to be sorted according to their locations along the route. The 

traffic flow data was not relevant for comparisons of measurement points with different 

numbers of lanes, because there were potentially considerable differences between them. 

 Calculation of congestions indicators: road traffic and vehicle data 

To quantify the level of congestion at the route level, it was necessary to divide Route 74 

into two sections: the outward route (from Pintor Rosales) and return route (from Plaza 

Venecia). This is because each of these two routes has its own particularities (e.g. 

numbers of bus stops, numbers of road signs, traffic light settings, travel distances, and 

route sections). In fact, the EMT operates the buses on Route 74 based on the travel 

direction, and not on the whole route. Therefore, the effect of the congestion was 

quantified for each test trip and route direction, using the integrated driving test trip 

database discussed in Subsection 3.3.3.3. The following describes the procedure applied 

to quantify the level of congestion for each test trip, based on simultaneously using two 

data sources: (1) stationary road traffic data, (2) vehicle dynamics data, as obtained from 

the naturalistic driving trips. 

3.4.9.1. Congestions indicators using road data 

In this study, for the stationary road traffic data (from traffic sensors), the traffic load 

variable (expressed as a percentage) was averaged to quantify the congestion at the route 

level. In contrast to the traffic load, the use of the predicted flow was not applicable, as 

data from traffic measurement points with a higher number of lanes (e.g. four lanes) 

would have a higher flow rate than those with a lower number of lanes (e.g. two lanes). 

Hence, the average traffic load (𝑇𝐿), as expressed in (%) for each individual test trip (𝑖) 

and travel direction (𝑗), was calculated using Equation (3.22), as follows: 

 
𝑇𝐿𝑖,𝑗 =

∑ (𝑇𝐿𝑖,𝑗,𝑛)
𝑁𝑖,𝑗

𝑛=1

𝑁𝑖,𝑗
 

(3.22)  

Here, (𝑇𝐿𝑖,𝑗,𝑛)is the traffic load (%) for traffic measurement point (𝑛), and (𝑁𝑖,𝑗) is the 

number of traffic measurement points along the route. Notably, at a unique value of the 

traffic load is required for each traffic measurement point for this equation.  
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3.4.9.2. Congestions indicators using vehicle dynamics data 

For the vehicle dynamics data (from the naturalistic driving trips), this study initially 

calculated twelve congestion indicators, based on driving cycles and/or patterns. 

However, as high correlations were identified between some of these indicators, six 

indicators were ultimately chosen: (i) average speed (𝑣), expressed in (km/h); (ii) number 

of full stops(𝑛∗), expressed in (stops/km); (iii) proportional speed fluctuation(𝑃𝑎𝑐𝑐+𝑑𝑒𝑐), 

expressed in (%); (iv) acceleration noise (𝜎𝑎), expressed in (m/s2); coefficient of variation 

of speed (𝐶𝑂𝑉), expressed in (%); and (vi) speed reduction congestion index (𝑆𝑅𝐶𝐼), a 

dimensionless indicator. These six congestion indicators were calculated using Equations 

(3.23)–(3.28) (Smit, Brown, et al., 2008), respectively, as follows:  

 
𝑣𝑖,𝑗 = 3600 ∙

∑ (𝑑𝑖,𝑗,𝑡)
𝑇𝑖,𝑗

𝑡=1

𝑇𝑖,𝑗
 

(3.23) 

 𝑛𝑖,𝑗
∗ =

𝑛𝑖,𝑗

𝑑𝑖,𝑗
 

(3.24) 

 
𝑃𝑎𝑐𝑐+𝑑𝑒𝑐𝑖,𝑗

= 100 ∙
𝑇𝑎𝑐𝑐𝑖,𝑗

+ 𝑇𝑑𝑒𝑐𝑖,𝑗

𝑇𝑖,𝑗
 

(3.25) 

 

𝜎𝑎 = √
∫ (𝑎𝑡𝑖,𝑗,𝑡

− 𝑎𝑖,𝑗)2𝑑𝑡
𝑇𝑟𝑢𝑛𝑖,𝑗

0

𝑇𝑟𝑢𝑛𝑖,𝑗

 

(3.26) 

 

𝐶𝑂𝑉𝑖,𝑗 =
1

𝑣𝑖,𝑗

√
∫ (𝑣𝑡𝑖,𝑗,𝑡

− 𝑣𝑖,𝑗)2𝑑𝑡
𝑇𝑖,𝑗

0

𝑇𝑖,𝑗
 

(3.27) 

 
𝑆𝑅𝐶𝐼𝑖,𝑗 =

𝑣𝑓𝑓𝑖,𝑗
− 𝑣𝑖,𝑗

𝑣𝑓𝑓𝑖,𝑗

 
(3.28) 

Here, 𝑑 is the total distance of travel (km); 𝑇 is the total time of travel (s); 𝑇𝑎𝑐𝑐 is the total 

time in acceleration mode (s), 𝑇𝑑𝑒𝑐 is the total time in deceleration mode (s); 𝑎𝑡 is the 

instantaneous acceleration (m/s2); 𝑎 is the mean acceleration (m/s2); 𝑇𝑟𝑢𝑛 is the running 

time (s); 𝑣𝑡 is the instantaneous speed (m/s); and 𝑣𝑓𝑓 is the average speed (m/s) under 

free-flow driving conditions.  

 Grouping of naturalistic driving trips by congestion indicators with k-means 

clustering  

As mentioned above, several indicators were applied to quantify the congestion at the 

road level, based either on road traffic data or driving cycles. However, the purpose of 

this study was to classify GPS-based driving test trips by traffic state based on 

simultaneously using road (e.g. traffic load) and vehicle dynamics variables (e.g. number 

of full stops, and coefficient of variation of speed). This grouping determined different 
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traffic scenarios, which were necessary to analyse and quantify the effects of congestion 

on the bus performances and emissions along the study route. In general, to classify 

driving trips based on the traffic state, this study applied the following two-stage process: 

(i) compare the congestion indicators obtained from the road and vehicle, and then choose 

one indicator per data source; and (ii) apply the k-means clustering method based on the 

two previously selected congestion indicators, and then group the test trips accordingly. 

3.4.10.1. K-means clustering  

In the literature, the K-means clustering method is one of the most widely used 

unsupervised techniques for finding the patterns or groups within a set of observations. 

The K-means clustering method, based on Euclidean distances, partitions a given dataset 

of n observations into K groups (also called clusters) by minimising the total variation 

within clusters (Hartigan & Wong, 1979). The 𝐾-means clustering algorithm includes the 

following five main steps (Montazeri-Gh & Fotouhi, 2011): (i) select the number of 𝐾 

clusters to be generated {1,2, … , 𝑛}. , although this value can be optimised later; (ii) 

randomly assign 𝐾 objects from the data set as the centres of the initial groups 

{𝑧1, 𝑧2, … . 𝑧𝑘}; (iii) assign each observation 𝑛 to it nearest centroid, based on the 

Euclidean distance between the object and centroid; (iv) calculate the new centre for each 

of the 𝐾 clusters; and (v) repeat steps 3 and 4 until the maximum number of user-defined 

iterations is reached. As limitations, this method is sensitive to outliers, and requires the 

user to be aware of the data being processed to choose an appropriate number of clusters. 

However, K-means clustering is a relatively simple method, and can efficiently process 

very large data sets. For this study, the K-means clustering process was run with the 

RStudio software (RStudio, 2018) using two R packages called ‘cluster’ (Maechler, 

Rousseeuw, Anja, KurtMia, & Hornik, 2019) and ‘factoextra’. In general, two individual 

clustering processes were conducted, i.e. one for each travel direction. The results of these 

processes are discussed below, in Subsection 6.3. 

 Modelling emissions on naturalistic driving data for diesel and CNG buses  

The VSP-based emissions model, which was also developed as part of this study as 

discussed in Subsections 3.4.6 and 3.4.7, was the tool used to model the second-by-second 

FC and emissions for both the diesel and CNG buses. This energy-based emission model 

contains the average rates of the FC and emissions from the PEMS measurements (as 

discussed in Subsection 3.2.2), stored as look-up tables based on the VSP and speed 

values for both types of buses. The following is an overview of the strategy applied to 

estimate the bus emissions in this study using the VSP model. 

Initially, for the resulting naturalistic driving trips database from the second integration 

step discussed in Subsection 3.3.3.2, a factor variable, the 'VSP operating mode bin' 

(discussed in Subsection 3.4.6.2), was added to each observation, based the instantaneous 

values of both the VSP and vehicle speed. Subsequently, a similar VSP bin was searched 

for within the for VSP-based model data for each second-by-second assigned VSP mode 

bin, and then a corresponding emissions rate was selected (e.g. CO2, and NOx) per fuel 
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type. Finally, based on these emission rates (expressed in g/s), the emission factors for 

the diesel and CNG buses were calculated for each test trip in terms of g/km, using 

Equation (3.14) (from Subsection 3.4.5). Notably, the VSP-based emission model was 

validated before being used in this part of the study, as discussed in Subsection 5.6. 

 Calculation of congestion indicators of buses by traffic scenario  

To evaluate the performances of the tested buses in the different traffic scenarios (e.g. 

Type A: Low traffic, Type C: Medium traffic and Type E: Heavy traffic) and trip 

directions (e.g. Outward: from P. Pintor Rosales, and Return: from Plaza de Venecia), 

their route-level averaged traffic indicators (as discussed in Subsection 3.4.9) were 

calculated using Equation (3.29). 

 
𝐶𝐼𝑠,𝑗 =

∑ (𝐶𝐼𝑠,𝑗,𝑛)
𝑁𝑠,𝑗

𝑛=1

𝑁𝑠,𝑗
 

(3.29)  

Here, (𝐶𝐼𝑠,𝑗) is one of the route-level congestion indicators (e.g. average speed, number 

of full stops, or coefficient of variation of speed) for the traffic scenario (𝑠) and trip 

direction (𝑗). (𝐶𝐼𝑠,𝑗,𝑛) is one of the route-level congestion indicators for an individual test 

trip (𝑛), and (𝑁𝑠,𝑗) is the number of test trips. 

 Estimation of the emission differences owing to the congestion level  

To estimate the performances of the diesel and CNG buses for different traffic scenarios 

and trip directions, their distance-specific CO2 and NOx emission factors (g/km) were 

calculated using Equation (3.30), as follows: 

 

EF̅̅̅̅
𝑖,𝑠,𝑗,𝑘
𝑑 =

∑ (𝐸𝐹𝑖,𝑠,𝑗,𝑘,𝑛
𝑑 )

𝑁𝑖,𝑠,𝑗

𝑛=1

𝑁𝑖,𝑠,𝑗
 

(3.30) 

Here, (EF̅̅̅̅
𝑖,𝑠,𝑗,𝑘
𝑑 ) is the estimated distance-specific emission factor for the pollutant (𝑘), 

type of bus (𝑖), traffic scenario (𝑠), and trip direction ( 𝑗). (𝐸𝐹𝑖,𝑠,𝑗,𝑘,𝑛
𝑑 ) is the estimated 

distance-specific emission factor for an individual test trip (𝑛).  

Moreover, to quantify the differences in emissions between two traffic scenarios (e.g. 

(𝑠𝐴) and (𝑠𝐵)), a variable (∆𝐸𝐹̅̅ ̅̅ ̅̅
𝑖,𝑠𝐵/𝐴,𝑗,𝑘), expressed in (%) was calculated using Equation 

(3.31), as follows: 

 
∆𝐸𝐹̅̅ ̅̅ ̅̅

𝑖,𝑠𝐵/𝐴,𝑗,𝑘 =
EF̅̅̅̅

𝑖,𝑠𝐵,𝑗,𝑘
𝑑 − EF̅̅̅̅

𝑖,𝑠𝐴,𝑗,𝑘
𝑑

EF̅̅̅̅
𝑖,𝑠𝐴,𝑗,𝑘
𝑑 ∙ 100% 

(3.31) 

 Mapping emission patterns by congestion level and type of bus 

Using raster data is a commonly applied approach for represent the spatial-temporal 

variations of traffic emissions in a spatial domain (Borge et al., 2012; Liu, Ma, Li, Lin, & 

Xu, 2018). A raster divides an area of study (e.g. an aerial image) into a grid of rectangles 
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of uniform size, based on intervals of longitude and latitude. Unlike vector data, which 

has explicit coordinates, raster data is implicitly defined by sets of coordinates determined 

based on the sizes and numbers of the columns and rows applied in the analysis area 

(Spatial Data Science, 2016). These characteristics also establish the spatial resolution of 

the raster cells. In addition, each raster value can represent either an average value, or an 

accumulated value for the variable and area investigated. In this study, a raster value was 

represented by the cumulative sum of the second-by-second emissions produced by an 

individual bus. The RStudio software (RStudio, 2018) with an R package called: ‘ggmap’ 

(Kahle & Wickham, 2013) was used to visualise the spatial distributions of the CO2 and 

NOx emissions for different traffic scenarios, travel directions, and vehicle types. These 

raster-based results are discussed in Chapter 6, Subsection 6.6. 
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CHAPTER 4. REAL-WORLD EMISSION PERFORMANCE OF 

DIESEL BUS ENGINE IN URBAN TRAFFIC CONDITIONS 

 

 Chapter Overview 

Until recently, heavy-duty vehicle (HDV) engines were subjected to pollutant emissions 

type-approval tests, which were developed on engine test benches under standardised 

driving cycles. However, these results do not reflect engine behaviour under real-world 

driving conditions. In this context, the aim of this chapter was to create efficiency and 

emissions engine maps by combining transient-state engine data obtained directly from 

portable emission measurement system (PEMS) and on-board diagnostic (OBD) data 

acquisition systems. For this, a diesel Euro V bus was tested under urban off-cycle 

conditions using a PEMS in Madrid (Spain). Owing to the variability of transient-state 

engine data, this work proposed an engine map development method, consisting of 

grouping the measured data into grids by engine speed and torque ranges, and then 

averaging them to obtain a single value per grid.  

The engine maps were then used to evaluate engine performance of the diesel bus in real-

world conditions, and to create a model that allows for second-by-second prediction of 

the engine fuel consumption and emissions. The engine maps developed contain valuable 

information that could be used in emission models and vehicle simulators. Moreover, the 

grid engine maps approach can be easily used to predict second-by-second fuel 

consumption and emissions from buses in any operation scenario (driving pattern), 

provided that the torque and speed signals from the engine operation are available. 

Therefore, the resulting engine maps for fuel energy efficiency and CO2, CO, total 

hydrocarbon (THC), and NOx emissions demonstrate the main novelty of this section.  

The results provided in this chapter address research objective 1, and are organised in 

three parts: (a) grid engine maps of fuel efficiency and CO2, CO, THC, and NOx 

emissions, (b) bus engine performance in urban-driving conditions, and (c) engine maps 

method performance. 
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 Grid Engine Maps 

 Fuel energy efficiency maps 

Figure 4.1 illustrates the grid engine maps for brake thermal fuel efficiency and brake 

specific fuel consumption, showing how the fuel energy efficiency changes at different 

engine operating points. Most grid bins with less fuel energy efficiency (blue) correspond 

to engine operation points with high demands for torque and speed. However, other bin 

grids of this type are located in areas where the motor runs in idle mode. In contrast, grid 

bins with the highest fuel energy efficiency (yellow grid bins) correspond to engine 

operating points with high speed and low torque demand. 

  

Figure 4.1. Engine maps for (a) brake thermal efficiency and (b) brake specific fuel 

consumption. 

 

 Transient brake-specific emission maps 

Figure 4.2 presents engine maps for transient brake-specific emissions. Figure 4.2a shows 

that most of the grid bins of the brake-specific CO2 emissions are within a range of 600–

650 g/kWh. Moreover, Figure 4.2b and Figure 4.2c show THC and CO brake-specific 

emissions, respectively. In both cases, the emission levels decrease (from violet to yellow 

grid bins) when the demand for torque and engine speed increases. In contrast, Figure 

4.2d shows that brake-specific NOx emissions do not have a clear tendency relative to the 

power demand. In this case, the engine runs in most grid bins with a range of 1.5–6 

g/kWh. 

 

 



Chapter 4 

73 

 

  

  

Figure 4.2. Engine maps of transient brake-specific emissions for (a) CO2, (b) CO, (c) CO2, 

and (d) NOx. 

 Transient fuel consumption and emission rate maps 

Figure 4.3 presents grid engine maps for fuel consumption and CO2, CO, THC, and NOx 

emission rates. As can be seen, the levels of consumption and emissions are directly 

proportional to the torque and power. As expected, when there is a greater demand for 

engine power, the fuel consumption and emission rates increase. The shape of the growing 

trends (from yellow to blue grid bins) for fuel consumption, CO2, and THC emission rates 

are similar, and have a greater correlation with the increase in engine speed. In contrast, 

the increasing trends of the CO and NOx emission rates have a greater correlation with 

the increase in engine torque values. The upper limit values of the of fuel consumption 

and CO2, CO, THC, and NOx intervals were 14, 40, 0.07, 0.003, and 0.24 g/s, respectively.  
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Figure 4.3. Engine maps for (a) fuel consumption, (b) CO2, (c) CO, (d) CO2, and (e) NOx 

emissions rates. 
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 Bus Engine Performance in Urban Driving Conditions 

This Subsection first describes typical patterns of engine operation, and then analyses the 

engine performance.  

 Typical engine operation patterns by torque and speed 

Figure 4.4 presents typical engine operation patterns of torque and speed together. Figure 

4.4a shows that less than 50 % of the available engine operating area from the full-load 

engine curve has been used. Figure 4.4b and Figure 4.4c show the relative frequency of 

engine operation points (grey circles) calculated using the torque and speed intervals. 

Figure 4.4b includes all test data, whereas Figure 4.4c includes only data for conditions 

of a moving bus (after removal zero-speed vehicle points) (Armas, Lapuerta, et al., 2012). 

In both cases, there is a large concentration of engine operating points for few torque-

speed intervals. Approximately 50 % of these torque and speed intervals have a relative 

frequency of less than 1 %. Figure 4.4a shows that approximately 60 % (orange line) of 

the time, the engine operates in a speed range of 500–700 rev/min, and in a torque range 

of 0–500 N.m. However, Figure 4.4b shows that the bus is moving (dotted green line) for 

approximately 75 % of the time, the engine operates in a speed range of 500–1250 

rev/min, and in a torque range of 0–750 Nm. Similar engine load patterns were reported 

by N. Nylund et al. (N. Nylund et al., 2007), and they also evaluated actual load profiles 

of bus engines with data collected from OBD vehicle systems. However, the vehicle 

powertrain configuration and the vehicle-speed profile (driving cycle) are the main 

factors determining how different torque-speed intervals of engine operation are used in 

the actual use of an urban bus.  

 
  

 

Figure 4.4. (a) Comparison between operating points in real-world conditions and full-load 

engine curve; (b) typical engine operation patterns for all data points and (c) after removal zero-

speed vehicle points. 
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Figure 4.5 shows engine torque-speed patterns (grey circles), separated by passenger load 

and vehicle conditions. It was observed, in both cases (all data and bus moving), that the 

relative frequency at engine operating points between 500–1000 Nm and 750–1200 

rev/min (dotted blue line) increases when the bus has a greater passenger load. However, 

the difference in the relative frequency accumulated between 0 and 1200 kg was only 2 

%. The difference between 1200 and 4000 kg was 4 % for all data conditions, and 8 % 

for moving bus conditions. According to Yu et al. (Yu et al., 2016), the level of passenger 

load does not produce evident changes in bus performance when traveling at speeds below 

30 km/h. In this regard, during the experimental tests, the average speed and the maximum 

speed of the urban bus were 8.9 and 47 km/h, respectively.  

   

   

Figure 4.5. Typical operation patterns from the bus engine by passenger load and vehicle 

conditions. 

Figure 4.6 shows the cumulative density functions for speed, torque, and fuel flow (from 

OBD) by passenger load level and vehicle conditions. Figure 4.6a to Figure 4.6d allow 

for analysis of torque and engine speed values separately. Figure 4.6a and Figure 4.6b 

show that the functions of speed are similar for all passenger load conditions. Conversely, 

Figure 4.6c and Figure 4.6d clearly show that the functions of torque vary according to 

the passenger load, specifically in ranges between 100 and 900 Nm. In these two figures, 

the functions for 4000 kg include higher relative frequency values in the torque range of 

500–900 with respect to the functions for 0 kg and 1200 kg. Figure 4.6e and Figure 4.6f 
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illustrate that more fuel is injected into the engine for a higher passenger load level. These 

also show the moments where fuel is not injected into the engine, owing to zero-torque 

demand events (dotted green line). 

 

 

 
 

Figure 4.6. Cumulative density function for (a) (b) engine speed, (c) (d) engine torque, and (e) 

(f) fuel injected by passenger load and vehicle conditions. 

 Typical engine operating patterns of fuel consumption and emissions 

In the grid engine maps, the values of fuel consumption and emission levels were 

discretised by intervals. Figure 4.7 and Figure 4.8 show the engine operating frequencies 
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for each of these intervals, allowing for determination of the most typically-used engine 

map ranges for fuel consumption and emission levels in a bus engine operating under 

urban conditions. 

4.3.2.1.  Brake-specific fuel energy consumption and emission (g/kWh) 

Figure 4.7 presents the relative frequency of the BSFC and emission intervals. For all data 

conditions (grey bars), and for approximately 60 % of engine operating time, the BTE, 

BSFC, and CO2 energy emission values were each concentrated in a single engine map 

interval. These were 40 %–42.5 %, 205–215 g/kWh and 650–700 g/kWh, respectively. 

Moreover, the CO, THC, and NOx energy emissions show that approximately 85 % of 

the time, the engine operates in two consecutive lower ranges. The most-used ranges for 

these emissions were 1–2, 0.05–0.10, and 3.4–5.0 g/kWh, respectively. Conversely, for 

moving bus conditions (red bar), the highest percentage of data concentration of BTE, 

BSFC, and CO2 energy emission values were in at least two or three range levels.  

   

    

 

Figure 4.7. Relative frequency for BTE, BSFC, and brake-specific fuel emissions. 

4.3.2.2. Fuel consumption and emission rates (g/s) 

Figure 4.8 shows that most of the time, the engine operates in the lower ranges of the fuel 

consumption and emission rates. However, the peak values included in the higher 

intervals, despite having low frequency, represent an important part of the accumulative 

values during a trip. For all data conditions, Figure 4.8 illustrates that approximately 75 
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% of the time, the engine was running in the lowest range of fuel consumption, CO2, CO, 

THC, and NOx rates, at values of 0–2, 0–6, 0.00–0.01, 0.0000–0.0005, and 0.00–0.04 g/s, 

respectively. For moving bus conditions, the engine runs for approximately 50 % in the 

lower ranges of fuel consumption and emissions rates. When the idle-mode engine time 

caused by full stop events increases, the average fuel efficiency and average emissions 

rates apparently decrease. However, from a travel approach (by km), the fuel economy 

and distance-emission factors increase. In urban buses, the stop time depends mainly on 

the level of traffic congestion and the number of bus stops defined on the route. 

   

 

  

 

 
Figure 4.8. Relative frequency for fuel consumption and emission rates. 

 Typical engine operating patterns of brake thermal efficiency 

Figure 4.9 was developed to analyse the BTE of the engine further. The correlation 

between the thermal fuel power and effective engine power (brake-power) was 0.997, 

indicating a clear linear relationship between them. Thus, the engine runs with an average 

BTE of approximately 41 %. 
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Figure 4.9. Correlation between thermal fuel power and effective engine power  

 Overall engine performance  

Figure 4.10 indicates (through boxplots) all experimental data of BTE, BSFC, energy 

emissions, and fuel consumption and emission rates, to analyse engine performance by 

passenger load level. In this figure, the average values have also been included, using a 

rhombus shape to improve the analysis. According to the top plots in Figure 4.10, the 

engine performances for BTE, BSFC, and energy emissions were similar for different 

passenger load levels. The lower plots of Figure 4.10show that the average values of the 

fuel consumption, CO2, and THC rates were increased for a higher passenger load, 

because an increase in passenger load causes a greater power demand, thereby increasing 

the fuel consumption and emission levels. Therefore, these results confirm those reported 

by Yu et al. (Yu et al., 2016) and Alam et al. (Alam & Hatzopoulou, 2014a). However, 

there was no correlation between average NOx rates and passenger load levels.  

An analysis of variance (ANOVA) was applied to all experimental data. The results 

showed that there are no statistically significant differences in overall engine performance 

owing to the level of passenger load. There are two possible explanations for this result. 

First, in all tests, the engine ran at approximately 40% of the overall time in idle mode, 

owing to full-stop events of the bus. Evidently, at those times, the load had no effect. 

Second, the average bus speeds were lower than 9 km/h, and the maximum speeds were 

lower than 40 km/h. Thus, these findings confirm the results reported by other studies 

developed in this area (H. Ma, Xie, Huang, & Xiong, 2015; C. Wang et al., 2015; Yu et 

al., 2016; Shaojun Zhang, Wu, Liu, et al., 2014). For instance, Yu et al. (Yu et al., 2016) 

also noted that the differences in vehicle performance by passenger load were not very 

evident when a bus travels at low speeds, where other factors such as acceleration and 

vehicle speed had a greater influence on the fuel consumption and emissions levels. 
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Figure 4.10. Boxplots and average values for BTE , BSFC, energy-emissions, and fuel 

consumption and emission rates by passenger level. 

Table 4.1 presents the overall engine performance values, including a breakdown by 

passenger load level. The overall average value of BTE was 41.1%, which is one of the 

most remarkable results of the present research. In the literature review, no BTE reference 

values were found for an urban diesel bus in real-world conditions. Other studies carried 

out with diesel engines under laboratory conditions reported average BTE values of 

approximately 39.1 % (Thiruvengadam et al., 2014). In contrast, the overall average value 

of BSFC was 205.8 g/kWh. This BSFC value is lower than the values of 220.19 and 

213.19 g/kWh reported by Guo et al (Guo et al., 2015) in a study developed on Euro IV 

diesel buses from China. This implies that Euro V bus engines have better fuel efficiency 

as compared to Euro IV engines. Furthermore, BSFC values for Euro V buses under real-

world driving conditions were not found in the literature.  

Except for NOx, the energy emission factors found in this research were similar to those 

reported by a study developed by Grigoratos et al. (Grigoratos et al., 2019) for a Euro VI 

coach diesel at low speed. The NOx energy emission factor was 3.58 g / kWh, which is 

almost double that of 2.00 g/kWh established in the Euro V Standard for bus diesel 

engines. The high NOx emissions levels are correlated to the high frequency of low-speed 
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conditions and full-stop events in the test route. According to Lowell et al. (Lowell & 

Kamakaté, 2012), in urban driving conditions, bus post-treatment systems have a subpar 

performance, owing to the low exhaust temperature. However, the values found for the 

average emission rates were similar to those reported by other studies carried out on Euro 

V diesel buses under urban driving conditions (Keramydas et al., 2018; Shaojun Zhang, 

Wu, Hu, et al., 2014).  

Table 4.1. Overall engine performance of fuel efficiency, energy emissions, and 

emission rates by passenger level 

No.   
Load mass 

Pass. 

Average  

values 

Energy-emission factor  

(g/kWh) 

Average emission rates 

(g/s) 

BTE 

(%) 

BSFC 

(g/kWh) 
CO2 CO THC NOx CO2 CO THC NOx 

1 0 41.3 204.8 635.1 1.04 0.072 4.00 4.91 0.008 0.0005 0.031 

2 1200 41.0 204.5 634.5 1.70 0.072 3.67 5.15 0.014 0.0006 0.030 

3 4000 40.9 206.1 640.5 1.13 0.078 3.07 5.99 0.011 0.0008 0.030 

 All tests 41.1 205.08 636.7 1.29 0.074 3.58 5.35 0.011  0.0006 0.030 

 Engine Maps Model Performance 

In this Subsection, the engine maps model was used to predict second-by-second values 

for fuel consumption and emissions, and its performance was evaluated. Previously, to 

use grid engine map data for the proposed model, it was necessary to store grid engine 

maps as search tables (matrices) indexed by torque motor and engine speed. 

 Engine maps as surface plots 

Figure 4.11 shows the engine maps for fuel consumption and CO2, CO, THC, and NOx 

emission rates as surface plots. As expected in all engine maps, a large number of peaks 

and valleys can be observed, owing to the transient characteristics of the obtained data. 

L. Hao et al. (L. Hao et al., 2017) reported similar engine behaviour patterns for LDVs, 

using a similar procedure for developing engine maps. As shown in Figure 4.11, the fuel 

consumption and emission rates are directly proportional to the demand torque and 

demand speed of the engine. In low values of torque and speed, the THC and CO2 

emission rates have slightly more stable behaviour. 
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Figure 4.11. Engine maps for (a) fuel consumption, (b) CO2, (c) CO, (d) CO2, and (e) NOx as surface 

plots. 
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 Estimated fuel consumption and emission rates by the model 

Figure 4.12 presents an example section from a k iteration to show the second-by-second 

model accuracy. Figure 4.12 includes both the actual signal (black) and predicted signal 

(blue) for the fuel consumption and CO2, CO, THC, and NOx emissions rates. The 

example shows that the model is able to reproduce, with good precision, the magnitude 

and shape of the predicted signals for fuel consumption, CO2, and THC. The correlation 

values between the actual and predicted signals were less than 0.80. However, the main 

problem of the model concerned reproducing very small fluctuations identically. The NOx 

emissions showed an acceptable correlation between actual and predicted signals, and the 

model presented greater differences in values close to zero. In contrast, during all of the 

simulations, the CO predicted emissions had an important difference with respect to the 

actual emissions, apparently owing to measurement problems in the PEMs equipment. 

 

Figure 4.12. Example of comparison between actual and predicted fuel consumption and 

emission rates. 

 Cumulative mass fuel consumption and emissions by the method 

Figure 4.13 shows an example of the cumulative values of fuel consumption and mass 

emission during a section of a k iteration (approximately a half-cycle of the travel), to 

evaluate the performance of the model from a travel approach (cumulative values). Except 

for the CO mass emissions, the model is able to predict, with very good precision, the 

cumulative masses of fuel consumption and emissions during the travel. The very small 
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fluctuations that the model is not able to reproduce second-by-second were compensated 

for when all of the values were added. Therefore, the proposed model has good 

performance in the overall estimation of fuel economy and emission levels from a travel 

approach.  

 

Figure 4.13. Example of cumulative fuel consumption and emissions by the engine map 

method for one iteration  

 

 Model validation 

Eight iterations were carried out to validate the grid engine map model using the K-fold-

cross-validation approach. Table 4.2 presents the overall average values calculated for 

fuel consumption and CO2, CO, THC, and NOx emissions. These results demonstrate that 

the model had good precision in the prediction of instantaneous fuel consumption and the 

CO2 and THC emissions levels. The predicted fuel consumption and CO2 emissions had 

relative total error values lower than 5 %, and correlation values close to 0.85. Moreover, 

the predicted THC emissions presented a relative total error value of 8 %, and a 

correlation greater than 0.90. The NOx emissions levels were estimated by the model with 

acceptable accuracy, and had a relative total error value of 11 % and a correlation value 

close to 0.74. This is an acceptable value, considering the variability of NOx emission 

levels from external factors (as described in the previous Subsection). In contrast, the 
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proposed method showed low accuracy in CO emissions prediction, with a correlation of 

less than 0.70. In addition, the RMS values of CO2, THC, and NOx obtained from eight 

iterations have similar values as compared to other current studies on bus emissions in 

real driving conditions (Pan et al., 2019). 

Table 4.2. Overview of validation model from eight iterations for fuel consumption and 

emissions 
Average Measures  Fuel CO2 CO THC NOx 

Relative total- error (% )* 4.54 4.63 23.94 7.82 11.89 

Correlation  0.85 0.85 0.67 0.92 0.74 

RMS (g/s) 0.937 2.95 0.0079 0.00014 0.022 

*calculated from measured and predicted data  

 Chapter conclusions 

An experimental measurement campaign with PEMS was conducted on an urban diesel 

bus under real driving conditions in Madrid (Spain), to create transient engine maps and 

evaluate engine performance under urban off-cycle conditions. The experimental tests 

included trips for different levels of passenger loads simulating the weight of passengers. 

The novelty of this research is in the development of grid engine maps by combining 

transient-state engine data obtained directly from OBD system and PEMS measurements.  

The overall results indicate that the Euro V diesel bus engine operates with a mean BTE 

of 41 % and a mean BSFC of 205 g/kWh in urban off-cycle conditions. The engine NOx 

energy emission factors were 80 % higher than those allowed in the Euro V regulation. 

This could be explained by the high frequency of full-stop events and the low travel 

speeds of the urban test route, causing the temperature of the exhaust gases to decrease, 

along with the performance of the post-treatment systems of the bus. 

During the tests, the engine ran for approximately 40 % of the time in idle-mode, leading 

to the engine operating approximately 60 % of the time with torque and speed values 

below 500 N.m and 700 rev/min, respectively. Considering only moving vehicle data, it 

was found that the zero-torque engine demand frequency was approximately 16 %. In 

these instances, the ECU did not inject fuel into the engine, as demonstrated by the fuel 

injection flow signal from the OBD system. Moreover, the engine operation patterns 

found showed that less than 50 % of the available engine operating area (from the full 

load engine curve) was used. Consequently, there was a large concentration of engine 

operating points for a few torque-speed intervals, and approximately 55 % of these 

intervals had a relative frequency of less than 1 %. 

Statistical tests indicated that there are no significant differences in engine performance 

by passenger load for 0, 1200, and 4000 kg. The main reason was because the average 

travel speeds were less than 10 km/h. However, it was shown that during trips with greater 

passenger load, a greater total power is demanded from the engine.  
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Despite the variability of the transient state data, the grid engine map model was able to 

reproduce the shape and values of the instantaneous fuel consumption and emissions. 

Using a K-fold-cross-validation method, it was found that the model predicted fuel 

consumption and CO2 emissions with a correlation close to 0.85, and relative total error 

of less than 5 %. The NOx and THC emissions were estimated with acceptable accuracy, 

and had relative total errors of approximately 8 % and 12 %, respectively. 

The grid engine map approach has the potential to characterise engine behaviour in a 

transient state. Furthermore, this approach could be useful for estimating, at a microscopic 

level, the fuel consumption and emissions for any operation scenarios, as long as engine 

torque and engine speed data from the bus are available. 
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CHAPTER 5. EFFECT OF LINK-LEVEL CONGESTION AND 

OTHER OPERATIONAL FACTORS ON REAL-WORLD 

EMISSIONS FROM URBAN BUSES 

 Chapter Overview  

As the European Union implements measures to promote the use of new-energy buses, 

traditional diesel buses are being replaced by compressed natural gas (CNG) buses. 

However, several operating conditions can significantly affect the typical energy 

consumption and emission performance of CNG and diesel buses. In this context, this 

section investigated the effects of passenger load, road grade, and congestion level on the 

fuel consumption and emissions of urban buses, using a portable emission measurement 

system (PEMS). For this purpose, a Euro VI CNG bus and a Euro V diesel urban bus 

were tested under real-traffic conditions on a regularly used bus route in Madrid, Spain. 

The PEMS data were combined with the vehicle specific power (VSP) methodology to 

study the differences between the performance of the two types of buses and develop an 

energy-based emission model. This section of the study provides scientific information 

that expands the knowledge about the real-world differences between CNG buses and 

diesel buses. Its findings could be used by policy makers to develop strategies to reduce 

energy and environmental impacts of urban transport systems. It is worth noting that the 

developed VSP-based model will be used in the Chapter 6 for high-resolution modelling 

of CO2 and NOx emissions in a large amount of real-world bus activity data (e.g., speed 

profiles from GPS devices).  

The results provided in this this chapter address research objective 2 and are organised in 

five parts: (a) the overall FC and emission factors, (b) effects of passenger load, road 

grade, and congestion level on emissions, (c) VSP distributions for different levels of 

passenger load, grade of road, and level of congestion, (d) VSP analysis to compare the 

diesel and CNG buses, and (e) VSP-based model performance. 

 Overall distance-specific FC and Emission-factors 

In this Subsection, overall distance-specific emission factors are compared between the 

tested CNG and diesel buses, as well as with emission factors reported in previous 

research on urban buses using PEMS measurements. Table 5.1 presents the FC and 

emission factors for the CNG and diesel buses at the trip-route level. As indicated in the 

Methodology in Subsection 3.3.2, the distance-specific emission factors were previously 

normalised to a full trip for the test route chosen. It should be noted that the results 

presented in Table 5.1 were only calculated with the empty and 1200 kg passenger load 

cases, because the highest passenger load was different between the CNG (3200 kg) and 

diesel (4000 kg) buses. The results showed that the FC, CO2, and THC emissions for the 

CNG bus were higher than those for the diesel bus. For instance, the CO2 emissions for 

the Euro VI CNG and Euro V Diesel buses were 2133 and 1970 g/km, respectively. 

However, this CO2 difference between the both types of buses was not statistically 
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significant. On the other hand, the values of CO2 emission-factors for the tested buses 

were higher than those reported by the previous CNG bus studies (e.g., Euro V (Guo et 

al., 2014), and Euro VI (Gis, 2017)), and diesel bus studies (e.g., Euro V (Guo et al., 2014; 

Oprešnik et al., 2018), and Euro VI (Söderena et al., 2018)). 

The THC emissions from the CNG bus were approximately four times those of the diesel 

bus, because natural gas is mainly composed of methane, which is the simplest 

hydrocarbon alkane. The methane from a partial or incomplete combustion in the spark 

ignition engine increases the engine-out THC emission levels in the tail pipe, even with 

an after-treatment system. Consequently, the PEMS equipment, with its HFID analyser, 

identifies methane as a hydrocarbon and includes it in the second-by-second measurement 

of the THC emissions. However, methane is still considered a low-polluting gas although 

it is an important GHG. Higher THC emission factors have also been reported by some 

previous works (Guo et al., 2014; Hesterberg et al., 2008).  

The CO emission distance-factors for the CNG bus were slightly lower than those for the 

diesel bus, although this CO difference was not statistically significant. This was 

consistent with studies on buses driven in real urban traffic conditions (Guo et al., 2014; 

Shaojun Zhang, Wu, Hu, et al., 2014). However, most studies under controlled laboratory 

conditions have found that CO emissions for the CNG bus are higher than those of diesel 

(A. Wang et al., 2011; Shaojun Zhang, Wu, Hu, et al., 2014), because stoichiometric CNG 

engines run richer (air-fuel-ratio: λ ≤ 1) than diesel engines (Hallquist et al., 2013). On 

the other hand, the values of CO emission-factors for the tested buses were similar with 

those from previous studies developed for urban diesel buses (Euro IV (Guo et al., 2015), 

and Euro VI (Grigoratos et al., 2019)), and CNG buses (Euro V (Guo et al., 2014)). 

The average value of NOx emissions of the CNG bus (9.05 g/km) was lower than that of 

the diesel bus (12.07 g/km) by about 13 %, although this NOx difference between the both 

types of buses was not statistically significant. In fact, this difference of 13 % is 

completely irrelevant, because the tested CNG bus complied with the EURO VI 

regulation, which required a large reduction (approximately 75 % for heavy-duty diesel 

and CNG engines under transitional laboratory tests) of NOx emissions compared to 

EURO V buses. This can lead to the assumption that heavy-duty engines are being 

designed to meet different emission standards, but not to reduce real-world NOx 

emissions, especially in urban operating conditions. On the other hand, the values of NOx 

emission-factors for the tested buses were higher than those reported in previous studies 

of CNG urban buses (Euro EEV (N.-O. Nylund et al., 2014; Wu et al., 2012), Euro IV 

(A. Wang et al., 2011), Euro V (Guo et al., 2014; Oprešnik et al., 2018), and Euro VI 

(Gis, 2017)) and diesel urban buses (Euro V (Guo et al., 2014; Shaojun Zhang, Wu, Hu, 

et al., 2014) and Euro VI (Gis, 2017)). It is worth noting that this section presents another 

performance comparison between the diesel and CNG buses based on the VSP approach 

(values expressed in kW/t) in Subsection 5.5. 
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Table 5.1. Overview of the FC and emission factors at the route-level for the CNG and 

diesel buses 

Data  

 

Fuel type 

 Distance-specific factors (g/km) * 

(average value ± standard deviation£ ) 

Fuel CO2 CO THC NOx 

All trip 
CNG 0.752 ± 0.058 2133 ± 166 3.82 ± 1.47 0.976 ± 0.27 9.05 ± 1.16 

Diesel 0.628 ± 0.056 1970 ± 183 4.52 ± 1.33 0.226 ± 0.016 12.07 ± 1.26 

Only moving 
CNG 0.560 ± 0.038 1591 ± 110 2.85 ± 1.09 0.842 ± 0.24 6.98 ± 1.18 

Diesel 0.484 ± 0.036 1517 ± 115 3.00 ± 0.96 0.154 ± 0.013 8.99 ± 0.99 

*include data from the tests with 0 and 1200 kg 
£ calculated from individual test 

 Effects of Passenger Load, Road Grade, and Congestion on FC 

and Emissions  

 Effect of passenger load on real-world FC and emission factors  

To evaluate the effect of passenger load on emissions at the route-level, both the buses 

were tested with three different passenger loads. Figure 5.1 shows an overview of FC and 

CO2, CO, THC, and NOx emission factors (g/km) for the CNG and diesel buses in terms 

of the passenger load levels 

In Figure 5.1 a and b, it is observed that with an increase in the passenger load, the average 

values of FC and the CO2 emissions for both the buses increased. Initially, for both the 

empty and 1200 kg load cases, the FC and CO2 emissions for the CNG and diesel buses 

increased by 5 % and 3 %, respectively. However, none of these FC and CO2 differences 

were statistically significant. This result was consistent with Yu et al. (Yu et al., 2016), 

who also quantified the impact of passenger load (with 2200 kg of maximum load) on 

real-world emissions from a diesel bus. Between the empty and the highest passenger 

load conditions, the FC and CO2 emissions for the CNG bus increased by 6 %, while for 

the diesel bus, they increased by 25 %. These FC and CO2 differences were significant 

only for the diesel bus, probably because its highest passenger load was 4000 kg, while 

for the CNG bus it was only 3200 kg.  

In Figure 5.1c, the CO emissions from the two types of buses with similar values do not 

show a clear trend with regard to the passenger load. This confirms the previous findings 

from the literature (Clark et al., 2007; Yu et al., 2016). In Figure 5.1d, the THC emissions 

showed an increasing trend for both types of buses, as the passenger load increases. A 

comparison of the empty and the highest passenger load conditions shows that the THC 

emissions from the CNG and diesel buses increased by approximately 45 % and 27 %, 

respectively. In the literature, there are no available references for the variation of THC 

emissions with passenger load for the CNG buses under real-driving conditions.  

In Figure 5.1e, it can be seen that the average NOx emissions factors from the two types 

of buses exhibited opposite trends as the passenger load increased. A comparison of the 

empty and the highest passenger load conditions shows that the average value of the NOx 
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emission factors for the CNG bus increased by 9 %, while those for the diesel bus 

decreased by 10 %. However, none of these NOx differences were statistically significant 

for the CNG and diesel buses. This NOx result for the diesel bus is consistent with Yu et 

al. (Yu et al., 2016), who reported that the passenger load did not significantly impact on 

real-world NOx emissions from diesel buses. On the other hand, for the CNG buses, in 

the literature, there have been no previous studies that addressed the effect of passenger 

load on NOx emissions. 

In order to make an overall comparison of SCR and TWC system performance, the 

tailpipe exhaust gas temperature was used as a proxy for the after-treatment temperature 

(Mera et al., 2019). It should be noted that the performance of these systems is also 

determined by other parameters, such as engine output temperature (related to the air-fuel 

ratio) (Bermúdez et al., 2015), after-treatment system capacity (Guo et al., 2015), and 

ambient temperature (Söderena et al., 2018). Figure 5.2 shows the correlation between 

the exhaust temperature and the average NOx emission rates for both types of buses with 

different passenger loads. Here, two particular aspects can be mentioned. Firstly, diesel 

and CNG buses showed relatively stable NOx performance for their respective highest 

operating exhaust temperature ranges. This stability for the diesel bus with SCR was in 

the range between 230 and 290 °C, while that for the CNG bus with TWC it was in the 

range between 400 and 450 °C. Secondly, NOx emissions for the diesel bus showed a 

increasing trend, when the exhaust temperature decreased from 230 to 180 °C. 

Conversely, for the CNG bus, the NOx emissions had a decreasing trend from 400 to 270 

°C. Therefore, the SCR system of the diesel bus showed low NOx conversion efficiency 

with relatively low exhaust temperatures (no cold start conditions), which are typical for 

urban buses under full-urban conditions. This confirms the results reported by Guo et al. 

(Guo et al., 2015), Carslaw et al. (Carslaw et al., 2015), and Keramydas et al. (Keramydas 

et al., 2018).  

Figure 5.3 shows the exhaust temperature frequency distribution of the diesel and CNG 

buses at the trip-level for different levels of passenger load. Unlike in the case of the CNG 

bus, the frequency distribution of the diesel bus tended to shift towards higher exhaust 

temperature ranges as the passenger load increased. In fact, between the empty and the 

highest passenger load cases, the average exhaust temperature for the diesel bus increased 

significantly from 226 to 253 °C, while that for the CNG bus decreased from 387 to 373 

°C although this decrease was not statistically significant. Therefore, based on Figure 5.2, 

this resulting increase (from Figure 5.3) in temperature of the diesel bus could have 

improved the SCR system performance as the passenger load increases. However, the 

real-world performance of SCR and TWC systems installed in urban buses needs to be 

explicitly addressed in future works, provided that some specific operational data of the 

after-treatment system, vehicle’s OBD system (e.g., air-fuel ratio of the oxygen sensor), 

as well as engine-out emissions are available. 
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 .

 

Figure 5.1. FC and emission factors for diesel and CNG buses with passenger load (including 

standard deviation) 

 

 

Figure 5.2. Correlation between NOx rate and tailpipe exhaust gas temperature for diesel (SCR 

system) and CNG (TWC system) buses with different passenger loads. 
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Figure 5.3. Frequency distribution of the tailpipe exhaust temperature for diesel and CNG 

buses with different passenger loads. 

 Effect of road grade on real-world FC and emission factors 

Figure 5.4 shows the influence of the road grade on the FC, as well as CO2, CO, THC, and 

NOx emissions for the diesel and CNG buses with different passenger load. As stated in 

the Methodology (Subsection 3.3.2), to mitigate the effect of idling on distance factors 

for each road grade, the factors were calculated by removing the zero-speed vehicle data. 

Moreover, to avoid the effects of speed on distance-specific emission factors, the 

similarity of average speeds between the different road grade cases was verified. Overall, 

the FC, and the CO2, CO, and THC emissions for both types of buses had increasing 

trends as the road grade increased. 

Figure 5.4 a and b show that the FC and CO2 emissions for the CNG and diesel buses had 

similar increasing trends between –4 % and +4 % of road grades. Moreover, on comparing 

the 0 % and 4 % road grade cases, it is seen that the FC and CO2 emissions for the CNG 

and diesel buses increased by approximately 51 % and 54 %, respectively. Even though 

these results were higher than the 30 % increase reported by Khan et al. (A. S. Khan & 

Clark, 2010) using chassis dynamometer tests, they were consistent with the 50 % 

increase observed by Alam et al. (Alam & Hatzopoulou, 2014a), who simulated the effect 

of road grade using emission models. 

Figure 5.4c shows that the CO emissions for both types of buses had increasing trends. 

Between a 0 % and 4 % road grade, the CO emissions from the CNG and diesel buses 

increased by approximately 60 % and 90 %, respectively. In Figure 5.4d, THC emissions 

for the diesel bus had an increasing trend with increasing road grade, while for the CNG 

bus they had no clear trend. In addition, the THC emissions for the CNG bus were 

significantly higher than those for the diesel bus for all road grade levels. 

In Figure 5.4d, it can be seen that the NOx emissions from both types of buses showed 

similar relative stable trends in the range of –3 % to +2 % of road grade. However, 
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between +2 % and +4 % of road grade, the NOx for the diesel bus showed an increasing 

trend, while for the CNG bus it started to decline. Interestingly, the CNG bus had low 

NOx emissions on high positive road grades (+4 %). Additionally, from 0 % to 4 % of the 

road grade, NOx emissions for the diesel bus increased by approximately 50 %, while for 

the CNG bus, they decreased by the same amount. The NOx increases found for the diesel 

bus confirm results reported by previous studies based on emission models (W. Zhang et 

al., 2015). It is worth noting that in the literature, there are no studies of real-world NOx, 

CO, and THC emission factors as a function of the road grade variations for the CNG 

buses. Therefore, the current results contribute to the knowledge on the effect of road 

grade on real-world emissions and FC in urban buses. 

 

Figure 5.4. FC and emissions factors with road grade level for Diesel and CNG buses with different 

passenger loads 

 Effect of Congestion level on real-world FC and emission factors  

Figure 5.5 shows a correlation between the link-average speed and the FC, and CO2, CO, 

THC, and NOx emissions factors for both types of buses, under different passenger load 

conditions. As stated in the Methodology (Subsection 3.3.2), the link-average speed was 

used as a proxy quantitative variable for the congestion level in this section of the study. 
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Consequently, the PEMS database from the CNG and diesel buses were divided into 136 

and 153 micro-trips, respectively, and then the distance-specific FC and emission factors 

were calculated for each micro-trip. 

Figure 5.5 a and b show that the FC and CO2 emissions for the two type of buses have 

similar sharply decreasing trends, with an increase in link-average speed. These trends 

were fit to second-degree polynomial functions, which indicated good correlation factors 

(0.71− 0.73 for CNG, and 0.48−0.69 for diesel). Under full-congestion conditions, with a 

decrease in the link-average speed from 10 to 5 km/h, the FC and the CO2 increased 

sharply, by approximately 55 %. At link-average speeds above 10 km/h, the FC and the 

CO2 emissions started to decrease marginally. These results confirm the trends found by 

Zhang et al. (Shaojun Zhang, Wu, Liu, et al., 2014) for both diesel and CNG buses in 

Beijing (China). 

Figure 5.5c shows that although the CO emissions for both the buses exhibit slightly 

decreasing trends (second-degree polynomial functions), these trends have no significant 

correlations. This means that the CO emissions were not sensitive to variations in the 

congestion level. Additionally, there were no-significant CO differences between the 

CNG and diesel buses. The decreasing CO emission trends found were consistent with 

the previous results for the CNG (Yue et al., 2016) and diesel (A. Wang et al., 2011) 

buses. 

Figure 5.5d shows that the THC emissions for the diesel bus had a decreasing trend (linear 

function), with an increase in the link-average speed. Conversely, for the CNG bus, the 

THC emissions showed a growing trend (second-degree polynomial function). Moreover, 

the THC trends for both the buses and their correlations were non-significant. The THC 

emissions for the CNG bus were significantly higher than those for the diesel bus at 

speeds above 10 km/h; furthermore, this difference increased sharply. 

Figure 5.5e shows that the diesel and CNG buses had opposite NOx trends with an 

increase in the link-average speed. In fact, the diesel bus had a sharply declining trend 

with a correlation of 0.58. Conversely, the CNG bus had a slightly increasing trend with 

a correlation of 0.46. Initially, under full-congestion conditions (i.e., a link-average speed 

of 5 km/h) the NOx emissions from the diesel bus were approximately 4.5 times those 

from the CNG bus. However, as the link-average speed increased to 10 km/h, there were 

no significant differences in the NOx emissions between the two buses. Finally, at a link-

average speed of 15 km/h, the NOx emissions for the CNG bus were slightly higher than 

those for the diesel bus, although this NOx difference was not statistically significant. 

Therefore, the diesel bus showed a higher sensitivity to speed changes and thus, its NOx 

emission performance was worse than that of the CNG bus, especially at full congestion 

conditions. As the high-congestion situations include long periods of inactivity, the 

measured exhaust temperatures tended to decrease, especially for the diesel bus. In fact, 

at full congestion conditions, the diesel bus and its exhaust gas temperatures were in the 
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range from 180 to 220 °C for about 45 % of the time. In this relatively low temperature 

range, the SCR system installed in the diesel bus had a low NOx conversion efficiency, 

as shown earlier in Figure 5.2. This result is consistent with Sowman et al. (Sowman et 

al., 2018), Zhang et al. (Shaojun Zhang, Wu, Hu, et al., 2014), and Oprešnik et al. 

(Oprešnik et al., 2018) , who reported poor performance of the SCR system under low 

operating temperatures on Euro V diesel buses in low-speed driving conditions. On the 

other hand, the resulting low sensitivity of the NOx emissions of the CNG bus to link-

average speed was consistent with Quiros et al. (Quiros et al., 2016). They reported that 

real-world NOx emissions from CNG trucks with stoichiometric engines and TWC 

systems showed little dependence on route-average speed. 

 

Figure 5.5. Correlation between FC and various emissions, and link-average speed (congestion 

level) for diesel and CNG buses with different passenger loads  

 Effect of Passenger load, Road grade, and Congestion Level on 

VSP Distribution 

Figure 5.6 shows the VSP frequency distribution of the CNG and diesel buses at the trip-

level for different levels of passenger load conditions, road grade, and congestion. As 



Effect of link-level congestion and other operational factors on real-world emissions 

from urban buses 

98 

 

shown in Figure 5.6a, when the passenger load increased, there were increments in the 

VSP frequency for both the buses on the positive side close to zero. For the diesel bus, 

the increases were in the VSP range between +1 and +2 kW/t, while those for the CNG 

bus were between +1 and +4 kW/t. These results were consistent with the VSP 

distributions reported by Zhang et al. (Shuanghong Zhang et al., 2017) for diesel trucks 

with different load levels. As shown in Figure 5.6b, when the road grade level increased 

(positively), the VSP frequency decreased in the negative interval (from –8 to –1 kW/t), 

and increased in the positive intervals. This increase for the diesel bus was in the interval 

(1 ≤ VSP < 7 kW/t), while for the CNG it was in the interval (3 ≤ VSP < 10). Figure 5.6c 

shows that for both the buses, when the level of congestion increased, there was primarily 

a substantial increase in the VSP frequency at zero, which was directly correlated to the 

idle times. On the other hand, at positive and negative intervals, the VSP frequency 

decreased. These results were consistent with those of Song et al. (Song & Yu, 2009), 

who evaluated the effect of congestion on LDVs using VSP. Overall, the obtained VSP 

distribution could explain the emission differences found in the previous Subsection 5.3.  

 

Figure 5.6. VSP frequency distribution of urban buses for different levels of passenger load, road grade, 

and congestion  

(*include only the data with the same load passenger level of 1200 kg) 

 VSP-based comparison of Emission Performance for CNG and 

Diesel Buses  

This Subsection compares the emission performance between the CNG and diesel buses 

using the VSP operating mode bins (defined in Methodology, Subsection 3.4.6.2). 

Initially, both the buses were compared in terms of the distribution percentages of time, 

distance, and emissions at the route-level. Then, they were compared in terms of the 

average rates of FC and emissions, which were expressed in (g/s). Here, the experimental 

data for each bus had already been aggregated without considering the level of passenger 

load. 
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 VSP bin distribution at the route level  

Figure 5.7 presents the distribution percentages of distance, time, CO2, CO, THC, and 

NOx emissions by VSP bins for the diesel and CNG buses. Figure 5.7a shows that the 

diesel bus had its longest operating time at the idle VSP bin, with approximately 42 %. 

Although the idle travel distance was evidently zero, the idle VSP bin was the largest 

contributor of CO2, CO, THC, and NOx emissions from the diesel bus. Moreover, at VSP 

intervals of speed ≤ 25 km/h, there was a balance among the distance, time of operation, 

and emissions contributed. However, at VSP intervals of speed > 25 km/h, the percentage 

of emissions were less than the percentage of distance. Thus, the diesel bus performed 

best at a speed > 25 km/h. Figure 5.7b shows that the CNG bus had a performance similar 

to that of the diesel bus, although two aspects can be observed. Firstly, at idling, the CO 

and THC percentages of emission distributions for the CNG bus were lower than those 

of the diesel bus. Secondly, at VSP intervals of speed ≤ 25 km/h, the emission percentages 

for the CNG bus were higher than their respective distance percentages. Overall, the 

distance, time, and emission distributions found for diesel and CNG buses were consistent 

with previous bus research (Guo et al., 2015; C. Li et al., 2017). Furthermore, the idle 

percentages found were slightly higher than those in the literature, as the test route crossed 

congested urban areas. 

 

Figure 5.7. Distributions of distance, time, and emissions at the route level by the VSP bin for: (a) 

diesel and (b) CNG buses 
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 Real-world FC and emissions rates by VSP bin 

Figure 5.8 shows average rates of FC, as well as CO2, CO, THC, and NOx emissions for 

the diesel and CNG buses in terms of the VSP operating mode bins. Overall, there were 

significant increases in the FC and emissions with an increase in the VSP for both types 

of buses. As shown in Figure 5.8a and b, the FC and the CO2 emissions from the diesel 

bus increased drastically, by seven times, while for the CNG bus, they increased less, i.e., 

by only 2.5 times. At the highest positive VSP bins (VSP ≥ 7 kW/t), the FC and CO2 

emission rates for the diesel bus were 60 % higher than those for the CNG bus. 

Conversely, in the lower-VSP bins (e.g., brake, idle, and VSP < 3 with speeds < 25 km/h), 

the FC and CO2 emission rates for the CNG bus were 30 % higher. These opposing 

considerations could explain the slight differences found between the diesel and CNG 

buses in terms of FC and CO2 emissions at the trip-level, as presented on Subsection 5.2. 

In addition, these increasing trends were found to be consistent with previous Chinese 

studies for Euro IV (Guo et al., 2015; Yang et al., 2016) and Euro V (Guo et al., 2014) 

diesel buses, and a Euro V CNG bus (Guo et al., 2014). 

In Figure 5.8b, the CO emission rates for both types of buses have similarly increasing 

trends with peaks at highest positive VSP bins. However, the CO emission rates for the 

CNG bus were significantly higher than those for the diesel bus, especially at medium 

positive VSP bins (e.g., 2 ≤ VSP < 5 kW/t). This is consistent with the laboratory results 

reported in the literature (A. Wang et al., 2011; Shaojun Zhang, Wu, Hu, et al., 2014). At 

the lower-VSP bins, the CNG bus operation may not be rich enough to show a big 

difference in CO compared to the diesel bus. Then, this condition would explain the non-

significant differences in CO between the both types of buses presented in Subsection 

5.5.2. As expected, Figure 5.8c shows that the THC emission rates for the CNG buses 

were seven times higher than those for the diesel bus. However, in lower VSP bins (e.g., 

brake, idle, and VSP < 0 kW/t), there was no significant difference in the THC between 

the two types of buses.  

In Figure 5.8d, the NOx emission rates for the CNG and diesel buses have similar values 

and increases in the lower-VSP bins, which are more prevalent in urban operating 

conditions. Then, these similar NOx trends might explain the non-significant differences 

in NOx between the two types of buses in terms of distance-specific factors at the trip-

level, as presented in Subsection 5.2. At a VSP ≥ 2 kW/t, the NOx emission rates for the 

CNG bus were 60 % lower. Therefore, the benefits of low-NOx emissions from the CNG 

bus were more evident at high VSP values. However, the urban buses are not frequently 

operated at high VSP values, as shown in the Figure 5.7, even for low-congestion 

conditions with highest link-average speeds. On the other hand, the NOx increasing trends 

found for diesel bus were comparable with previous Chinese studies for Euro III (Yu et 

al., 2016), Euro IV (Yang et al., 2016), and Euro V (Shaojun Zhang, Wu, Hu, et al., 2014) 

diesel buses, who also reported similar NOx rates peak between 0.15 and 0.20 g/sec. 

Moreover, NOx trends (increasing and decreasing) from Euro VI CNG bus, and their 
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peaks values found were similar to previous studies developed in a Euro III CNG bus 

(Shaojun Zhang, Wu, Hu, et al., 2014). 

 

Figure 5.8. Fuel and emission rates by VSP bin for diesel and CNG buses with 95 % confidence interval  

 Performance of the VSP-based emission model 

This Subsection presents the performance of the proposed VSP-based model in predicting 

second-by-second, and cumulative FC, as well as the emissions at the trip-level. To 

develop an empirical emission model, previously the average rates of the FC and 

emissions (from Figure 5.8) from the PEMS measurements were stored as look-up tables 

by VSP and speed values. 
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 Simulation of FC and emissions using the VSP-based model.  

Figure 5.9 presents an example of a trip section from a K iteration, as discussed in 

Methodology (Subsection 3.4.7), to provide a visual comparison between the actual and 

the VSP-simulated data for FC and emissions. In terms of second-by-second values, the 

VSP model was able to reproduce with good accuracy the magnitude and shape of the 

actual signal for the FC, and CO2 and THC emissions. For the NOx emission, its simulated 

shape was acceptable; however, there were differences in instantaneous values close to 

zero NOx, which primarily represented idling conditions. These differences could be 

related to a wide range of variations in the efficiency of NOx conversion in the after-

treatment systems, as explained in the previous Subsection. In terms of the cumulative 

values, no significant difference was found between the actual and the VSP simulated 

data for the FC, and CO2, CO, THC, and NOx emissions. Overall, the instantaneous 

differences between the actual and VSP-simulated signals were generally balanced when 

cumulative values for a specific trip were obtained. 

 

Figure 5.9. Comparison of measured and simulated FC and emissions using the VSP model for a typical 

trip  
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 VSP-model validation 

The VSP Model was validated using the k-fold-cross-validation approach, which 

included eight and seven running iterations for the diesel and CNG buses, respectively. 

Table 5.2 summarises the Pearson correlation, RMSE, and relative error for the FC, as 

well as CO2, CO, THC, and NOx emissions predicted by the VSP-emission model. 

Overall, the accuracy of the VSP model was acceptable, especially in estimating the FC, 

and the CO2 and NOx emissions. For example, the relative errors by cumulative values of 

the FC, and CO2 were lower than 11 % when the actual and predicted values were 

compared. In fact, for the CNG bus, the CO2 and FC had estimation errors of less than 4 

%. These CO2 relative errors were consistent with the results reported by the VSP-based 

model simulations for diesel buses in Beijing (China) (C. Li et al., 2017). Additionally, 

the NOx emissions for both types of buses showed a relative error between 11 % and 13 

%. However, the THC and CO predictions had estimation errors that were greater than 

15 %. These results confirm that the VSP model was able to model FC, and CO2 and NOx 

emissions for both the CNG and diesel buses, even in low-speed driving conditions with 

a higher frequency of stop and go events. 

Table 5.2. Overview of the validation model from iterations for FC and emissions with 

passenger load 

Average measures  
CNG bus Diesel bus 

Fuel CO2 CO THC NOx Fuel CO2 CO THC NOx 

Relative error (%)* 3.55 3.52 56.02 31.72 13.35 10.89 11.02 42.4 15.73 11.75 

Correlation  0.81 0.81 0.65 0.41 0.39 0.87 0.87 0.62 0.86 0.71 

RMSE (g/s) 1.07 3.04 0.014 0.00083 0.0048 0.923 2.91 0.014 0.00023 0.028 

*calculated from cumulative values 

The proposed VSP-based model can be applied to predict second-by-second fuel 

consumption and emissions for other CNG and diesel buses with similar technical 

specifications in any urban operation scenario, provided that speed profiles, driving 

cycles or VSP distributions are available. For instance, real-world bus activity data could 

be generated widely using GPS devices. Moreover, the VSP-based model developed can 

be easily combined with microscopic traffic models and vehicle simulators to estimate 

fuel efficiency and emissions factors at micro and meso–level. Zhai et al. (Z. Zhai et al., 

2018) suggest that for developing robust VSP distributions for emissions estimates, 

approximately 1000 s of vehicle activity data points are required for each road type and 

speed bin. Overall, the main advantage of the VSP-based model developed is that it had 

a low computational cost. Finally, engine map data or machine learning techniques would 

be needed to make this VSP model more robust for future work. 

 Chapter conclusions 

PEMS equipment was used to measure the FC, as well as CO2, CO, THC, and NOx 

emissions from a Euro VI CNG bus and a Euro V diesel bus. The tested vehicles were 

operated under full-urban driving conditions in Madrid city of Spain. The main objective 
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was to investigate the impact of passenger load, road grade, and congestion level on real-

world FC and emissions from urban buses. The PEMS data also were combined with 

vehicle specific power (VSP) methodology to study in depth, the difference between the 

CNG and diesel buses, and to develop an emission model. The main conclusions are as 

follows: 

• At the trip level with similar operating conditions, the THC emission factors for 

Euro VI CNG bus (0.976 g/km) were approximately four times higher than those 

for a Euro V diesel bus (0.226 g/km). 

• Between the empty and 4000 kg passenger load cases, the FC and CO2 emissions 

for the diesel bus showed a statistically significant increase by approximately 25 

%. 

• From 0 % to 4 % of the road grade, the FC and the CO2 emissions for both the 

buses increased by approximately 50 %. The NOx emissions factors for the diesel 

bus increased by 50%, while those for the CNG bus decreased by the same 

amount. 

• Under full-congestion conditions, with a decrease in the link-average speed from 

10 to 5 km/h, the FC and the CO2 factors for both the buses increased sharply, by 

approximately 55 %. However, the NOx emissions from the diesel bus were 

approximately four times those from the CNG bus.  

• The CO2 emission rates for the CNG bus were approximately 60 % lower than 

those for the diesel bus at intervals of VSP ≥ 7 kW/t. However, at the lowest VSP 

bins (i.e., idling, braking, and VSP ≤ 3 kW/t with speeds ≤ 25 km/h), which were 

mostly used in this section of the study, the CO2 emission rates for the CNG bus 

were 30 % higher than those for the diesel. In addition, the NOx emission rates for 

both the buses have similar values and increments at the lowest VSP bins. 

However, at intervals of VSP ≥ 2 kW/t, the NOx emission rates for the CNG bus 

were approximately 60 % lower.  

• Despite the high transitory dynamics of the urban buses, the developed VSP-based 

emission model was able to satisfactorily simulate the second-by-second FC, and 

CO2 and NOx emissions. At the trip-level, the CO2 relative errors for the CNG and 

diesel buses were 3 % and 11 %, respectively, and the NOx relative errors for both 

the buses were less than 13 %. 

These results suggest that the benefits of low NOx emissions from the CNG bus were 

more evident at the highest levels of road grade, congestion and VSP bins. The results of 

this section of the study, which were based on the PEMS, widen the knowledge of real-

world FC and emissions from diesel and CNG buses under urban driving conditions.  
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CHAPTER 6. MODELLING AND ASSESSMENT OF CO2 AND 

NOX EMISSIONS FROM BUSES FOR DIFFERENT ROUTE-LEVEL 

TRAFFIC SCENARIOS.  

 Chapter Overview  

In recent years, the integration of traffic simulators and external emission models has 

become the most preferred option for evaluating bus emissions in different traffic states. 

However, these simulation-based results may not reflect the real-world driving 

conditions. Moreover, the definition of a 'traffic condition' is often subjective, as driving 

patterns can vary significantly with the spatial domain of study. In this context, this 

chapter assesses the effects of congestion at the route level on the CO2 and NOx emissions 

from urban buses, based on integrating GPS-based naturalistic driving profiles, real-world 

emissions, and city sensor traffic data. This research was conducted on a typical urban 

bus route in Madrid, Spain. To quantify the traffic conditions at the road level, congestion 

indicators obtained from both road measurements and vehicle dynamics were used. Two 

of these indicators were selected as input data sets for a K-means clustering method, 

aiming to define different traffic scenarios. Subsequently, to estimate the distance-

specific CO2 and NOx emission factors (g/km) for the diesel and CNG buses for each 

traffic scenario, the naturalistic driving profiles and real-world emission data were 

integrated second-by-second using the VSP approach.   

The results provided in this chapter address research objective 3 and are organised into 

five parts: (a) temporal and spatial variations in the traffic patterns, (b) definition of traffic 

scenarios on the study route, (c) overview of the congestion indicators and bus operations 

by traffic scenario, (d) effects of congestion level on the CO2 and NOx emissions at the 

trip level, and (e) spatial distributions of bus emissions with different traffic scenarios. 

 Temporal and Spatial Variations in Traffic Patterns  

 Temporal variations in traffic patterns on the bus route: hour, day, type of 

day 

Figure 6.1 presents the hourly trends of traffic flow and traffic load with different types 

of days and road types. Here, three particular aspects can be mentioned. First, in Figure 

6.1, it is observed that with an increase in the number of lanes on the road, the hourly 

average traffic values increase significantly, whether expressed in terms of flow (Veh/h) 

or load (as percentage). Second, a comparison between Figure 6.1 a and b shows that the 

traffic flow and the traffic load have similar variations throughout the day. This similarity 

validates the use of the average traffic load to quantify the congestion at route level in 

this study, as stated in the methodology section (Subsection 3.4.9.1). Third, a comparison 

between the working days (the left plots) and non-working days (the right plots) shows 

that there are marked differences between them. In fact, the peak hours (marked with red 

rectangles) for the weekdays are 9h00, 14h00, and 18h00, whereas those for weekends 

are 14h00 and 21h00. These identified peak hours are similar to those reported in other 
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traffic studies conducted in Madrid, Spain (Perez-Prada & Monzon, 2017; Quaassdorff et 

al., 2016), as well as in Lisbon, Portugal (Faria, Rolim, Duarte, Farias, & Baptista, 2018). 

However, they are different from the peak hours reported in cities in South Korea (Arias 

& Bae, 2016), China (Shaojun Zhang, Wu, Huang, et al., 2016), and Australia (Bhaskar 

et al., 2014). Hence the importance of identifying the temporal traffic patterns for each 

spatial domain requires further investigation. 

 

Figure 6.1. Hourly average traffic distribution on the study route by type of day (e.g. workdays 

and non-workdays) and type of road (based on number of lanes) for: (a) traffic flow and (b) 

traffic load. The peak hour intervals are shown in red rectangles. 

 Spatial variations in traffic load patterns by traffic sensor: road type, trip 

direction 

To evaluate the spatial variations of the traffic load on the study route, the traffic sensors 

are sorted in ascending order, according to their locations along the bus trip. Figure 6.2 a 

and b illustrate (through boxplots) all of the experimental traffic load data for both the 
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outbound (called from Pintor Rosales) and return trip (called from Plaza Venecia), 

respectively. In this figure, each traffic sensor (or measurement point) is identified with 

a colour, according to its corresponding road type (based on the number of lanes). 

According to the Figure 6.2 a, the high traffic loads (with median values from 45 to 50%) 

for the outbound trip are mostly located shortly after the beginning of the route, between 

traffic sensors 4294 to 10019. These measurement points are on the section of Route 74 

that crosses Gran Via street (from Plaza de España to Alcala street). This is one of the 

roads with the most vehicular and pedestrian traffic in Madrid, as it crosses one of the 

most commercial and tourist-heavy areas of the city (Ayuntamiento de Madrid, 2020). 

In the case of the return trip, based on Figure 6.2 b, it can be seen that although there are 

also high traffic loads at the measurement points located on Gran Via (sensors 4309 to 

4292), there is another important high traffic section (with median values of 

approximately 50–60%) between sensors 3932 to 3671. This second section corresponds 

mainly to Serrano street (to Alcala Street), which comprises four one-way lanes and 

crosses the Salamanca district, one of the most exclusive and commercial areas in Madrid, 

and in all of Europe (Ayuntamiento de Madrid, 2020). Overall, although the outbound 

and return trip include the same areas of Madrid, and even travel along the same streets 

(evidently in the opposite direction), each trip shows a different spatial variation of the 

traffic load along its corresponding route. For this reason, an analysis of the congestion 

effect at the route level must necessarily be performed for each direction of travel. In 

addition, it is important to mention that for the one-lane measurement points (black 

boxplots), the traffic levels are lower than expected, with median traffic load values of 

less than 15%.  

 

Figure 6.2. Traffic load variation along the study route for traffic sensor and type of road. 
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 Definitions of Traffic Scenarios on the Study Route 

As indicated in the methodology section (Subsection 3.4.9), to quantify the level of traffic 

at the trip level for the approximately 190 naturalistic driving trips, the traffic load on the 

road and other vehicle dynamics-based congestion indicators were analysed. 

 Comparison between road traffic load and different congestion indicators for 

driving profiles  

Figure 6.3 shows the correlations between the average traffic load and six vehicle 

dynamics-based congestion indicators. As shown in Figure 6.3a, b, and d, with an increase 

in the average traffic load, the average speed, acceleration noise, and proportional speed 

fluctuation values have decreasing trends. Conversely, as shown in Figure 6.3c, e, and f, 

the number of full stops, coefficient of the variation of speed, and speed reduction 

congestion index (SRCI) exhibit increasing trends. Overall, the average speed and SRCI 

are the two indicators most directly linked to the road traffic load, with a correlation of 

0.58. However, as the SRCI is a function of the average speed, the latter indicator is the 

most relevant vehicle dynamics-based congestion indicator. As a result of this correlation 

analysis, the average speed of the buses, together with the average road traffic load, is 

chosen to define the various traffic scenarios on the study route, as presented below. 

 

Figure 6.3. Comparison between measured road traffic load and congestion indicators 

calculated based on vehicle dynamics. 
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 Road traffic levels based on vehicle dynamics and traffic sensor data 

Figure 6.4 shows the naturalistic driving trips as clustered by the traffic level for each trip 

direction. As stated in the methodology section (Subsection 3.4.10), the k-means 

clustering method was applied to classify the naturalistic driving trips. To run the k-means 

clustering algorithm, the average bus speed and road traffic load per trip were used as the 

input data set. As a result, as shown in Figure 6.4 a and b, the outbound and return trips 

are classified into five traffic scenarios (marked with circles). As the study route crosses 

congested urban areas of Madrid, the majority of the naturalistic trips (approximately 

80%) are classified into the two scenarios with the highest vehicle traffic conditions. 

These two congested scenarios frequently occur on weekdays between 8h00 and 20h00. 

In fact, the severe congestion scenario (red circles) occurs especially at peak hours (e.g. 

9h00, 14h00, and 19h00). The slight congestion and basic fluent scenarios represent 

traffic conditions on the weekends, as well as on working days, but at very early hours 

(05h30 to 07h30) and at night (20h00 to 22h00). Finally, the fluid condition scenario (also 

known as the free-flow condition), which is uncommon on the studied route, occurs only 

in the early hours (06h00 to 08h00) of non-working days. The resultant five scenarios are 

consistent with those from previous works (Arias & Bae, 2016; Bhaskar et al., 2014; 

Necula, 2015; Kaisheng Zhang et al., 2017) and traffic-state based emissions models (as 

HBEFA) (Ericsson, Nolinder, Persson, & Steven, 2019; Notter et al., 2019), which have 

generally defined between four and six traffic scenarios.  

 

Figure 6.4. GPS-based test trips grouped by traffic scenarios (or congestion conditions) using 

the K-means grouping method. 

 Overview of Congestion Indicators and Bus Operating 

Parameters by Traffic Scenario 

This subsection is based on the vehicle dynamics data, and presents the effects of 

congestion on the following three types of parameters: (1) congestion indicators (or traffic 
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state indicators), (2) vehicle operating modes (e.g. acceleration and idling), and (3) VSP 

frequency.  

 Overall statistics of congestion indicator for cluster congestion levels 

Table 6.1 presents the overall congestion indicator values at the trip-route level for the 

five traffic scenarios, as well as for the outward and return trips. As stated in Subsection 

3.4.12, these overall values are obtained by averaging the partial results of the individual 

trips. As shown in Table 6.1, the congestion indicators shift (either increase or decrease) 

significantly with the increase of road traffic, especially the indicators strongly influenced 

by stopping events (e.g. the average speed and SRCI). A comparison of the free-flow and 

severe congestion scenarios shows that the average speeds for the outward and return trips 

decrease by approximately 44% and 51%, respectively, and that the number of full stops 

per kilometre increases by more than 150% for both trips. In addition, there are some 

slight differences between the two routes, especially for the two lowest traffic scenarios. 

These differences may be related to the individual characteristics of each route, such as 

the number of bus stops and intersections or travel distance, as well as the operation of 

traffic devices. The values of the congestion indicators obtained for this study route are 

more severe than those reported in previous congestion-related urban bus studies 

conducted in other countries (André & Hammarström, 2000; Grote et al., 2018; Mahesh 

& Ramadurai, 2017; Yu & Li, 2014). This provides evidence that driving patterns may 

vary significantly between cities or countries, thereby highlighting the importance of 

conducting research with real-world traffic data source integration to quantify the effects 

of congestion for a particular spatial domain. 

Table 6.1. Overall traffic indicators from naturalistic driving profiles by traffic scenario 

for outward and return trips.  

Route 

travel 

Congestion 

level 
Trips 

Average 

trip speed 

(km/h) 

Full stops 

by km  

Prop. 

Speed 

Fluct. 

(%) 

Accelerat. 

Noise 

(m/s2) 

Coeffici

ent of 

variance 

(COV) 

x 10-2 

(%) 

Speed 

reduction 

congestion 

index 

(SRCI) 

(close to 

unity) 

Average 

moving 

speed 

(km/h) 

Average 

positive 

accel. 

(m/s2) 

Outward: 

P. Pintor 

Rosales 

A 2 14.9 4.3 0.58 0.55 0.97 0.17 16.1 0.42 

B 9 12.6 5.6 0.55 0.58 1.07 0.31 16.4 0.46 

C 10 10.2 7.1 0.50 0.5 1.15 0.43 16.1 0.38 

D 33 9.5 8.2 0.51 0.47 1.13 0.47 18.4 0.38 

E 31 8.3 10.1 0.48 0.46 1.21 0.54 16.4 0.37 

Return: 

Plaza de 

Venecia 

A 2 17.1 3.8 0.60 0.62 0.94 0.05 16.1 0.46 

B 8 13.3 5.8 0.56 0.63 1.08 0.26 18.4 0.50 

C 9 10.6 7.2 0.51 0.53 1.14 0.41 16.4 0.42 

D 31 10.1 8.0 0.52 0.53 1.14 0.43 16.1 0.44 

E 38 8.3 10.7 0.47 0.49 1.24 0.54 18.4 0.39 
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 Operating mode distribution of buses under different congestion levels: trip 

direction 

Figure 6.5 shows the percentage time shares of the four bus operating modes for the traffic 

scenarios and travel directions. Here, two particular aspects can be mentioned. First, the 

cruising (approximately 12%) and deceleration (approximately 28%) percentages do not 

vary substantially with increasing congestion levels. Second, in the free-flow condition 

(or Scenario A), the acceleration and idling have similar distributions (with values of 

approximately 30%), but upon reaching scenario E with heavy congestion, the value of 

idling increases to 42%, whereas that of acceleration decreases to 25%. Therefore, only 

the idling and acceleration modes have significant opposite changes with an increasing 

congestion level. Notably, the idling percentages in this study are higher than those in 

some urban bus studies (Fu et al., 2013; Kim, Lee, Woo, & Bae, 2014; Sonntag, Gao, & 

Holmén, 2013), which generally reported distributions lower than 20%.  

 

Figure 6.5. Distribution of time by traffic scenario for: (a) outward and (b) return trips. 

 Characteristics of VSP distribution under different congestion levels 

Figure 6.6 shows the VSP frequency distribution of the diesel bus for the five traffic 

scenarios and for the outbound and return trips. As second-by-second VSP was calculated 

to estimate the emissions of diesel and CNG buses, and was also valuable for investigating 

the effects of congestion. As shown in Figure 6.6a and b, when the traffic level increases, 

there is a significant increase in the VSP frequency for the values close to zero. In fact, 

between Scenarios A and E (with values of 42% and 60%, respectively), the VSP 

frequency at zero increases by approximately 43% for the diesel bus. However, in positive 

(e.g. 3 < VSP < 10) and negative (e.g. 8 < VSP < -3) intervals, the VSP distribution 
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decreases as the level of congestion increases. Overall, these results, like those of the 

previous two subsections, indicate that the increase in the idling time is the main effect 

of congestion on bus dynamics. Importantly, in this subsection, the VSP frequency 

distribution of the CNG bus is not presented, as it is very close to that of the diesel bus. 

 

Figure 6.6. VSP frequency distribution of a diesel bus with different traffic scenarios for: (a) 

outward and (b) return trips. 

 Effects of Congestion Level on CO2 and NOx Emissions at Trip 

Level  

As stated in the previous subsections (3.4.11 to 3.4.13), the distance-specific emissions 

factors of the approximately 190 naturalistic driving trips were estimated by applying a 

VSP-based emission model (which included real-world emission data), and then the 

distance-specific emission factors were calculated for both types of buses and five traffic 

scenarios. The following presents two aspects: (1) the emission factors per traffic 

scenario, and (2) the percentage differences in the emissions as the level of congestion 

increases.   

 Overall distance-specific emission factors by traffic scenario 

Figure 6.7 shows the CO2 and NOx emission factors for the diesel and CNG buses by 

traffic scenario for each trip direction route. Overall, the CO2 and NOx emission factors 

for the diesel and CNG buses have increasing trends as the level of congestion increases; 

furthermore, these emission factors differ slightly between the outward and return trips. 
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In Figure 6.7a, it can be seen that the CO2 emissions for both types have similar values in 

the two lowest traffic scenarios (A and B). However, as the level of congestion increases 

(scenarios C, D, and E), the CO2 emissions of the CNG bus become higher than those of 

the diesel bus. In Figure 6.7b, it can be clearly seen that the NOx emissions of the CNG 

bus are lower than those of the diesel bus for all traffic scenarios. These results confirm 

the benefits of the low-NOx emissions from the CNG buses and the low-CO2 emissions 

from the diesel buses as reported in previous bus studies (Alam & Hatzopoulou, 2014a; 

Gis, 2017; Guo et al., 2014; Shaojun Zhang, Wu, Hu, et al., 2014).  

 

Figure 6.7. CO2 and NOx emission factors for diesel and CNG buses over different traffic 

scenarios. 

 Differences in emissions between traffic scenarios 

To make an overall quantification of the effects of congestion on the CO2 and NOx 

emissions for both types of urban buses as the congestion increases, Table 6.2 shows the 

cumulative and relative percentage differences of emissions as the level of congestion 

increases. A comparison of the free flow (scenario A) and severe traffic scenarios shows 

that the CO2 emissions for the diesel and CNG buses increase by approximately 31% and 

53%, respectively; furthermore, the NOx emissions for the diesel bus increase by 

approximately 43%, whereas those for the CNG bus increase sharply, by approximately 

85%. This indicates that the diesel bus shows a lower sensitivity to variations in the 

congestion level at the route level, although the traditional benefits (low-NOx emissions) 

from the CNG buses are evident for all traffic scenarios, as presented in Figure 6.7.  
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Table 6.2. Overview of the increase of distance-emissions factors with different traffic 

scenarios for the diesel and CNG buses. 

Traffic congestion 

condition 

 

Differences in emission factor 

[%] 

Diesel bus CNG bus 

Rel.* 

CO2 

Cum.** 

CO2 

Rel.* 

NOx 

Cum.** 

NOx 

Rel.* 

CO2 

Cum.** 

CO2 

Rel.* 

NOx 

Cum.** 

NOx 

A - - - - - - - - 

B 12.4 12.4 14.4 14.4 15.5 15.5 17.7 17.7 

C 5.6 18.8 7.3 22.9 13.3 30.8 26.2 48.6 

D 2.8 22.1 5.2 29.3 4.4 36.5 6.9 58.7 

E 7.3 31.1 10.5 43 12 53 16.9 85.5 

* is the relative difference compared to its immediate lower level 
** is the cumulative difference compared to the lowest congestion level (Level A) 

 

 Spatial Distributions of Bus Emissions with Different Traffic 

Scenarios 

In this subsection, the second-by-second emissions of the two buses are aggregated as 

raster data (at a 100 m × 100 m grid-cell resolution), as stated in Subsection 3.4.14, to 

represent their spatial variations with the different traffic scenarios, as well as to compare 

them between the two types of buses. In the following figures, each traffic scenario is 

represented by an individual naturalistic driving trip previously categorised for that 

scenario.  

 Typical spatial distributions of bus emissions  

Taking the CNG bus as an example, Figure 6.8 and Figure 6.9 show the raster data of the 

CO2 and NOx emissions, respectively, for three traffic scenarios (e.g. low-traffic: fluent, 

medium-traffic: slight congestion, and high-traffic: severe congestion) and two types of 

travel. Here, two aspects can be mentioned. First, a comparison between the two figures 

shows that the identified hotspots (rasters with high emission levels) are the same for the 

CO2 and NOx emissions. These hotspots are mainly located on the Gran Vía and Serrano 

streets, where there is a high level of cultural, touristic, and commercial activity, as 

discussed in Subsection 6.2.2. Second, as the level of congestion increases in Figure 6.8 

and Figure 6.9, there are increases in the frequency and thresholds of the CO2 and NOx 

hotspots. For example, the NOx emission thresholds for the free-flow and severe 

congestion scenarios are 10 g/km and 12 g/km, respectively. Overall, these results show 

that urban buses produce high levels of emissions in the areas of the city with high 

concentrations of people. Hence, a considerable segment of the population could be 

exposed to health hazards from bus emissions. 
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Figure 6.8. Spatial aggregation (at 100 m × 100 m grid-cell resolution) of the second-by-

second CO2 emissions from individual trips of the CNG bus for outward and return trips, with 

different traffic scenarios. 

 

Figure 6.9. Spatial aggregation (at 100 m × 100 m grid-cell resolution) of the second-by- 

second NOx emissions from individual trips of the CNG bus for outward and return trips, with 

different traffic scenarios. 
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 Comparing spatial emission patterns of the diesel and CNG buses  

Figure 6.10 and Figure 6.11 show the percentage differences by grid between the diesel 

and CNG buses for the CO2 and NOx emissions, respectively, in three traffic scenarios. 

In these two graphs, a grid marked with yellow indicates that the percentage difference 

between the two bus types is close to zero, whereas the other two colours (i.e. red with 

negative percentages for diesel, and blue with positive percentages for CNG) identify the 

bus type emitting the higher emissions for each grid. In the case of CO2 emissions, Figure 

6.10 shows that the diesel bus has a higher number of grids than the CNG bus at low-

traffic conditions. However, as the traffic levels increases, there is a significant increase 

in the CNG bus grids, whereas the diesel bus grids decrease. Hence, the traditionally high 

CO2 emissions of the CNG bus are only evident in the high-traffic scenario.  

 

Figure 6.10. Spatial comparison of CO2 emissions between the diesel and CNG buses for 

individual outward and return trips, with different traffic scenarios. 

In the case of the NOx emissions, Figure 6.11 highlights two important aspects. First, the 

diesel bus has a higher number of grids than the CNG bus for the three traffic scenarios, 

and its number of grids does not vary substantially. Second, as the traffic level increases, 

the number of grids for the CNG bus decreases, whereas the yellow grids showing 

similarity (NOx differences close to zero) increase. This increase in the similarity grids 
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could be related to the fact that the urban buses operate with the highest frequency at the 

low/positive VSP bins (e.g. 0 < VSP < 3 kW/t) as congestion increases. Over these VSP 

intervals, the NOX emission rates of the CNG bus are higher than those of the diesel bus, 

as shown earlier in Figure 6.11. Overall, these raster-based results show that the gaps in 

the CO2 and NOX values between these two types of buses can vary with increasing traffic 

levels. 

 

Figure 6.11. Spatial comparison of NOx emissions between the diesel and CNG buses for 

individual outward and return trips, with different traffic scenarios. 

 Chapter Conclusions  

In this study, GPS-based naturalistic driving profiles, real-world emissions, and city 

sensor traffic data were integrated to estimate the CO2 and NOx emissions from diesel 

and CNG buses under different real-traffic scenarios on a typical urban bus route in 

Madrid. The definition of the traffic scenarios included a K-means clustering analysis to 

classify the naturalistic driving trips. Based on a correlation analysis, two congestion 

indicators (one from stationary measurements on the road, and the other from vehicle 

dynamics) were selected as classification criteria. In parallel, the naturalistic driving trips 

were integrated with real-world emissions data (as an empirical VSP-based model) to 

estimate the second-by-second trip emissions for the diesel and CNG buses. The 
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clustering and emissions results were integrated to quantify the effects of congestion on 

bus emissions at the trip level.  

The main conclusions are as follows. 

• Based on the temporal variations of the road traffic flow and load, it was 

confirmed that the traffic patterns of the route and its thresholds vary between 

working and non-working days (or weekends). In fact, in the case of working days 

with higher traffic thresholds, there were three traffic peaks (9h00, 14h00, and 

19h00), whereas on non-working days, only two peaks (14h00 and 21h00) were 

observed. 

• Considering the spatial variations of the traffic load by measurement point, as well 

as the spatial aggregations of the second-by-second emissions from the buses, two 

sections of the route were identified as traffic emission hotspots (including the 

highest frequency of congestion events and highest levels of emissions). These 

sections corresponded to the Gran Via and Serrano streets, where there are high 

level; of cultural, tourist, and commercial activity. 

• The average speed was the congestion indicator based on vehicle dynamics that 

showed the highest correlation with the road traffic load, which is instead 

considered as a stationary congestion indicator. These two congestion indicators, 

in combination with the K-means clustering method, made it possible to define 

five traffic scenarios for the case study. 

• As the level of traffic increased, the average speed of the route decreased by 

approximately 50%, and the number of stops per kilometre increased by a multiple 

of 1.5. The percentages of the operation time in the cruise and acceleration modes 

did not show significant variations, whereas the percentage in the idle mode 

increased (from 30 to 42%), and that in the acceleration mode decreased (from 30 

to 25%).  

• From the free-flow to severe congestion scenarios, the CO2 and NOx emission 

factors at the trip level showed increasing trends for both diesel and CNG buses. 

A comparison between both types of buses showed that the CO2 emissions of the 

CNG bus were higher than those of the diesel bus in the three highest traffic 

scenarios, whereas the NOx emissions of the diesel bus were higher than those of 

the CNG bus in all five traffic scenarios. 

• In terms of percentage increases at the trip level, the CNG bus showed a higher 

increase in CO2 and NOx emissions than the diesel bus as the level of traffic 

increased. 

These results, based on extensive real-world data, demonstrate that the congestion has a 

significant effect on travel times, as well as on the operating modes and levels of 

emissions of urban buses. The results of this study also provide thresholds for several 

congestion indicators; these can be used to calibrate traffic microsimulation processes. 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE WORK 

 Conclusions  

This section presents the general conclusions of this research. In fact, the following 

includes the answers to the three research questions with their respective hypotheses, as 

stated in Subsection 1.4. Notably, the three proposed research objectives have been fully 

developed. 

 Research Question 1  

What is the performance of an urban diesel bus engine under real-world traffic 

congestion?  

This study found that the Euro V diesel bus engine operates under real-world urban traffic 

congestion (also called urban off-cycle conditions) with a BTE of 41%, BSFC of 205 

g/kWh, and CO2 energy-emission factor of 637 g/kWh. The engine NOx energy emission 

factor of 3.6 g/kWh is 80% higher than those allowed in the Euro V regulation. This could 

be explained by the high frequency of full-stop events and/or the low travel speeds on the 

urban test route. Based on Chapter 4, this research question is addressed based on the 

following hypotheses. 

Hypothesis 1.1. 

Engine maps, which are typically used to analyse emission performance, can be 

developed with data from PEMS and OBD systems for an urban bus engine under real 

traffic conditions.  

Yes: In Chapter 4 , the engine maps for the fuel energy efficiency and CO2, CO, THC, 

and NOx emissions were developed directly, based on transient data obtained from 

experimental measurements conducted on a diesel Euro V bus under urban off-cycle 

conditions in Madrid. In urban conditions, owing to the variability of the transient-state 

engine data, this work proposed an engine map development method, consisting of 

grouping the measured data into grids based on engine speed and torque ranges, and then 

averaging them to obtain a single value per grid.  

This work also demonstrated that the grid engine maps model has the potential to predict 

the second-by-second FC and CO2 emissions, with a relative total error of less than 5%. 

Therefore, this approach could be useful for accurately simulating engine or vehicle 

performances in any operation scenarios at a microscopic level, provided that the engine 

torque and engine speed data from the bus are available. 

Hypothesis 2.2.  

High idle-mode operation periods, which are typical of urban congestion, directly 

influence the performance and energy emissions of an urban bus engine. 
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Yes: During the tests, the engine ran for approximately 40% of the time in idle mode, 

leading to the engine operating approximately 60% of the time with torque and speed 

values below 500 N.m and 700 rev/min, respectively. Moreover, the engine operation 

patterns showed that less than 50% of the available engine operating area (from the full 

load engine curve) was used. Consequently, there was a large concentration of engine 

operating points for a few torque-speed intervals, and approximately 55% of these 

intervals had a relative frequency of less than 1%.  

In regards to the fuel efficiency and CO2 in terms of the energy-emission factors, there 

was no direct influence from the idle-mode operation periods. However, in the case of 

NOx emissions, the identified high energy-emission factors were indirectly related to the 

high frequency of idling events, which caused the temperatures of the exhaust gases to 

decrease, along with the performances of the post-treatment systems of the bus. 

Hypothesis 3.3.  

If urban bus engines operate in urban off-cycle conditions, then their energy-specific 

emission factors will be higher than those allowed by their respective emission 

regulation. 

Yes: This study found that the NOx energy-emission factor was 80% higher than the levels 

in the Euro V Standard. This NOx result is evidence that the performances of engines with 

traffic congestion in the real world are different from those obtained with type-approval 

tests on an engine test bench under standardised driving cycles.  

 Research Question 2 

What is the effect of congestion at the link level and other operational factors on 

distance-specific emission factors for diesel and CNG buses?  

This study demonstrated that the link-level congestion, passenger load, road grade, and 

VSP level affect the FC and emissions from a Euro VI compressed natural gas urban bus 

and Euro V diesel urban bus. In addition, to analyse the variability of the NOx emissions 

of a diesel bus with SCR and that with TWC, the tailpipe exhaust gas temperature was 

used as a proxy for the after-treatment temperature. From Chapter 5, this research 

question is addressed based on the following hypotheses. 

Hypothesis 2.1.  

The FC, as well as CO2 and NOx emissions from urban buses, increase with increased 

congestion at the link level. 

Under full-congestion conditions, with a decrease in the link-average speed from 10 to 5 

km/h, the FC and the CO2 factors for both the buses increased sharply, by approximately 

55%. However, the diesel and CNG buses had opposite NOx trends. In fact, the NOx 

emissions from the diesel bus were approximately four times those from the CNG bus in 
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full-congestion conditions. Therefore, the diesel bus showed a higher sensitivity to speed 

changes and thus, its NOx emission performance was worse than that of the CNG bus. 

As the high-congestion situations included long periods of inactivity, the measured 

exhaust temperatures tended to decrease, especially for the diesel bus. In fact, at full-

congestion conditions, the diesel bus and its exhaust gas temperatures were in the range 

from 180 to 220 °C for approximately 45% of the time. In this relatively low temperature 

range, the SCR system installed in the diesel bus had a low NOx conversion efficiency. 

Conversely, the CNG bus with TWC system showed a relatively stable NOx performance 

for variations in traffic levels and exhaust temperatures. Notably, in this part of the study, 

the analysis of the congestion effects was based on the emission factors as obtained from 

micro-trips, and not from the entire route. 

Hypothesis 2.2 

Passenger load and road grade levels influence FC and emissions of urban buses. 

Yes: Between the empty and 4000 kg passenger load cases, the FC and CO2 emissions 

for the diesel bus showed a statistically significant increase of approximately 25%. 

Moreover, from a 0% to 4% road grade, the FC and CO2 emissions for both buses 

increased by approximately 50%. The NOx emissions factors for the diesel bus increased 

by 50%, whereas those for the CNG bus decreased by the same amount. 

Hypothesis 2.3.  

Compared to the diesel bus, the CNG bus emits higher CO2 and THC emissions, but lower 

NOx emissions. 

The emission performances of the two types of buses were compared, based on the 

following two criteria: 

a) distance-emission factors at the trip level; and 

b) average emission rates by VSP bin (combined intervals of VSP and speed). 

Distance-emission factors 

At the trip level, and with similar operating conditions, the CO2 emission factors for Euro 

VI CNG buses (2133 g/km) were greater than those for Euro V diesel buses (1970 g/km). 

However, the NOx emissions for Euro VI CNG buses (9.05 g/km) were lower than those 

for Euro V diesel buses (12.07 g/km). Nevertheless, these differences in the CO2 and NOx 

were not significant. Additionally, the THC emission factors for a Euro VI CNG bus 

(0.976 g/km) were approximately four times higher than those for a Euro V diesel bus 

(0.226 g/km). 

Average emission rates by VSP bin  

The CO2 emission rates for the CNG bus were approximately 60% lower than those for 

the diesel bus at intervals of VSP ≥ 7 kW/t. However, at the lowest VSP bins (i.e. idling, 
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braking, and VSP ≤ 3 kW/t with speeds ≤ 25 km/h), as mostly used in the study, the CO2 

emission rates for the CNG bus were 30% higher than those for the diesel bus.  

Regarding the NOx emissions, the following three aspects were identified: (i) at the idle 

VSP bin, the most frequent bin, the diesel bus had higher NOx emission rates, with 

approximately 38%; (ii) at the lowest positive VSP bins (e.g. 0 ≤ VSP < 3 kW/t, with 

speeds < 25 km/h), i.e. the most frequent bins considering only the moving periods, the 

NOx emission rates for the CNG bus were approximately 40% higher than those for the 

diesel bus; and (iii) at intervals of VSP ≥ 3 kW/t, the NOx emission rates for the CNG bus 

were widely lower, but the intervals were less frequent.  

Overall, this VSP analysis could explain some cases of the non-significant CO2 and NOx 

differences between the two types of buses in terms of distance-emission factors at the 

trip level. In addition, these results suggest that the benefits of low NOx emissions from 

the CNG bus were more evident at the highest levels of the road grade, link-level 

congestion, and VSP bins. 

Hypothesis 2.4. 

PEMS measurements can be integrated with the VSP methodology to develop a micro-

emission model.  

Yes: The average rates of the FC and emissions from the PEMS measurements were 

stored as look-up tables based on VSP and speed values. This integration of the methods 

made it possible to develop an energy-based emission model. Despite the high transitory 

dynamics of the urban buses, the developed VSP-based emission model was able to 

satisfactorily simulate the second-by-second FC and CO2 and NOx emissions. At the trip 

level, the CO2 relative errors for the CNG and diesel buses were 3% and 11%, 

respectively, and the NOx relative errors for both buses were less than 13%. 

 Research Question 3  

How do congestion indicators as well as CO2 and NOx emissions of urban buses vary 

with different traffic scenarios at the trip level? 

This study demonstrates that the level of congestion affects the vehicle operating modes 

(e.g. idling and acceleration), VSP intervals, and CO2 and NOx emission levels of both 

diesel and CNG buses. This study was based on a wide integration of dynamic and 

stationary traffic data, naturalistic driving profiles, and real-world emissions. Based on 

Chapter 6, this research question is addressed more fully below, in the context of the 

corresponding hypotheses. 

Hypothesis 3.1. 

Traffic records from ILDs in a city can be used to characterise the spatial-temporal traffic 

patterns over a typical bus route.  
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Yes: This study determined the temporal and spatial variations of Route 74 in Madrid in 

terms of the traffic flow expressed in (Veh/h) and traffic load expressed in (%). The 

temporal traffic patterns of the route and its thresholds varied between working and non-

working days (or weekends). In the case of working days with higher traffic thresholds, 

there were three traffic peaks (9h00, 14h00, and 19h00), whereas on non-working days, 

only two peaks (14h00 and 21h00) were observed. 

Considering the spatial variations of traffic loads from the ILDs, as well as the spatial 

aggregations of the second-by-second emissions from the buses, the Gran Via and Calle 

Serrano streets were identified as traffic emission hotspots on the route. 

Hypothesis 3.2.  

It is possible to define scenarios with different levels of traffic congestion at the route 

level by linking stationary (from city sensors) and dynamic (from naturalistic driving 

profiles) traffic data. 

Yes: This study used a traffic load parameter and the average vehicle speed in 

combination with a K-means clustering method to define five traffic scenarios for 

classifying a total of approximately 190 valid naturalistic driving trips. This process 

mainly included the following three stages. First, the traffic sensor and naturalistic driving 

profile databases were integrated. This process was relatively complex, as the two 

databases had different sampling rates. A total of approximately 5700 traffic sensor 

observations were assigned to the set of 190 naturalistic driving trips. Second, two 

congestion indicators were selected as classification criteria, using a correlation analysis. 

Then, the average speed was selected as the congestion indicator, based on vehicle 

dynamics data showing the highest correlation with the stationary traffic load parameter. 

Third, scenarios were defined with different levels of congestion, using the K-means 

clustering method. Finally, these two congestion variables, in combination with the K-

means clustering method, made it possible to define five traffic scenarios for this case 

study. 

Hypothesis 3.3.  

Real-world emissions, naturalistic driving profiles, and city traffic sensor data can be 

integrated to quantify the effects of congestion on bus performance.  

Yes: This study this study proposed an original approach to integrating real-world 

emissions from PEMS measurements, vehicle dynamics data from naturalistic driving 

profiles, and traffic information from city monitoring sensors. This proposed data 

integration approach included the following three phases: (i) integration to determine the 

different traffic scenarios and traffic flow patterns on the study route, based on traffic 

sensor and driving profiles data; (ii) integration of the bus emission estimations with the 

VSP method, based on the real-world emissions and driving profile data; and (iii) 

integration for assessing the effects of congestion, based on combining the data resulting 

from the first two phases. 
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This process was successfully completed, and the resulting data was used to assess the 

variations by traffic scenario in regards to congestion indicators, as well as in regards to 

the vehicle operating modes (e.g. idling, and acceleration), VSP intervals, and emissions 

of the diesel and CNG buses. 

Hypothesis 3.4.  

CO2 and NOx emissions from diesel and CNG buses increase with the level of traffic at 

the trip level. 

A comparison of the free flow (scenario A) and the severe traffic scenarios showed that 

the CO2 emissions for the diesel and CNG buses increased by approximately 31% and 

53%, respectively; furthermore, the NOx emissions for the diesel bus increased by 

approximately 43%, whereas those for the CNG bus increased sharply, by approximately 

85%. In terms of percentage increases at the trip level, the CNG bus showed a higher 

increase in CO2 and NOx than the diesel bus as the level of traffic increased. 

A comparison between both types of buses showed that the CO2 emissions factors of the 

CNG bus were higher than those of the diesel bus for the three highest traffic scenarios, 

whereas the NOx emissions factors for the diesel bus were higher than those for the CNG 

bus in all five traffic scenarios. Overall, these results evidence the benefits of the low NOx 

emissions from the CNG buses under urban traffic conditions at the trip level. 

 Main Contributions 

The following is a summary of the main contributions resulting from this research. 

• A method is developed for creating engine maps for buses under real-world traffic 

conditions, based on combining transient-state engine data obtained directly from 

PEMSs and OBD systems, in a simple way and with a low computational cost. 

These engine maps contain valuable information that could be used in emission 

models and vehicle simulators. 

• The study shows that the NOx performances of diesel engines in real world traffic 

congestion are different from those obtained from type-approval tests on an 

engine test bench under standardised driving cycles. 

• Based on PEMS measurements, the study widens the knowledge related to the 

effects of the road grade, passenger load, and fuel type on the real-world 

performances in regards to the emissions of buses under urban driving conditions. 

Prior research has focused predominantly on diesel buses, whereas the real-world 

emissions performance of EURO VI CNG conventional buses had not yet been 

investigated. 

• The development of an in-depth comparison of the real-world emissions 

performances between CNG and diesel buses is provided, using two perspectives. 

The first is in terms of the cumulative emissions over a given distance travelled 

(either at the route level, link level, or micro grid cell resolution), whereas the 
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second is in terms of the instantaneous emissions based on VSP bins, as related to 

the energy consumption.  

• A novel method is developed for integrating GPS-based naturalistic driving 

profiles, real-world emissions, and city sensor traffic data, so as to quantify the 

CO2 and NOx emissions from diesel and CNG buses under different real-traffic 

scenarios. This integration also allows for the identification of traffic emission 

hotspots along an urban bus route.  

• The study determines the values of several congestion indicators for urban bus 

driving profiles, with five different levels of real traffic. This result is useful for 

validating the profiles and/or driving cycles obtained from micro traffic 

simulators. 

• This study, which is based mainly on real-world observations, evidences that the 

road traffic congestion at the trip level has a negative influence on the CO2 and 

NOx emissions of urban buses, as well as their average travel speeds. Previous bus 

research had also shown the effects of congestion, but was mostly based on using 

simulation models.  

• As the tested buses met different emission standards, the comparison between 

them is useful for analysing the environmental benefits of replacing EURO V 

diesel buses with EURO VI CNG buses. Thus, the findings of this research 

represent scientifically accurate information that can be used to improve 

estimations of bus emissions, and that can be used by city managers and policy 

makers to design strategies for achieving successful transitions to sustainable 

urban transport systems. 

 

 Dissemination of Results  

The original results of this doctoral thesis have been promulgated to the scientific 

community, as well as to the audience in general, as follows. 

Scientific articles 

• Rosero, F., Fonseca, N., López, J.-M., & Casanova, J. (2020). Real-world fuel 

efficiency and emissions from an urban diesel bus engine under transient 

operating conditions. Applied Energy, 261(December 2019), 114442. 

https://doi.org/10.1016/j.apenergy.2019.114442. Quartile Q1 by JCR and SJR. 

• Rosero, F., Fonseca, N., López, J.-M., & Casanova, J. (2021). Effects of 

passenger load, road grade, and congestion level on real-world FC and emissions 

from compressed natural gas and diesel urban buses. Applied Energy, 

282(November 2020), 116195. https://doi.org/10.1016/j.apenergy.2020.116195. 

Quartile Q1 by JCR and SJR. 

• Rosero, F., Fonseca, N., López, J.-M., & Casanova, J. Assessing the impact of 

congestion on CO2 and NOx emissions for urban buses by combining naturalistic 

driving profiles and open access city traffic data. (Ready to be sent for review). 
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Scientific posters 

• Casanova J., Rosero F., Fonseca N., Flores, N. ‘Experience using a diffusion 

charging particle counter in a Euro V diesel city bus in Madrid. Influence of the 

transient conditions on PN emission factors’. 23rd ETH-Conference on 

Combustion Generated th-Nanoparticles. June 17th-20th ,2019. Zurich – 

Switzerland. 

 Recommendations for Future Work 

To expand the research topics of this thesis, the following aspects are suggested for future 

works. 

• Bus comparison with engine mapping approach 

The proposed engine mapping approach could also be applied to the CNG bus in the 

future. This would lead to a comparison of diesel and CNG buses from a third perspective, 

as the two comparisons in this research were performed in terms of both the trip-level 

emission factors and the emission rates based VSP bins.  

• CNG vs Diesel: Euro VI standard 

Diesel and CNG tested buses meet different emission standards; this was the scope of the 

'CICLOPE Research Project', which led to the development of this doctoral thesis. Hence, 

a comparison of the performances of CNG and diesel buses, with similar Euro VI 

standards, could be conducted as part of a future work. 

• Extensions to new-energy buses and LDVs 

This research focused on evaluating the real-world performances of diesel and CNG 

buses. However, the methods resulting from this research, which serve for both 

developing transient grid engine maps and for quantifying the effects of congestion, can 

also be easily applied to evaluate the performances of other new-energy buses, such as 

LNG buses, hybrid electric and fossil fuel buses, and full-electric buses. In addition, 

LDVs under real traffic conditions can be evaluated using the proposed method. 

• Real-world performance of aftertreatment systems 

In this study, to make an overall comparison of the SCR and TWC system performances, 

the tailpipe exhaust gas temperature was used as a proxy for the after-treatment 

temperature. However, the performance of the after-treatment systems is also based on 

other parameters, such as the engine output temperature, after-treatment system capacity, 

and ambient temperature. Hence, the real-world performances of the SCR and TWC 

systems in urban buses needs should be explicitly addressed in future works, provided 

that some specific operational data regarding the after-treatment system, OBD system 

(e.g. air-fuel ratio of the oxygen sensor), and engine-out emissions are available. 
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• Use of alternative intelligent transport systems information 

In addition to regular inductive loop sensors, as the European Union has implemented 

measures to promote the development and implementation of 'Cooperative Intelligent 

Transport Systems', there is a growing variety of recent devices being installed, both on 

the road (e.g. video camera and radars) and in public transport vehicles (e.g. GPS and 

OBD systems) for monitoring the traffic-flow conditions and vehicle speeds in cities. This 

massive amount of traffic data can be used to develop high-resolution vehicle emissions 

inventories at the city level. Future works could initially consider the emissions from the 

taxi fleets of Madrid, based on GPS-based big data driving profiles. 

• Use of GPS-based bus driving profiles in simulation tools 

The naturalistic driving profiles of this case study could also be easily used as input data 

for commonly used emissions models such as COPERT, HBEFA, and VERSIT. In future 

works, it would be interesting to compare the real-world results found in this study with 

those that obtained from other emissions models. Additionally, naturalistic driving 

profiles would be valuable information for vehicle simulators. 
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