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ABSTRACT 

 

Road transport is one of the major contributors to fuel consumption and emissions 

in Spain. Consequently, assessing the environmental impacts of road traffic is 

essential for climate change mitigation and energy efficiency programs. However, 

one of the key challenges of policy makers and transport planners consists of 

implementing consistent assessment emissions methodologies, applying mitigation 

strategies, and knowing their effectiveness.  

Current state-of-the-art emissions assessment methodologies estimate 

emissions from different levels and periods, using different approaches. 

Nevertheless, these studies are timely and they usually take different methodologies 

for analysing different strategies or policies, regardless of the assessment as a 

whole.  

This doctoral thesis provides knowledge and methodologies for analysing 

policies designed to reduce road traffic emissions, using the case study of Spain. The 

research procedure consists of two main scopes: i) the development and application 

of methodologies for analysing key factors and policies driving the GHG emissions 

of road transport in Spain; from a national perspective; and ii) the development and 

application of a road traffic emissions model for assessing operational and 

infrastructure strategies of the interurban road network at segment level.  

In summary, this thesis demonstrates the appropriateness to use different 

tools to analyse road traffic emissions at different levels: from appropriate 

nationwide mitigation and energy efficiency policies, to strategies focused on the 

operation of interurban traffic and infrastructure.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



RESUMEN 

 

El sector del transporte por carretera es uno de los principales contribuyentes de 

consumo de combustible y emisiones de España. Por lo tanto, la evaluación de los 

impactos ambientales del tráfico rodado es esencial para los programas de 

mitigación del cambio climático y la eficiencia energética. Sin embargo, uno de los 

retos en la planificación del transporte y el diseño de políticas consiste en la 

aplicación de metodologías de evaluación de emisiones consistentes, el diseño de 

estrategias y la evaluación de su eficacia.  

Las metodologías existentes de evaluación de las emisiones del transporte 

por carretera, utilizan diferentes niveles de análisis y períodos. Sin embargo, estos 

análisis son puntuales y no existe una continuidad en el análisis de diferentes 

estrategias o políticas.  

Esta tesis doctoral proporciona conocimientos y herramientas para el 

análisis de las políticas destinadas a reducir las emisiones de tráfico, tomando 

España como caso de estudio. La investigación se estructura en dos partes: i) el 

desarrollo y aplicación de metodologías para el análisis de factores y políticas que 

contribuyen en la evolución de las emisiones GEI del transporte por carretera en 

España; desde una perspectiva nacional; y ii) el desarrollo y aplicación de un marco 

metodológico para estimar las emisiones del tráfico interurbano y de evaluar 

estrategias centradas en la operación del tráfico y en la infraestructura.  

En resumen, esta tesis demuestra la idoneidad de utilizar diferentes 

herramientas para analizar las emisiones de tráfico desde diferentes puntos de vista. 

Desde el diseño de políticas de mitigación y eficiencia energética a nivel nacional, a 

estrategias  centradas en la operación del tráfico interurbano y la infraestructura. 
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Chapter 1 – INTRODUCTION 
 

1. INTRODUCTION 

 

“The day may soon come –if it’s not already here- in which the individual automobile can no 

longer be tolerated as a convenient form of transportation, simply because of its adverse 

effects on the life quality of people, not just the aesthetic of the atmosphere” 

Patterson & Henein (1972) quoted Dr John Middleton as stating in 1968 

 

 

 

During the past few decades there has been an ongoing academic and policy debate 

on how and to what extent different policies and strategies are influencing the 

mitigation of climate change impacts of road transport. The background to this 

debate is the rapid economic growth which has led to a boost in transport activity, 

particularly in road traffic, and consequently an increase in energy consumption and 

environmental impacts.  

As awareness was spreading, the research activity of road transport was 

concentrated on the analysis of energy consumption and emissions from road 

transport and the assessment of actions to mitigate them. The Introduction chapter 

is an attempt to understand how transport policy intervention can contribute to 

climate change mitigation of road transport and what assessment methodologies 

have been more popular. The ultimate goal of this introduction is to identify areas 

where the current thesis will contribute to fill the scientific gaps and to propose a 

research methodology to solve them.  

To meet these objectives, this chapter is divided as follows: (i) outline of the 

challenges in road transport concerning energy consumption and climate change 

impacts (Section 1.1); (ii) analyse the key factors driving energy consumption and 

emissions of road transport (Section 1.2); (iii) review different assessment 

methodologies, abatement strategies and data availability (Sections 1.3, 1.4 and 

1.5); and (iv) identify research areas that lead to the development of the thesis 

(Section 1.6).   
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METHODOLOGIES TO MEASURE AND TO MANAGE THE DECARBONISATION OF ROAD TRANSPORT. THE CASE OF SPAIN.  

1.1 Challenges in road transport: energy consumption and 
climate change 

A key component, according to Banister (2012), of economic growth and welfare of 

people is transport which is increasing with the growth of world economies. 

According to the World Business Council for Sustainable Development (WBCSD, 

2004) mobility is an “essential human need” and that social development depends 

on efficiently moving people and goods. Since the second half of the 20th century 

personal mobility has increased rapidly with many benefits for society including 

convenience, speed, comfort and freedom of movement. In particular, the use of 

roads has increased enormously, compared to other transport modalities. For 

example, in 2010 the share of passenger-kilometres in road was 83.7% for the EU-

27 and 85.8% for Spain (EU, 2012b). In the case of freight transport, the share of 

tonne-kilometres in road was 45.8% for EU and 95.8% for Spain in 2010 (EU, 

2012b). Although, road transport is recognized as having positive effects on society, 

it also has negative impacts. These consequences include traffic congestion, 

accidents, noise, vibration, use of land, air pollution, energy dependence, climate 

change, to mention the obvious ones. Climate change is a consequence of the fact 

that road transport mainly relies on a single fossil resource, petroleum that supplies 

95% of the total energy used by world road transport (Kahn Ribeiro, Kobayashi, 

Beuthe, et al., 2007). When any fossil fuel is burned, it produces, among others, 

carbon dioxide (CO2) which contributes to global warming through the greenhouse 

effect and pollutant emissions. Therefore, the increase in road transport activity is 

producing the following pressing problems (see Figure 1.1):  

• The fossil fuel dependence or energy dependence. Fossil fuel is a non-

renewal source which has an end. The energy dependence is producing the 

scarcity of oil which is leading to oil price volatility and endangering energy 

security; and also the increase in energy intensity, contrary to energy 

efficiency (International Monetary Fund, 2011). What is more, the energy 

intensity of road transport is higher than other alternative modes of 

transport such as rail and is affected by the vehicle characteristics; 

• Increasing greenhouse gas (GHG) emissions, are the main source of climate 

change (i.e. temperature, precipitation, extreme weather, etc.) and global 

- 2 - 
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warming. The GHGs contribute to the greenhouse effect –and consequently 

to climate change- by absorbing infrared radiation (heat). The combustion 

process of fossil fuel produces CO2 emissions, the first source of GHG. The 

majority of GHG emissions from road transport are CO2 emissions, and to a 

lesser extent methane (CH4) and nitrous oxide (N2O) which are emitted 

during fuel combustion. GHG emissions are usually measured as equivalent 

carbon dioxide (CO2eq) which describes, for a given mixture and amount of 

greenhouse gas, the amount of CO2 that would have the same global warming 

effect; 

• And air pollution highly affects human health. Air quality impacts are the 

sources of pollution in the form of gas and particulate matter emissions that 

affect air quality causing damage to human health. For a comprehensive 

review of the possible harmful consequences of traffic-related air pollution 

see Han & Naeher (2006).  

 

Figure 1.1 Challenges of road transport: environmental impacts and associated problems.  

Source: Figure originally prepared for Thesis 

1.1.1 Road transport, energy consumption and GHG emissions 

Energy and emission estimations were taken from official sources such as national 

statistics and validated inventories. It should be mentioned, however, that in the 

estimation of energy consumption and emissions of each mode of transport, the 

figures are not considered from a global perspective, and they usually refer to the 

operational stage. In fact, for total accuracy it is necessary to consider the energy 
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consumption and emissions covered throughout the entire life cycle –from well to 

wheel- that includes emissions during the construction and maintenance of 

transport infrastructure; the construction and maintenance of vehicles; the 

production of the energy used; the operational stage (movement of vehicles) and 

the deconstruction phase.  

But, non-operational phases like manufacture, construction and maintenance 

are usually excluded for emissions estimations. The main reason is because they 

represent a small percentage of total road emissions of the entire life cycle. In fact, 

(Kalejona, 1996; Lenzen, 1999; Hill, Brannigan, Wynn, et al., 2012) agreed that three 

quarters of the energy consumed and GHG emissions produced during the life-cycle 

of a road are due to vehicle fuel consumption; the remaining quarter corresponds to 

the construction and maintenance of vehicles and infrastructure. Therefore the 

operation stage is considered the most important phase of the road life-cycle, and 

official sources only show the operational stage.  

Bearing in mind the limitations stated above, the transport sector accounts 

for 22% of total global emissions. As Figure 1.2 shows, for worldwide transport, the 

fast emission growth was driven by emissions from the road sector, which rose 52% 

from 3.4 GtCO2eq in 1990 to 5.1 GtCO2eq in 2011 and accounted for about three 

quarters of transport emissions in 2011 (IEA, 2013a). Moreover, global demand for 

transport appears unlikely to decrease in the foreseeable future, and the IEA (IEA, 

2013b) projected that transport fuel demand will grow by nearly 40% by 2035. In 

Europe, road transport is the second largest source of emissions accounting for 18% 

of total GHG emissions. Between 1990 and 2010 road transport emissions increased 

by almost 22%, from 718.2 MtCO2eq to 876.6 MtCO2eq, whereas in all other sectors 

these emissions are far below their 1990 levels (e.g. reduction of 22% by industry) 

(Lapillone, Serbi & Polliter, 2012).  Road transport is expected to continue playing a 

dominant role by 2030, with emissions from transport expected to increase by 26% 

from 2005 to 2030 with an important contribution from the use of road (Petersen, 

Enei, Hansen, et al., 2009).  

Meanwhile in Spain, the share of road transport from the total national 

transportation emissions has remained steady at 90%, increasing from 1990 to 
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2010 by 63.6% (MAGRAMA, 2012), and from 51.2 MtCO2eq to 83.8 MtCO2eq. As in 

Europe, the road transport emission trend is to grow by 25% in 2030 compared with 

the 2005 level (Lumbreras, Borge, Guijarro, et al., 2014). Figure 1.2 shows that 

transport in Spain is strongly based on road, compared to Europe or internationally. 

In the last twenty years there has been a large increase in road emissions caused by 

an intense development of road infrastructure and economic growth in Spain. Figure 

1.3 represents the share of CO2eq emissions of road transport in 1990 and 2010. 

This shows that road transport in Europe has reduced its contribution to global 

emissions, from 21% to 17%, unless total emissions have increased. On the other 

hand, road transport in Spain contributed to 2% of global emissions in 2010. Despite 

the increase in road transport emissions in absolute terms during the last two 

decades, from 2007 to 2011 there was a slight decrease in emissions, due to the 

economic crisis. In the case of Spain, the decrease of road transport CO2 emissions 

during this period was 20% of the 2007 emissions, reaching the levels of year 2000 

(MAGRAMA, 2012). This reveals that road transport emissions trends are influenced 

by –apart from activity - a wide range of factors from different backgrounds: fuel 

economy, socioeconomic development, etc.  

 
Figure 1.2 GHG emission increase in road transport: Worldwide, Europe, Spain.  

Source: Adapted from (IEA, 2013a; Lapillone, Serbi & Polliter, 2012; MAGRAMA, 2012) 

 

52%

22%

63,60%
75% 72,10%

90%

0%

20%

40%

60%

80%

100%

Worldwide 1990-2011 Europe 1990-2010 Spain 1990-2010

Road transport emissions growth

Share of road transport in the total
transportation emissions

- 5 - 



METHODOLOGIES TO MEASURE AND TO MANAGE THE DECARBONISATION OF ROAD TRANSPORT. THE CASE OF SPAIN.  

 

Figure 1.3 Share of CO2eq emissions of road transport from 1990 to 2010.  

Source: (IEA, 2013a) 

 

In conclusion, the Spanish road transport sector is the largest contributor to 

the nation’s GHG emissions from transport and these emissions are rapidly growing. 

Achieving major reductions in GHG emissions from the road transport sector must, 

therefore, be a central part of Spanish national effort to cut emissions.  

1.1.2 Climate change mitigation in context 

Worldwide 

Climate change is a problem that requires global policies and global agreements. 

Awareness of these problems has already led to efforts to minimize and reduce 

them, i.e. climate change mitigation actions. The worldwide awareness on global 

warming and energy scarcity started in 1988 with the establishment of the 

Intergovernmental Panel on Climate Change (IPCC). Its aims are to assess the 

relevant climate change, the vulnerability to socio-economic systems and the 

options to limit the GHG emissions. Based on investigations, the IPCC published a 

first assessment report of the evidence on climate change (IPCC, 1990) and the need 

to take joint actions. Afterwards, in 1994, the United Nations Framework 

Convention on Climate Change (UNFCCC) was created. Figure 1.4 represents the 

evolution of climate change agreements at the international level. The bottom part 

represents the global GHG emissions trends compared to transport emissions from 

1990 to 2012.   

The will to tackle climate change was agreed by the international community, 

through the UNFCCC and the Kyoto Protocol of 1997 (UN, 1998). The Kyoto Protocol 
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aimed at governments to decrease the GHG emissions by 5.2% in 2008-2012 period 

compared to the year 1990 (UN, 1998). But the Kyoto Protocol came into force in 

2004 during the Milan Summit when Russia decided to join the protocol. Besides 

influencing the application of the Kyoto Protocol, the international community 

began to analyse what to do after 2008-2012 at the Nairobi Summit in 2006 

(UNFCCC, 2006). Moreover, in 2006 the Stern Review (Stern, 2007) was published 

which highlighted that climate change is a serious global threat, and demanded an 

urgent global response. Additionally, the IPCC’s Fourth Assessment Report: Climate 

Change 2007 (IPCC, 2007a) was published and climate change entered into popular 

consciousness. An interesting part of the report was the Working Group III: 

Mitigation of Climate Change in which transport and its infrastructure received 

special consideration (Kahn Ribeiro, Kobayashi, Beuthe, et al., 2007). The transport 

sector is considered as an important sector to apply mitigation strategies since 

worldwide the transport sector ranked the fourth position out of all sectors in terms 

of GHG emissions in 2004, representing 23.1% (IPCC, 2007b). UN negotiations have 

been under way since 2007, and still continuing in 2015, to agree on further climate 

action to be taken beyond 2012. The negotiations so far resulted in the 2009 

Copenhagen Accord (UN, 2009), the 2010 Cancun Agreements (UN, 2010) and the 

Durban outcomes (UN, 2011). Nevertheless, the most important was the Doha 

Climate Gateway 2012 (UN, 2012) which detailed the second Kyoto period and 

agreed a work plan for negotiations on the new global agreement. Most recently, the 

Warsaw conference (UN, 2013) agreed a time plan for countries to table their 

contributions to reducing or limiting GHG emissions under the further global 

agreement in 2015.  

Currently, the IPCC Fifth Assessment Report has been published which 

highlighted that reducing global transport GHG emissions will be challenging. In fact, 

the continuing growth in passenger and freight activity could outweigh all 

mitigation measures unless transport emissions can be decoupled from GDP growth 

(Sims, Schaeffer, Creutzig, et al., 2014). The Working Group III (Sims, Schaeffer, 

Creutzig, et al., 2014) underlines that: 
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• Decarbonising the transport sector is likely to be more challenging than 

other sectors, given the continuing growth in global demand, and the marked 

influence in road transport; and 

• There is a lack of comprehensive and consistent assessment of the worldwide 

potential for GHG emissions reduction from the transport sector.  

Finally, the bottom part of Figure 1.4 shows that global GHG emissions have been 

decreasing since 1990, and major reductions were produced between 2007 to 2009, 

corresponding to the economic crisis. On the other hand, the contribution of 

transport to the total GHG emissions has increased, passing from 18% to 23%, and 

around 80% of this increase has come from road vehicles (Sims, Schaeffer, Creutzig, 

et al., 2014). 
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Figure 1.4 Milestones in the worldwide fight against climate change and global GHG emissions 

trend. Source:(UNFCCC, 2014) 
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Europe 

In parallel to the global awareness, the European Union (EU) has promoted the 

reduction of GHG emissions since the late 90s (see Figure 1.5). The EU initiatives to 

reduce GHG emissions started in 2000 when the European Commission (EC) 

launched its First European Climate Change Programme (ECCP 2000-2004). ECCP 

addressed the most promising emission reduction measures, in view of achieving 

the Kyoto target of 8% reduction which was approved by the EU in 2002 (EC, 2002). 

A working group was created within the ECCP in charge of analysing the transport 

sector and its potential mitigation options. Then in 2005, the Second ECCP was 

launched which adopted the EU Emissions Trading System (EU ETS) (EC, 2003). ETS 

is a key tool for reducing greenhouse gas emissions from industry, but the transport 

sector required different dimension for such strategies, seeing that transport is a 

diffused source of emissions. Consequently, under that Second commitment period 

the Effort Sharing Decision (ESD) (EC, 2009) was adopted. The ESD emission 

reduction targets were set individually for each Member State based on its wealth, 

measured by its GDP per capita. For the case of Spain, a reduction of 10% by 2020 is 

expected compared to 2005 for the ESD sectors. The ESD mainly covers emissions 

from transportation, buildings, small business and services, agriculture and waste. 

Besides the ESD and EU ETS Directive, there are other EU policies which have a 

direct impact on GHG emissions in various sectors, including transport. EU 

published different policy papers in connection with climate change such as: The 

Strategy on climate change (EC, 2005), the strategy on climate change for 2020 and 

beyond (EC, 2007a) or the Strategy for reducing emissions by 20% or more by 2020 

(EC, 2010b). These reflect how the EU is taking action to curb GHG emissions in all 

its areas of activity (Figure 1.5 in grey).  

In addition, and focusing on transport, the European transport policy aims to 

adapt the growing mobility needs with the requirements of sustainable 

development, including climate change mitigation. The EU seeks a “cleaner-better” 

balanced transport under the different actions (Figure 1.5 in orange and green) and 

its efforts started in 2001 when the White Paper 2001, European transport policy for 

2010: time to decide (EC, 2001b) was published, and the creation of the European 

Energy and Transport Forum (EC, 2001a). They made a significant contribution 
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towards reducing the impact of transport on climate change through the better 

management of freight transport and the harnessing of technology. Hence, energy 

policies and transport policies are closely associated and these have been in force 

since 2006: Energy Policy for Europe (EC, 2007b), Green Paper on Urban Mobility (EC, 

2007c), Internalization of external cost of transport (EC, 2008), Strategy on clean and 

energy efficient vehicles (EC, 2010d), Strategy for competitive, sustainable and secure 

energy (EC, 2010c), or the recently White Paper 2011 (EC, 2011c) among others.  

The White Paper on transport 2011 defines a policy agenda for the next decade 

to achieve a “resource-efficient” Europe. It adopts a list of initiatives to reduce at 

least 60% of GHGs by 2050 with respect to 1990 from the transport sector (in 2011 

transport emissions were above 28% of 1990 levels). Among the initiatives that 

should be highlighted:  

- (26). Regulatory framework conditions through standardisation or 

regulation: Appropriate standards for CO2 emissions of vehicles in all modes, 

ensure that CO2 and pollutant emissions are reduced under real-world 

driving conditions by proposing revised test cycle to measure emissions; new 

clean technologies; etc. For instance, the recently published Regulations that 

define the modalities for reaching the 2020 target require reducing CO2 

emissions from new passenger cars (EU, 2014). It sets mandatory emission 

reduction targets for new cars to achieve 130 grams of CO2 per kilometre by 

2015 for all new cars.  

- (28). Vehicle labelling for CO2 emissions and fuel efficiency: To review the 

labelling Directive (EC, 1999) to make it more effective. The Directive set EU 

Member States to ensure that relevant information is provided to consumers, 

including a label showing a car’s fuel efficiency and CO2 emissions. 

- (29). Carbon footprint calculators: To encourage business-based GHG 

certification schemes and to develop common EU standards in order to 

estimate the carbon footprint of each passenger and freight journey with 

versions adapted for different users.  

- (30). Eco-driving and speed limits: To include eco-driving requirements in 

future revisions of the driving licence directive; examine approaches to limit 
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the maximum speed of light commercial road vehicles, in order to decrease 

energy consumption.  

- (33). A strategy for near –‘zero-emission urban logistics’ 2030: To better 

monitor and manage urban freight flows; low emission vehicles in 

commercial fleets, etc. 

- (39). Smart pricing and taxation: To revise motor fuel taxation with clear 

identification of the energy and CO2 component, evaluate existing car road 

charging schemes, internalisation of external cost for all modes of transport, 

etc.  

The White Paper 2011 also includes an attempt to decouple economic growth 

from the use of resources, by reducing carbon dependency in the economy and 

modernising the transport sector and promoting energy efficiency. The White Paper 

forms part of the Europe 2020 strategy (EC, 2010a), the Energy Efficiency Plan 2011 

(EC, 2011a) and the Roadmap for moving to a competitive low carbon economy in 

2050 (EC, 2011b). In fact, despite the initial national energy efficiency actions plans 

submitted by Member States in 2006, the first analysis confirmed that the Union was 

not on track. This was the reason for launching the Energy Efficiency Plan 2011 in 

which energy efficiency of the transport sector was considered in parallel with the 

White Paper on Transport 2011. Together with the White Paper on Transport and 

the Energy Efficiency Plan, the Roadmap for low carbon economy (EC, 2011b) 

presents possible action up to 2050 which could enable the EU to deliver GHG 

reductions in line with the 80 to 95% target agreed. Finally, the Energy Efficiency 

Directive (EU, 2012a) established a common framework of measures for the 

promotion of energy efficiency within the Union in order to ensure the 20% headline 

target on energy efficiency.  

The bottom part of Figure 1.5 shows how Europe has reduced its total GHG 

emissions achieving the Kyoto Protocol target. The GHG emissions decreased in the 

majority of the sectors, with notable exception of transport.  In fact, the increase in 

transport emissions has been produced by the rise in the road transport activity. In 

conclusion, the main aim of EU concerning the road transport is to create the 

conditions whereby the road transport sector can operate efficiently, safely and with 

a minimum impact on our environment. 
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Figure 1.5 Milestones in the European Union against climate change and GHG emissions trend. 
Source: (Eurostat, 2014) 
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METHODOLOGIES TO MEASURE AND TO MANAGE THE DECARBONISATION OF ROAD TRANSPORT. THE CASE OF SPAIN.  

Spain 

Meanwhile, Spain’s ratification of the Kyoto Protocol in 2002 meant a 

commitment to limit the increase in emissions by only 15% in the period 2008-2012 

compared to 1990 level. In this respect, The Ministry of Environment established 

the Spanish Climate Change Office (OECC). The OECC is responsible for the 

administrative coordination of public policies on climate change. The framework of 

reference for climate change mitigation in Spain has been constituted by the 

National Allocation Plan (NAP) for Emissions Allowances which was divided into 

three periods: three years period 2005-2007, five years period 2008-2012, and the 

current eight years period 2013-2020 (MAGRAMA, 2014). The NAPs determine the 

total number of emission allowances assigned to each period, and the applicable 

allocation procedure, but road transport as a diffuse sector is not included. In 

connection with this mitigation policies, there was the Spanish Air Quality Strategy 

in 2007 (MAGRAMA, 2007a) which focused on fulfilling the objectives relating to 

national emissions allowances and air pollution. Concerning transport, it set out to 

promote less polluting modes of transport, alternative fuels and more efficient and 

clean technologies. This Strategy promoted the Air Quality and Atmospheric 

Protection Law 34/2007 (Spanish Government, 2007). It set the background in terms 

of prevention, monitoring and reduction of air pollution, and transport sector was 

included. Another recent action was the Spanish National Air Quality Plan 2013 

(MAGRAMA, 2013) that defined the most important guidelines to improve air 

quality in Spain, including specific tools and protection measures to control traffic 

emissions and protection of air quality of the Spanish cities.  

The climate change policies are being implemented alongside other energy 

efficiency and transportation policies which also aim at reducing GHG emissions. 

Such as, the Spanish Strategy of Energy Saving and Efficiency 2004-2012 (also called 

E4) which have been extended to 2020. The aim of the E4 was to continue carrying 

out policies in the hope of improving energy efficiency, as a result of the start of the 

period for calculating emissions according to the Kyoto Protocol (IDAE, 2003). The 

E4 included policies related to transport, and grouped in: i) modal change measures 

towards more efficient modes, ii) measures on a more efficient use of transport 

means, iii) measures of energy efficiency improvements in vehicles.  

- 14 - 



Chapter 1 – INTRODUCTION 
 

The E4 included two action plans: Action Plan 2005-2007 (IDAE, 2005a), which 

set out priority measures to start a process applying pressure to all sectors, to 

reduce growth rates in consumption and in energy intensity indicators; and the 

extension in time the Action Plan 2008-2012 (IDAE, 2007). The main action lines of 

this later Action Plan 2008-2012 included: 

• Strengthening the modal shift through sustainable mobility plans in cities 

• Enhance training systems in all modes of transportation 

• Fleet renewable of cars and light-duty vehicles 

• Increase the penetration of biofuels in the transport sector.  

 

Currently, we are under the Action Plan 2011-2020 (IDAE, 2011b) and estimates 

that the transport sector will ascribe the 51% of the entire energy saving in 2020. 

Moreover, within the transport sector, the savings are ascribed to road mode by 

77% essentially associated with the goods traffic or improvement of vehicles 

(inclusion of electric vehicle). The Action Plan 2011-2020 will add other existing 

measures such as the vehicle registration tax according to vehicle efficiency and CO2 

emissions per travelled kilometre, the Efficient Vehicle Incentive Programme: Plan 

PIVE -from 2012 (MINETUR, 2013), and the Comprehensive Strategy to Promote the 

Electric Vehicle in Spain 2010-2014: MOVELE Plan (IDAE, 2011a). In this plan it is 

estimated that CO2 emissions will amount to 17,650 and 24,006 Kt of CO2 emissions 

in 2016 and 2020 respectively.  

The E4 Strategy is interwoven with two others in the background of energy 

efficiency: the Spanish Climate Change and Clean Energy Strategy 2007-2012-2020 

(MAGRAMA, 2007b) and the Renewable Energies Plan 2005-2010 (IDAE, 2005b). In 

this respect, MAGRAMA (2007b) identified the diffuse sectors (transport, 

residential, commercial and institutional, etc.) as responsible for the increase in GHG 

and proposes to reduce them over the five-year period. In this sense, the E4 has an 

important role to play. Meanwhile, the Renewable Energies Plan aimed at recovering 

renewable sources at least 12% of total energy consumption in 2010, as well as to 

incorporate 29.4% of electricity generation from renewable and 5.75% biofuels in 

transport for the year (IDAE, 2005b).  
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Moreover, during this period there were also established transport policies such 

as the Strategic Infrastructures and Transport Plan PEIT 2005-2020 (MF, 2005) 

which was conceived as a planning instrument by which to frame its medium-term 

actions. Unless the promotion of rail was under the Plan’s clearest strategic options, 

road was also maintained as a priority. In 2007, the Spanish Sustainable Development 

Strategy (MAGRAMA, 2007c) aimed towards a more coherent society in terms of 

rational use of its resources, and more equitable and cohesive approach. It includes 

objectives in seven high-priority areas: climate change and clean energies; 

sustainable transport; sustainable production and consumption; public health 

challenges; management of natural resources; social inclusion; demography and 

migration; and world-wide poverty.  Following one part of sustainable development, 

the Spanish Strategy for Sustainable Mobility was established in 2009(MF, 2009). It 

set up the guidelines and measures regarding land use planning, transport and 

infrastructures, climate change and reduction of energy dependence, air quality and 

noise, security and health and demand management, giving special attention to 

foster alternatives for the private vehicle and the use of more efficient and 

sustainable ways of transport. Another important strategy was the Spanish Strategy 

for Urban and Local Sustainability in 2011 (MAGRAMA, 2011). The strategy was 

focused on sustainable mobility in the urban area, developing objectives, guidelines 

and lines of action consistent with sustainable development. Currently, the 

Infrastructure, Transport and Building Plan PITVI 2012-2020 (MF, 2014) includes 

five main strategic objectives: efficiency and capacity optimization, economic 

balance, sustainable mobility, territorial cohesion and accessibility, and intermodal 

transport system.  

Finally, it is worth mentioning that in connection with the Spanish Strategy for 

Sustainable Mobility the Sustainable Economy Law of 2011 (Spanish Government, 

2011) was created which defines actions for achieving sustainability in the Spanish 

economy, including as a main principle the energy saving and efficiency, and the 

promotion of clean energy and reduction of emissions. Most recently the new 

Environmental Assessment Law (Spanish Government, 2013) made it obligatory to 

consider climate change impacts in a plan or programme. Even more, it required the 
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inclusion of the carbon footprint evaluation of plans, programmes or projects in the 

Strategic Environmental Assessment (SEA).   

The result was that several mechanisms entered into force since 2000. 

Nevertheless, despite the significant decrease in total GHG emissions since 2008, 

Spain remains an industrialized country that has increased emissions and still 

requires major efforts to meet the Kyoto Protocol (see bottom part of Figure 1.6). 

From 1990 to 2012, the transport sector has contributed around 20% to total 

emissions, reaching 26% in 2007. After 2008, GHG emissions decreased, including 

transport, but it is difficult to assess whether a part of the reduction was due to 

results of the strategies and policies implemented in recent years for the transport. 

This is complicated because no appropriate mechanism to assess its performance 

was established. Therefore, the question that arises is: Are actions and strategies 

effective enough to reduce emissions?  
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Figure 1.6 Milestones in Spain against climate change and GHG emissions trend.  

Source: (Eurostat, 2014) 
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1.1.3 How to overcome these challenges? 

The presented challenges should be technically addressed from an efficiency point 

of view, and mitigation actions should be considered by means of appropriate and 

consolidated procedures. Some aspects have to be taken into account including: 

- The first point is that mitigation actions should be implemented inside a 

sustainable road transport framework. Sustainable transport rose from the 

concept of sustainable development which implies meeting the needs of the 

present generations without compromising the ability of future generations 

to meet their own needs (WCED, 1987). This entails that action may fulfil 

three dimensions: economic sustainability (economic efficiency); social 

sustainability (distributional/ social equity); and environmental 

sustainability (ecological stability).  

- Secondly, it must be taken into account that the transport sector is under 

transition. Therefore, road transport should turn from carbon-intensive into 

a low-carbon sector (Figure 1.7). In fact, road transport transition has been 

occurring since the last century. During the second part of 20th century 

developed countries experienced a transition from existing regimes of public 

transport to a regime of car-based mobility, with the privately owned car as 

the main means of personal transport (Kemp, Geels & Dudley, 2012). 

Traditionally, transport investment was justified by the lack of capacity and 

the travel time savings. Consequently, new road infrastructures (mostly high 

capacity roads) were constructed that enable faster journeys and also led to 

more kilometres driven by private motorized modes. This resulted in more 

energy consumption and high carbon based mobility. These problems are the 

centre of current transport policies, towards low carbon mobility (Givoni & 

Banister, 2013). But it is not clear how mobility will evolve facing the current 

challenges. Countries need to turn to a low-carbon transport to avoid locking 

themselves into an unsustainable and costly future. The role of the road 

transport sector as major source of transport GHG emissions and 

dependence on fossil fuels are the two main drivers of that transitional 

process towards sustainability.  
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All in all, road transport should evolve following the new sustainable mobility 

paradigm proposed by Banister (2008). That paradigm relies on reasonable travel 

time rather than travel minimization, reducing the need to travel (through distance 

reduction and home working), seeing transport as a value activity rather than 

derived demand, achieving modal shift, lower levels of pollution and noise from 

transport, greater energy efficiency, more efficient use of infrastructures (through 

higher vehicle occupancy and demand management) and increasing the quality of 

places and spaces (Banister, 2008).  

 

Figure 1.7 Road transport in transition. Source: Figure originally prepared for Thesis 

 

How should the process be understood and what has to be done to move forward 

towards an energy efficient and low carbon road transport? 

In order to answer these two questions, the following steps are proposed (see 

Figure 1.8).  

- To analyse relevant factors driving GHG emissions trends in road 

transport. In fact, before applying any actions, it should be known first 

what factors affect the most to reach this inefficient situation and to 

move forward. What are the key drivers affecting GHG emissions trends? 

How do the mitigation actions help curb emissions, if any?  

- Selection of abatement strategies. After identifying key factors, 

strategies should be proposed to curb emissions from transport. Those 

strategies usually affect one or more factors. 

- To identify appropriated emissions assessment methods for the scale 

of application. Since, it is not the same to analyse the entire emissions of 

Carbon-intensive
road transport

Low-carbon
road transport

decarbonisation

Sustainable development
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a country than the specific road network of a region, an urban area, etc. 

(see Section 1.3). Then, the highest polluters should be identified and 

after abatement strategies should be proposed. If a correct assessment 

methodology is selected, emissions savings –due to abatement 

strategies- could be predicted. But it should be taking into account that 

such actions should reduce energy intensity and curb road 

transportation demand without compromising economic and 

development growth. If they are to be effective, all these measures must 

be integrated into a coordinated sector-wide approach. 

- Finally, based on this process, recommendations could be compiled 

towards the energy efficiency of road operation. 

 

 
Figure 1.8 Proposed steps towards energy efficiency and low carbon road transport. Source: Figure 

originally prepared for Thesis 

 

In conclusion, since 1990 there has been an increasing consciousness to reduce 

environmental impacts of transport. During the last ten years, the road transport 

sector has been identified as a sector necessary to act and to achieve low-carbon 
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GHG emissions of road transport
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Policy recommendation
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mobility. These targets are usually attained by taking general climate change 

mitigation actions. Nevertheless, the design of actions plans to decarbonise road 

transport needs deeper analysis: how emissions evolve, how they could be 

estimated and how efficient strategies are. 
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1.2 Key factors influencing the energy consumption and GHG 
emissions of road transport  

Climate change problems present difficult challenges for transport, which is one of 

the few sectors where CO2 emissions continue to rise –lead by road transport- and 

traditionally has been planned for economic and social optimization. But, what 

about environmental optimization? Actually present predictions suggest that road 

transport activity will continue to grow for the foreseeable future, short of 

worldwide economic collapse as has been happening recently. So, although the need 

for decarbonising road transport is evident, and GHG reductions have started to be 

pursued through many actions, it has so far been difficult to achieve sizable emission 

reductions from road transport.  

For instance, evidence from recent years shows that although energy 

efficiency has improved due to technological solutions, this has been more than 

outweighed by the increases in travel (Banister, Anderton, Bonilla, et al., 2011; 

Banister, 2011). This means that GHG emissions reductions cannot be only achieved 

by one action, but rather should be taken as an integration of a wide range of 

strategies in which different action areas would be involved.  

As a consequence, it is necessary to clarify which are the different action 

areas and what are the main factors. Figure 1.9 illustrates three different areas 

involved against the battle of energy consumption and GHG emissions reduction of 

road transport and the main factors.  

The total GHG emissions of traffic flows directly depends on three main 

factors, as show in the first line of Figure 1.9: demand (or activity), the fuel 

consumption and the carbon intensity of the fuel. Nevertheless, these main factors 

are also affected by other factors, which could be divided into three governance 

levels: 

i) Technology development has the potential to improve their energy and 

carbon efficiency. The type of fuel burned (e.g. gasoline, diesel, biofuel, etc.) affects 

the amount of CO2eq that is emitted, based on the carbon content of fuel. 

Specifically, fuel economy and carbon content of fuel are affected by the 

composition of the vehicle fleet.  
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ii) Road system management and its investment and strategies directly affect the 

demand and fuel consumption. The amount of fuel consumed by vehicles depends 

of the vehicle operations and the fuel economy of these vehicles. Traffic 

management is responsible for the efficiency of the vehicle and the demand. 

Demand is correlated with the vehicle distance driven. The longer the distance is, 

the more fuel is consumed and higher the footprint.  

iii) External factors influence road transport activity, road transportation 

system investment and strategies, and vehicle fleet. These external factors 

comprise: fuel prices, economic growth, land use or urban forms, among others. 

These external factors are controlled by other areas which should seek to reduce 

travel by road. This is in line with Schwanen, Banister & Anable (2011) review of 

transport studies research on climate change mitigation. They concluded that 

there is a strong emphasis on mitigation via technology, economic instrument, 

infrastructure provision and traveller’s psyche, and transport studies may benefit 

from using the integration of several disciplines.  

 
Figure 1.9 Governance level of road GHG emissions reductions. Source: adapted from (Grant, 

Hartley, Milam et al. 2013) 
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Therefore, a new governance is necessary to analyse the various dimensions 

of road transport. This would be done by understanding the key factors influencing 

the GHG emissions levels of road transportation, as many authors have stated: 

Lakshmanan & Han (1997), Kwon (2005), Lu, Lin & Lewis (2007), Papagiannaki & 

Diakoulaki (2009), Timilsina & Shrestha (2009), Yan & Crookes (2009), Mendiluce 

& Schipper (2011), Pérez-López, Gasol, Oliver-Solà, et al. (2013). All of these authors 

used decomposition index techniques to explain the behaviour of energy demand in 

road transport by quantifying the relative contribution of the impacts of structural 

changes (population, economics, etc.) and energy intensity. They agreed that the 

increase in traffic volume (and consequently fuel consumption) has been extremely 

influenced by economic growth, which is one of the main points under the transport 

policy agenda in developed countries. In fact, these analyses are essential for 

designing new energy- and environmentally efficiency strategies for the road 

transport at national level.  

Focusing on the Spanish case, most of the published studies analysed the 

transport sector up to 2008 and they did not cover the economic crisis (Pérez-

Martínez & Monzón, 2008; Mendiluce, Pérez-Arriaga & Ocaña, 2010; Pérez-Martinez 

2010, Mendiluce & Del Río, 2010; Mendiluce and Schipper, 2011; Gonzalez & 

Marrero, 2012; Pérez-López, Gasol, Oliver-Sola, et al. 2013). The economic crisis 

started in 2007 and produced a significant impact on road transport. Total GHG 

emissions decreased, including road emissions (bottom part of Figure 1.6). As 

explained before, energy policies in road transport have been put in place since 

2000. Therefore, continuous research should focus on assessing the potential for 

GHG emissions reduction in road transport by the identification of its main 

influential drivers. It should be complemented with an assessment tool of the 

different mitigation actions in reducing emissions. This understanding will help 

policy makers to design mitigation actions and strategies properly. In this context 

and focusing on Spain, the questions that arises from this point are:  

 

What are the main factors or policies that contribute to an increase or 

decrease of energy consumption and GHG emissions in road transport in Spain? 

And what are their emissions impacts?  
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Although,	 past	 analyses	 usually	 covered	 the	national	 level,	 a	 special	 focus	

should	also	include	different	sublevels,	such	as	urban	daily	mobility	perspective.	In	

European	urban	areas,	the	contribution	of	transport	to	environmental	pollution	is	

particularly	large,	since	40%	of	all	transport‐related	GHG	emissions	are	produce	in	

cities	where	 the	 car	 remains	 the	main	mode	 of	 transport:	 75%	of	 all	 kilometres	

travelled	(passenger‐km)	in	European	urban	areas	are	produced	by	car	trips	(EC,	

2006).	So,	the	question	is	then:	

	

Special	focus:	What	are	the	main	drivers	in	urban	daily	mobility	patterns	

which	contribute	 to	an	 increase	or	decrease	 in	energy	consumption	and	GHG	

emissions	in	Spain?	
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1.3 Emissions assessment methodologies for road transport 

Transportation planners and decision-makers have the responsibility to enact 

policies or strategies to meet GHG emissions targets. Numerous current analyses are 

taken to assess the effectiveness of emissions reduction strategies by using 

assessment methodologies (review of methodologies in: Grant, Hartley, Milam, et al., 

2013). And two different approaches are often considered when estimated 

emissions: the one is called “top-down”, the other “bottom-up”.  

In a top-down approach, total annual road traffic emissions are assessed at 

the general level, i.e. national level. These emissions are spatially disaggregated at 

different levels, such as the provincial and municipal levels, by means of statistical 

indicators (proxies of population, roads, land-use, etc.). However, this approach may 

lead to higher or lower emissions for particular regions since such proxies are not 

always representative of real traffic activity. National emissions inventories usually 

use this top-down approach to estimate emissions, for instance the 

EMEP/CORINAIR Emission Inventory Guidebook used by European countries (EEA, 

2013). 

In a bottom-up approach, emissions are calculated on the basis of the 

available traffic data and then aggregated. Emissions are calculated for each street 

or road of the area under simulation. The traffic flow volumes, and the variation of 

average speed with time are used to calculate the temporal variation in emissions 

(Regmi & Hanaoka, 2010). Clearly, the bottom-up approaches are more precise and 

accurate. But, they require more effort to obtain the input data in such a 

disaggregated level. Consequently, it is almost impossible to have nationwide 

calculation by using this procedure.  

The following Figure 1.10 represents different road transport emissions 

levels and their link to different approaches. When estimating total national road 

transport emissions, top-down procedures are usually used. On the other hand, 

urban traffic and interurban traffic emissions are estimated by using bottom-up 

methodologies which take into account vehicle and road characteristics. Between 

them, it is possible to estimate the emissions for passengers or freight in urban or 

interurban roads. These usually use a combination of both approaches. Therefore, 
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top-down approaches using average national or regional data are usually applied. 

Such approaches are represented at the general level, but they could not be 

estimated to specific traffic situations and the differentiation for vehicle categories 

or road types. So, recommendations tend to include the of bottom-up methodology. 

Inside bottom-up methodologies, vehicular emission models constitute one of the 

most important parts.  

 

Figure 1.10 Road transport emissions levels. Source: Figure originally prepared for Thesis 

 

1.3.1 Vehicular emission modelling 

The mechanics of calculating the GHG emissions impacts of road transport are 

conceptually simple. Carbon dioxide (CO2) is by far the most significant GHG emitted 

by vehicular sources, and CO2 is emitted in direct proportion to fuel consumption, 

with some variation by type of fuel. As a result, estimating GHG implication of road 

transportation primarily involves estimating the amount of fuel used by motor 

vehicles.  

 Although conceptually simple, this calculation is quite complex in practice, 

since vehicle fuel consumption depends on a variety of factors which can be divided 

into the following categories: vehicle characteristics, vehicle operating conditions, 

and external environment conditions (Hassounah & Miller, 1994; Abbott, Hartley, 

Hickman, et al., 1995; IEA, 1995; Faiz, Weaver & Walsh, 1996).  
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• Vehicle characteristics: include the general vehicle design characteristics 

(weight, aerodynamic efficiency, etc.), propulsion characteristics, type of 

fuel, emission control devices, and engine power. It also includes the vehicle 

status which refers to mileage, age and mechanical status. Studies have 

shown that vehicle characteristics are significantly related to vehicle 

emissions. For instance, vehicle emissions are generally higher for older 

vehicles (Barth, Norbeck, Ross, et al., 1997). The effect of other vehicle 

parameters are investigated in several other research projects (Barth, 

Norbeck, Ross, et al., 1997; Bachman, 1998).  

• Vehicle operating conditions include engine dynamics (engine speed, power 

demand, etc.), air-to-fuel mass ratio, vehicle kinematic variables (speed, 

acceleration), driver behaviour, and starting mode of the vehicle (cold or hot) 

(Guensler, 1993). These variables are also known as individual driver 

behaviour or driving conditions.  

• External conditions are the environmental conditions under which the 

vehicle is operated, such as air conditions (ambient temperature, 

atmospheric pressure, relative air humidity), and road characteristics 

(longitudinal grade, curves, pavement quality).  

Given the strong influence of vehicle technology and status for vehicular 

emission generation, emission models are usually calibrated separately for every 

vehicle category –by make and model-. Figure 1.11 represents the factors 

influencing the calibration of emissions for each vehicle category and status. Driving 

conditions are generally the principal input of these models, while external 

environment conditions can be introduce as secondary inputs.  
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Figure 1.11 Factors that influence vehicular emission models. Source: Figure originally prepared for 

Thesis 

 

There is a large variety of approaches for vehicular emission modelling, each 

with its particular development, weakness, strengths and limitations. In addition, 

there are different measurement methods available for their calibration and 

validation, i.e. laboratory measurement, on-board measurements, road 

measurements and tunnel studies.  

The process of modelling emissions generated by road traffic generally consists 

of the following steps: (i) collecting data and information underlying the traffic flows 

and the entire analysed network, (ii) the inventory of the emission from road 

vehicles which compose the traffic flows (Mitran, Ilie, Tabacu, et al., 2011). This 

chapter is not intended to delve into the discussion of these types of measurement, 

but just point out that most of the emissions models are mainly based on laboratory 

measurements (Lacour, Jourmard & Andre, 2001; Joumard, André, Vidon, et al., 

2003; Smit, Dia & Morawska, 2009; Franco, Kousoulidou, Muntean, et al., 2013).  

There are some authors who provide a review description of emission 

calculation models (Esteves-Booth, Muneer, Kubie, et al., 2002; Barlow & Boulter, 

2009; Wang & Mcglinchy, 2009; Faris, Rakha, Kafafy, et al., 2011; Kousoulidou, 

Fontaras, Lonza, et al., 2013). Existing emission models from road traffic tend to be 

classified according to the following two categories: 

i) Combination of geographical scale of application and traffic modelling, 

with the reviewed literature classified the modelling emission into three 

broad categories: 
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• Macroscopic models. Traffic is represented as a compressible 

fluid, and movement of a single vehicle cannot be captured. 

Emissions are described as functions of total traffic volumes and 

average speed of traffic flow. For instance, COPERT (Gkatzoflias, 

Kouridis & Ntziachristos, 2007) or MOBILE (EPA, 2002). 

• Mesoscopic models attempt to accommodate the influence of 

speed fluctuation into general macroscopic modelling 

approaches. Driving behaviour is characterized in terms of the 

number of styles such as cruising, acceleration, deceleration, and 

idling, each of which generates different levels of emissions. The 

models are also called modal emissions models. For example, the 

MEASURE model (Guensler, Washington & Bachman, 1998). 

• Microscopic models estimate emissions at the level of single 

vehicle movement and are consequently related to parameters of 

vehicle movement such as instantaneous speed, acceleration rate 

and vehicles types. For instance, the CRUISE model (AVL, 2015). 

ii) Model type, the reviewed literature classified the modelling emissions 

into the following categories: 

• Aggregated emission factor models or bulk emissions factors are used to 

represent a particular type of vehicle and a general type of driving. The 

type of driving is usually divided between urban roads, rural roads and 

motorways. Vehicle operation is therefore taken into account at a basic 

level. The emissions factors are usually defined in terms of the mass of 

the pollutant emitted per vehicle and per unit distance or per unit fuel 

consumed. Aggregated emissions factor models are used on a 

macroscale, such as national or regional emissions inventories, where 

little information of the vehicle operation is provided. However, this 

procedure presents drawbacks when used on a microscale level, 

compromising its accuracy. As an example, the MEET methodology 

(Hickman, Hassel, Jourmard, et al. 1999).  

• Average speed models are based on the assumption that the average 

emission factor for a defined pollutant and a given type of vehicle 
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changes according the average speed during a trip. The emission factor 

function is usually expressed in grams of pollutant per vehicle-

kilometre. These models are generally used to estimate hot exhaust 

emissions from road vehicle in regional and national inventories, but 

are also incorporated into many local emissions models. Although these 

models cannot provide a disaggregate output, there are widely used for 

transportation planning purposes because of their relative simplicity. 

Figure 1.12 shows how an average-speed emissions function is adapted 

to the emissions factors measured for different vehicles over different 

range of driving speeds: for example, the COPERT model (Gkazoflias, 

Kouridis & Ntziachristos, 2007). 

 
Figure 1.12 CO2 emission functions of average travelling speed for Euro 2 gasoline vehicle.  

Source: (Kousoulidou, Ntziachristos, Hausberger, et al. 2010) 

 

• Adjusted average speed models are based on average speed 

models but they introduce a correction factor which represents 

some effects such as the effect of congestion on emissions, the 

effect of road gradient, the effect of the vehicle load, etc. In order 

to take into account such effects, the emission factor for the 

average speed is then adjusted using correction factors. For 

example, TEE: Traffic Energy and Emission model (Negrenti, 

1999) for Europe.  
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• Traffic situation models incorporate cycle dynamics in emissions 

models. They correlate the cycle average emission rates with 

various driving cycle parameters. The driving cycle is usually 

specified by the model user. The speed fluctuation is considered 

the best indicator of emissions instead of average speed. Traffic 

situation models are usually applied at local level in which 

emissions are estimated for individual links, unless they can also 

be applied for regional or national inventories. For instance, 

HBEFA, the Handbook Emission Factors for Road Transport 

(Hausberger, Rexeis, Zallinger, et al. 2009) and ARTEMIS 

(Boulter, 2009) for Europe, or EMFAC model (CARB, 2011) for 

California.  

• Multiple linear regression models make use of multiple regression 

analysis to the modelling of the emissions. They are based on 

tests on a large number of vehicles in different driving cycle. In 

the model, each driving cycle is characterized by a large number 

of parameters (e.g. speed, relative acceleration, number of stops, 

etc.). For example, VERSIT + model (Smit, Smokers & Rabé,  

2007).  

• Instantaneous models or so called micro-scale models provide 

accurate description of vehicle emission by connecting emission 

rates to vehicle operation during a series of short time stages (e.g. 

one second) (De Haan & Keller, 2000). The vehicle operation is 

typically defined by a number of conditions: idle, acceleration, 

deceleration and cruise. Some of these models are: CMEM: 

Comprehensive Modal Emission Model (Barth, An, Younglove, et 

al. 2000), or VeTESS: Vehicle Transient Emission Simulation 

Software (Pelkmans, Debal, Hood et al. 2004).   

The most used models to estimate emissions from traffic flow are macroscopic, 

which may include average speed consumption models. The data required in 

macroscopic modelling are moderate and can easily be applied to evaluate a wide 

range of transport strategies. Their application to the assessment methodologies 
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depends on the purpose of the analysis. Nevertheless, worldwide, COPERT –

COmputer Programme to calculate Emissions from Road Transport- (Gkatzoflias, 

Kouridis, Ntziachristos, et al., 2007) or MOBILE (US EPA, 2002) and its recent 

version MOVES –Motor Vehicles Emission Simulator- (US EPA, 2009) are widely 

used in Europe and US, respectively (Smit, Dia & Morawska, 2009). Smit, Dia & 

Morawska (2009) reviewed emissions tools and showed that five models appear 

more frequently: MOBILE (18%), COPERT (16%), HBEFA (13%), EMFAC (9%) and 

ARTEMIS (9%), which reflects the common use of these types of models.  

1.3.2 Emissions assessment methodologies 

Assessment methodologies are essential tools for linking science and decision 

making. Therefore, assessments are used to support the critical analysis of issues 

and to track progress by identifying changes in the conditions of the object that is 

under assessment. The above emission models provide an objective tool with which 

to assess and evaluate measures, strategies and policies aiming to reduce climate 

impacts of road transport. The understanding of GHG emissions levels can help 

transport and traffic planners achieve targets by addressing emission reductions 

strategies. There is an extensive literature on emissions assessment methodologies 

for emissions target-oriented strategies for road transport (Grant, Choate & 

Pederson, 2008). These methodologies are designed for particular cases where a 

detailed data input is needed. Depending on the circumstances of each analysis, the 

available data, the geographical scope, the input factors, etc.; a different analysis 

should be carried out accordingly.  

Based on the type of analysis and the timeframe of interest to be 

conducted, the road traffic GHG emissions assessment could fall into three 

categories (AASHTO, 2006; Grant, Hartley, Milam, et al., 2013): 

1. Inventory development: estimates past or current emissions levels. This 

provides information on the magnitude of emissions and their sources. The 

level of detail and accuracy that an inventory provides is determined by the 

model used to estimate emissions and the accuracy of key input data; e.g. 

vehicle fleet characteristics, VMT, speeds, operating conditions, etc. 

Inventories are developed to estimate GHG emissions for a state or region to 
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understand baseline emissions or more detailed understanding of factors 

and potential mitigation approaches (i.e. (MAGRAMA, 2012)).  

2. Forecast or analyses of alternative scenarios. This makes predictions 

about future emissions, potentially under different investment or policy 

scenarios. Forecast is usually taken to identify anticipated trends in GHG 

emissions levels or assess potential effects of different long range plan 

scenarios on GHG emissions. Forecast may be conducted to develop a 

baseline (“business as usual”) scenario and to analyse alternative scenarios 

that estimate the anticipated impacts of various policies choices or 

implementation strategies (future fuel prices, economic growth, etc.). 

Banister & Hickman, (2013) discussed the methodological issues concerning 

the use of three basic types of scenarios in sustainable transport in future 

years: forecasting approaches, exploratory approaches and backcasting 

approaches.  

3. Strategy analysis: specifically evaluates the emissions effects of specific 

strategies or sets of strategies as part of the planning and operation process. 

Through this analysis, could be evaluated the GHG effects of different projects 

and programs in order to help prioritize investments for funding. These 

strategy analyses are conducted for measures that affects VMT, vehicle 

operations or vehicle fleet characteristics, namely for measures that affect 

key factors: eco-driving, pricing policies, ITS, maintenance, traffic operations, 

etc.  

Based on the geographical scope, the road traffic GHG emissions assessment 

could be for: national scope in which fuel-based methods are often used given the 

availability of state-level fuel consumption data, i.e. emissions inventories; for urban 

scope in which traffic modelling is one of the main input for the estimation of 

emissions; or for interurban scope in which network-based travel model are used, 

nevertheless these typically are not available at the state level and only are partially 

for a road corridor or a detailed road.  

Another point to consider is the availability of data to apply to the available 

vehicular emissions modelling (see Section 1.5). The availability of data and the 

resources available for the analysis are also important when selecting the type of 
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analysis to use. For instance, fuel data are often available at the national level, but 

often not available at urban level. As a result, using a fuel-based methodology is 

much more common at a national level than at a metropolitan area level in which 

there are other methods for traffic modelling results or surveys analysis. Otherwise, 

national emission inventories are difficult to compile in a bottom-up approach. The 

reason is that this would require an immense amount of data. However, 

Ntziachristos & Samaras (2013) pointed out that further development could focus 

on developing a bottom-up approach for emission inventory of the highway 

network. Traffic in highways is monitored both with respect to average speed and 

traffic counts during the day. So this input can be directly used to calculate emissions 

with a high temporal profile.  

Furthermore, it is becoming increasingly common to evaluate (and even 

optimize) road transportation systems from an emissions perspective (Nagurney, 

Qiang & Nagurney, 2010) with the aim of achieving a sustainable road transport 

system. Road transportation planning is a cooperative process to make decisions 

about transportation investment and strategies for operating, managing, 

maintaining and financing the road system. There are several reasons to consider 

estimating and evaluating emissions as part of the planning and operational process 

of road traffic: better understand the climate change implications of road projects 

and their road traffic, to complement planning and operation to environment 

linkages efforts, to support state climate action efforts, or to prioritize main 

strategies to reduce climate change impacts.  

Inside planning and operation of the road traffic, decision making tools are 

needed to help prioritize the different operational and infrastructure strategies for 

road and motorways variants for a given route. Many methodologies have focused 

on long-term assessment such as technology impacts (Burón, Aparicio, Izquierdo, et 

al., 2005) and behavioural impacts (i.e. TREMOVE: De Ceuster, van Herbrugger, 

Logghe, et al., 2004 or EMITRANS: Lumbreras, Borge, Guijarro, et al., 2014). 

However, methodologies capable of assessing the impacts of short-term strategies 

which focuses on improving the operational efficiency of the road transport system 

are not extended. So, from a road network point of view, taking a bottom-up 

approach, arises the following need: 
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A need for a methodological framework to analyse emissions from road 

traffic at the network level. How could different operational and infrastructure 

strategies be assessed for a link or an entire road network?  
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1.4 Strategies and instruments for decarbonising road transport  

A wide range of effective strategies should be applied –by implementing the factors 

in Section 1.2- in order to achieve emission reductions and move towards a 

sustainable road transport system. These strategies can be applied separately or 

together, but it is clear that for a sizeable emissions reduction the integration of 

disciplines and strategies is the only way to achieve the low carbon emission targets. 

A large literature review includes potential strategies for decarbonising 

transport, and deeply focussing on road transportation at both levels: interurban 

and urban: JHK and Associated, Inc. (1995), Dalkmann & Brannigan (2007), 

Woodcock, Edwards, Tonne, et al. (2009), Creutzig, McGlynn, Minx, et al. (2011), 

Stanley, Hensher & Loader (2011), López, Monzón & Pfaffenbichler (2012), Figueroa 

& Ribeiro  (2013), Nakamura & Hayashi (2013). For instance, Woodcock, Edwards, 

Tonne, et al. (2009) came to the conclusion that the combination of reducing 

distance on motorised travel and substantial increases in walking and cycling (the 

so called active travel) with vigorous implementation of low-emission technology 

offers the best outcomes in terms of climate change mitigation. This is in line with 

Stanley, Hensher & Loader, (2011) who found that reducing road transport GHG 

emissions will require behavioural change (mode shift) and technological change 

(fuel economy) for the case study of Australia. Banister, Anderton, Bonilla, et al. 

(2011) defined decarbonising transport as actions that lower the ratio of CO2, so 

reducing the carbon content (technological improvement). It is commonly stated 

that reductions in transport are difficult and expensive, but there are many options 

available. The following is a discussion –based on a literature review- concerning 

strategies that might be considered as part of the efforts to decarbonise road 

transportation.  

Low-carbon road transport strategies can be grouped and sorted in various ways 

depending on the purpose of the discussions. Some authors attempted to classify 

them according to their strategies and instruments: such as avoid, shift and improve 

strategies (Sperling & Salon, 2002; Dalkmann & Brannigan, 2007), and planning, 

regulatory, economic, and information instruments (Dalkmann & Brannigan, 2007; 

Nakamura & Hayashi, 2013).  Instruments represent the tools to put into practice 

the strategies. Considering the main governance level in Figure 1.8., proposed here 
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is the following classification of strategies to reduce the carbon footprint from road 

transportation, suggesting that footprint needs to be considered on a nation-by-

nation, region-by-region, city-by-city or segment-by-segment bases: 

 

1. Strategies that reduce the absolute level of road vehicles (or 

behavioural strategies). Such as reduction of vehicles miles travelled 

(VMT) through: improved land use planning (transit-oriented development, 

mixed-used development, etc.), shift to other efficient modes of transport, 

teleworking, behavioural change by mobility management, taxation policies, 

etc. If people drive fewer miles by road, they will use less fuel and emit fewer 

GHGs. Reducing VMT by means of smart growth policies has rapidly become 

the central focus of reducing road transport emissions and a wide range of 

articles published analysing their effectiveness in reducing carbon emissions 

(JHK and Associated, Inc., 1995; Kitou & Horvath, 2003; Gärling, Bamberg, 

Friman, et al., 2009; Shaheen & Lipman, 2007). For instance, telework has 

been considered an efficient way of reducing commute-related 

environmental impacts since it is believed to reduce commute VMT. It could 

be reduced by about 30-60% of related commute transport emissions when 

telework for 3 days per week (Kitou & Horvath, 2003). Economic measures 

aim at making car use relatively more expensive. Examples of these are 

congestion or road pricing, kilometre charging, taxation fuels and cars, or 

reducing cost for public transport. For instance, López, Monzón & 

Pfaffenbichler (2012) showed that regulation measures appear to be more 

effective than new technology investments. Shaheen & Lipman (2007) found 

that higher emissions reductions are achieved by the mix of measures. They 

outlined that car sharing was estimated to reduce an average user’s CO2 

emissions by 40-50%; road pricing policies such as the toll ring road of 

Stockholm was estimated to reduce about 14% of CO2 emissions. Therefore, 

VMT reduction strategies appear to have the potential to reduce energy and 

emissions, but it should be clear that their impact is dependent on demand 

for such options throughout regions or case studies.  
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2. Strategies focus on technological changes to vehicles: efficient engines, 

efficient fuels, downsizing (DeCicco, An & Ross, 2001) vehicle fleet. In this 

section industrial engineers have worked hard and there is a large literature 

analysing the emissions savings by improvement in vehicle technology: 

Geerlings (1996), Litman (2005), Bandivadekar, Cheah, Evans, et al. (2008), 

Lumbreras, Valdés, Borge, et al. (2008), Sprei & Karlsson (2008), Stanley, 

Hensher & Loader (2011). Litman (2005) found that fuel tax increase 

required to reduce energy consumption by 10% would reduce vehicle travel 

3.5% reflecting common vehicle travel elasticity values. In fact, fuel tax 

increases give consumers a direct incentive to save energy. On the other 

hand, encouragement of alternative fuels such as gas and biofuels can 

contribute to lower overall road transport GHG emissions and their use is 

growing. Regarding global oil depletion and the desire of energy security 

have prompted the search for alternatives to oil as a transport fuel which also 

have positive impacts in the reduction of GHGs.  For instance, biofuel 

introduction in the city of Madrid (Spain) has been analysed by Lumbreras, 

Valdés, Borge, et al. (2008) and it was found to be one of the most effective 

control measures for GHGs, decreasing CO2eq emissions by 7.73% with 10% 

of biofuel penetration from 2003 to 2012 (Lumbreras, Valdés, Borge, et al., 

2008). However, some authors disagree, arguing that technology 

improvements could increase emissions by encouraging more travel 

(Gordon, 1992; Cervero, 1995), what is known as the “rebound” effect 

(Wigley, 1997). In fact, Schipper & Fulton (2009) found after the analysis of 

the share of diesel cars in some European countries that the increase 

dieselization per se contributed to a small decline in energy use per 

kilometre travelled which are wiped out by the three types of rebound effect 

which could occur: drivers of gasoline vehicles could switch to the cheaper 

diesel fuel, and drive more; drivers already using diesel could drive more if 

diesel become cheaper; and vehicle purchasers might be encouraged to 

switch to larger vehicles sine running costs have been reduced. Similar, 

Stanley, Hensher & Loader (2011) found for the Australian case that engines 

are becoming more efficient, but Australians are buying larger and heavier 
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vehicles, offsetting the potential fuel savings. They suggested that 

improvement in vehicle technology and fuel efficiency should be followed by 

taxation policies and encouragement of purchasing small vehicles 

(downsizing vehicle fleet). In fact, Bandivadekar, Cheah, Evans, et al. (2008) 

concluded that to achieve a 5% reduction in fleet GHG emissions by 

downsizing vehicles in US, small vehicles must account for 90% of the market 

in 2025 compared to 2007. Nevertheless, technological change is slow and 

the effectiveness of policies to encourage implementation of new transport 

technologies to reduce emissions on a global scale is limited and long term 

(Nederveen, Konings & Stoop, 2003). 

3. Finally, strategies that change the operating conditions of the vehicles on the 

network, what is called the road transportation system management 

strategies: speed management, traffic flow management, heavy traffic 

management, eco-driving, etc., which are supported by ITS technologies. 

Several studies have shown the impact of ITS on energy saving and pollutant 

emissions: EPA (1998), Shaheen, Young, Sperling, et al. (1998), Shaheen & 

Lipman (2007), Panis, Beckx, Broekx, et al. (2011), D’ Orey & Ferreira (2014). 

Reducing emissions impacts associated with motor vehicle travel are also 

promoted by using ITS. They include a broad range of transportation 

improvements, such as traffic signal control, freeway management, incident 

management, eco-driving, etc. Shaheen, Young, Sperling, et al.(1998) and D’ 

Orey & Ferreira (2014) presented an extensive review of the literature 

related to the impact of ITS technologies on energy and environmental 

impacts. For instance, evidence to date indicates that eco-driving can reduce 

fuel by 10%, on average and over time, reducing CO2 emissions from driving 

by an equivalent percentage (Barkenbus, 2010). Concerning speed 

enforcement,  Panis, Beckx, Broekx, et al. (2011) showed that a speed 

reduction measure for truck on motorways (90-80kph) would decrease by 

approximately 10% of total CO2 emissions. Thus, road transportation system 

management strategies supported by ITS should address and modify vehicle 

operation, road network utilization, and driver behaviour for improved 

mobility.  
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In conclusion, VMT reduction strategies often rank among the most costly 

and least efficient options (Moore, Staley & Poole Jr., 2010). Conversely, improved 

fuel efficiency and traffic optimization are fast to reduce GHGs than behavioural 

approaches such as increasing urban densities to promote higher public transit 

usage (Moore, Staley & Poole Jr., 2010). In the case of technological changes, they 

are unlikely to be effective in the short-term, and the carbon intensity (gCO2/veh-

km) will fall very slowly (Moriarty & Honnery, 2013). So, advances in engine fuel 

efficiency pave the way, but new technology is not enough. Economic measures, such 

as pricing, regulation, and the availability of multimodal transport systems, are also 

essential. In contrast, soft measures in infrastructure and operation could also 

rapidly help. Therefore, it is suggested that the management of the road network is 

one of the available options towards low carbon road. This implies strategies that 

largely aim to reduce GHG emissions by improving transportation system capacity 

and efficiency though infrastructure and operational improvements. Hence, the 

question that arises is then: 

 

How to design strategies towards the reduction of emissions? Which are 

the priority roads to apply road management strategies? How efficient could be 

these actions or strategies in the reduction of emissions?  
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1.5 Availability of data 

Sections 1.3 and 1.4 below give an overview of the different emissions assessment 

methodologies and strategies to decarbonise road transport. Nevertheless, the type 

of analysis procedures and strategies to examine road transport emissions is highly 

dependent of the data available (i.e. from a very local level such as the emissions of 

a stretch of the road to the global road emissions). So the first step when planning 

an analysis of emissions is to know what data are available and what type of 

estimation model could be applied; the above mentioned top-down or bottom-up 

procedures.  

 The first data need is related to the road transport activity, i.e. data that 

quantifies the transport. But there are other important secondary data such as 

driving and operating conditions (Figure 1.10). All these type of data are usually 

available in the following types of sources: 

• National Household Travel Surveys (NHTS). These cover individual 

behaviours and brought-in data on passenger car usage, and passenger use 

of different means of transport. These are carried out periodically in many 

developed countries, or regional and city level, as basic data for 

transportation and other planning. Conventional mobility surveys cover two 

main topics: individual data about people who travel (age, sex, occupation, 

income, living area, etc.) and trip description including various aspects, such 

as trip purpose, trip origin and destination and distance travelled, day of the 

week, trip duration, trip mode or linked modes. By focusing on climate 

change impacts, these sources could be used to analyse the emissions 

impacts of travellers.   

• Panel surveys or other surveys. These are aimed at determining specific points 

of interest. Information is provided in terms of usage conditions for a specific 

vehicle type or any other particular travel aspect. For example, the European 

Road Freight Transport survey (ERFT) which collects data on vehicles, 

journeys and goods transport operations for an entire year (EU, 2012c). Or 

vehicle inspection programmes could further be applied to collect such type 

of information on the vehicle operating conditions. For instance, these 
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surveys could be used to estimate the annual emissions from a vehicle based 

on the circulating kilometres. 

• National Road Traffic Survey (NRTS) or traffic counts. They can be used to 

assess speed levels over a number of road sections, volume of traffic, types of 

vehicles through road sections, or to validate the results of traffic simulation 

modelling. Usually these types of data are collected by public organisation 

and are free of charge. These could be carried out at the national, regional or 

city level.  

• Fuel consumption statistics. These statistics are usually available at a national 

level for different type of fuel and consumed sector. These data are used for 

estimates based on top-down approach emissions, using the emissions 

factors by type of fuel.  

• Road network inventories. These inventories survey and collect data of road 

surface status, roadsides, length, gradient, infrastructure equipment, etc. 

These sources are used in the emissions model to calibrate external 

parameters (Figure 1.10).  

• On-board data measurements. These can provide a very detailed knowledge 

on the vehicle operating conditions, such as driving cycles, stops, engine 

temperature, etc.). Various methods can be used (floating car, vehicle 

instrumentation, etc.) (Andre, 1998). These data are often used to validate 

consumption and emissions models.  

Available data does not cover, however, all the needs and does not include all the 

required variables or disaggregated level. For instance, what is required to estimate 

the traffic emissions of a motorway network, is the real circulating vehicle fleet. 

However, official statistics only cover vehicle fleet of an area, without taking into 

account how many vehicles drive through motorways.  

In conclusion, the availability of data, the assessment methodologies, and the 

available resources for analysis are important in selecting a specific method to 

analyse and to understand the road transport emissions. When addressing GHG 

emissions in the planning, designing, operational processes, it is vital to take into 

account the availability of data that can be used to analyse emissions impacts and 

their abatement strategies.  
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1.6 Objective and research questions 

Based on the above considerations, the objective of this thesis is about providing 

knowledge and tools for analysing policies designed to decarbonise road traffic, 

taking Spain as case study.  

The research involves different analysis –based on data availability- to give a 

comprehensive overview of this environmental problem of Spanish road transport 

and how transport planners and operators could contribute to overcome it. The 

research framework comprises two main scopes (see Figure 1.13):  

• Research based on top-down approaches, drivers and policy analysis which 

influence more the evolution of road traffic emissions. This analysis is 

performed at national level, and also at urban level;  

• The second research is based on bottom-up approaches, the development of 

a GHG emissions model for assessing operational and infrastructure 

strategies of the road traffic network.  
 

 
Figure 1.13 Overall picture of the research framework  
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I. What are the main factors or policies that contribute to increase or 

decrease energy consumption and GHG emissions in road transport in Spain? 

And what are their emissions impacts? 

 

The reason for this research question is that along the years, road transport 

emissions have increased or decreased because of different factors. This part will 

include a proposed methodology to address the key factors and trends that 

contribute to stability or to reduce the existing GHG emissions of road transport and 

which ones contribute to increase them that may provide an opportunity for wider 

change. The evaluation of past policies may be used as background arguments to 

make policies more concerned with change. The objective of this question, and its 

answer, is to make policy recommendations to base the decarbonise road transport 

strategies on different analysis at the national level. 

 

II & III. Special focus: What are the main drivers in urban daily mobility 

patterns which contribute to increase or decrease energy consumption and GHG 

emissions in Spain? 

 

The reason for this special focus question at the urban level is that local 

mobility emissions are 40% of all transport-related CO2 emissions. Consequently, 

decarbonisation of urban daily mobility is a priority if countries are to achieve 

reduction targets for GHG emissions. This part will include a possible methodology 

to estimate GHG emissions for urban trips using NHTS. By answering this question, 

it is aimed to investigate whether mobility patterns are evolving toward low-carbon 

transport and to design effective policies for changing the mobility trends to meet 

the reduction targets for GHG emissions.  

 

IV. Needs for a methodological framework to analyse emissions from road 

traffic at network level. How could different operational and infrastructure 

strategies be assessed for a link or an entire road network?  
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Addressing this question should result in developing an original modelling 

framework with which to assess the energy and GHG emissions (energy and carbon 

footprint) of traffic flows both at a micro (specific stretches of a highway) and macro 

level (highway network) for different scenarios. Much of the research on strategies 

to achieve low-carbon mobility has concentrated on the city (Banister, 2005), but 

this market has good opportunities for moving to more efficient low carbon means 

of transport. It is in the interurban mobility that substantial increases in travel have 

fewer opportunities available for reduction in carbon based energy uses. So the 

methodology should serve for policy design and management of the road network 

at interurban level.  

 

V. How to design strategies towards the reduction of emissions? What are 

the priority roads to apply road management strategies? How efficient could 

these actions or strategies be in the reduction of emissions?  

  

The aim of addressing this question is to identify most efficient traffic 

management strategies to be applied to Spanish roads. To that end, there is a need 

for a comprehensive procedure for identifying priority road stretches with the 

highest carbon footprint, and calling for appropriated emissions reduction 

strategies.  
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1.7 Research methodology 

The process to achieve the above objectives and to answer the research questions 

has been structured into the following stages in Figure 1.14: 

 Revision of assessment emission methodologies and data availability to 

propose the analysis level and methodological approaches.  

 From the top-down approach: Investigation of the changes and trends of 

road transport GHG emissions in Spain, in order to determine which are the 

main drivers affecting the increase or the decrease of climate change impacts 

over the years. A special issue includes the research at the urban level. It 

covers the study of the climate change impacts of daily mobility in Spain. 

 From the bottom-up approach: Firstly, develop a methodology capable of 

assessing energy and carbon footprint efficiency of operation and 

infrastructure strategies. Secondly, analyse the carbon footprint of traffic of 

SRN of Spain using the proposed method and the help of spatial analysis 

tools. Thirdly, evaluate different road transport strategies employed to 

minimize the energy and carbon footprint by using the proposed 

methodological framework.  

 Finally, draw conclusions on the policy recommendation and identify areas 

for future research (in grey). 

 
Figure 1.14 Research steps  

  

Operation & Infrastructure Strategies
Revision of 
assessment 

methodologies 
and data 

availability

Analysis level and 
methodological 

development

Decomposition 
MethodologyRoad transport at National Level

Urban daily mobility

Interurban road traffic network

Policy Analysis

Urban road traffic network

Long distance mobility

Freight mobility

Analysis of urban mobility 
and climate impacts

Carbon footprint 
assessment methodology 

for interurban traffic

Databases and GIS 
application

Evaluation of different 
strategies

CONCLUSIONS
CONCLUSIONS

FUTURE RESEARCH

Research
Problem: How to
overcome energy

depence and GHG 
emissions

challenges of road
transport?

- 48 - 



Chapter 1 – INTRODUCTION 
 

1.8 Thesis structure 

The identified research questions were developed in academic papers and have 

been published in international journals. Consequently, the thesis is organized into 

8 chapters that contain the published papers. These papers provide a set of methods 

for reasonable assessment of energy and GHG emissions of road traffic. The 

application of these methods to the Spanish case address key policies and strategies 

to decarbonise road traffic. Moreover, the combination of these studies illustrate 

how different approaches can be used at different levels to propose and implement 

policies which seek better energy efficiency of road transport.  

The papers are referred to in the text by Roman numerals I to V (see Section 1.9).  

 

 Chapter 1 is the present introduction. It includes a description of the 

research gap, which is the objective of this thesis to fill, and the main 

objectives of the research.  

 Chapter 2 analyses of the main drivers contributing to GHG emissions of 

road transport in Spain and policy recommendations (paper I).  

 Chapter 3 includes the special analysis of urban mobility and climate change 

impacts in Spain, and their comparison to Belgium (paper II and III). 

 Chapter 4 includes the description of the methodology to assess energy and 

GHG emissions of highways at the operational phase: HERA (paper IV). 

 Chapter 5 is an application of the HERA methodology to the State Road 

Network (SRN) of Spain. In this chapter is proposed a method to identify the 

priority road segments that need acting upon. A corridor is selected in which 

different infrastructure and operational strategies are evaluated (article V). 

 Based on the results of the previous chapters and papers, Chapter 6 is a 

summary of the main conclusions and contributions of the thesis. It also 

includes details of future research directions.  

 Glossary and abbreviations are in Chapter 7.  

 Chapter 8 includes a compilation of all references uses in the thesis.  
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1.9  List of original publications 

This thesis is based on the following papers that have been published, are 

forthcoming or have been submitted to a scientific peer-reviewed journal. As a 

result there is some overlap in the content between the chapters (papers). Each 

paper addresses one of the research questions.  

 

The papers are referred to in the text by Roman numerals I-V (see Figure 1.13). 

 

I. Sobrino, N., Monzon, A. (2014) The impact of the economic crisis and 

policy actions on GHG emissions from road transport in Spain. Energy 

Policy, 74, pp. 486-498. doi: 10.106/j.enpol.2014.07.020.  

 

II. Sobrino, N., Monzon, A. (2013) Management of urban mobility to 

control climate change in cities. Transportation Research Record: 

Journal of the Transportation Research Board, 2375, pp. 55-61. doi: 

10.3141/2375-07.  

 

III. Sobrino, N., Cornelis, E., Monzon, A., Hollaert, L. (2014) Carbon footprint 

of urban mobility: An international benchmarking. Presented at the 

Transport Research Arena 2014, 14-17 April in Paris.  

 

IV. Sobrino, N., Monzon, A., Hernandez, S. (2014) Reduced carbon and 

energy footprint in highways operations: the Highway EneRgy 

Assessment (HERA) methodology. Network and Spatial Economics. Doi: 

10.1007/s11067-014-9225-y 

 

V. Sobrino, N., Monzon, A. Identifying priority road corridors: Towards low 

carbon strategies. Submitted to Transportation Research Part D: 

Transport and the Environment Tracking number: TRD-D-15-00058.  
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2. GHG EMISSIONS ANALYSIS OF ROAD 
TRANSPORT IN SPAIN  

 

“If restraining carbon emissions from fossil fuel use is important to sustainability, then it is 

important to know whether technologies actually work; whether rising fuel prices work; 

whether non-price policies work.  It is very hard to say how these kinds of stimuli affect 

energy use or emissions” 

Schipper et al. (1999) 

 

This chapter examines emissions of Spanish road transport from a national 

perspective. It shows how population, activity, fuel efficiency, employment, 

economic growth, among others affected the overall trends. Finally, it examines the 

policy implications of these trends and identifies the potential actions towards the 

reduction of GHG emissions. Data sources of this analysis consist of a collection of 

official national data, such as the national emission inventory. Index Decomposition 

(ID) methodology is applied which has became a useful and popular tool not only in 

industrial energy demand analysis but also in energy and environmental analysis in 

general (Ang and Zhang, 2000).  

 

Figure 2.1 Chapter 2 scheme 
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I. Sobrino, N. & Monzon, A., (2014). The impact of economic crisis and 
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� Drivers contributing to GHG emissions of road transport are identified and analyzed.
� Decomposition analysis based on Modified Laspeyres Index (MLI) is applied to the Spanish case.
� Economic crisis and changes in mobility patterns and GHG emissions are analyzed.
� Policies for the decarbonization of road transport are recommended.
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a b s t r a c t

Road traffic is the greatest contributor to the carbon footprint of the transport sector and reducing it has
become one of the main targets of sustainable transport policies. An analysis of the main factors
influencing greenhouse gas (GHG) emissions is essential for designing new energy- and environmentally
efficient strategies for the road transport. This paper addresses this need by (i) identifying factors which
influence the carbon footprint, including traffic activity, fuel economy and socioeconomic development;
and (ii) proposing a methodological framework which uses Modified Laspeyres Index decomposition to
analyze the effect of important drivers on the changes in emissions of road transport in Spain during the
period from 1990 to 2010. The results demonstrate that the country's economic growth has been closely
linked to the rise in GHG emissions. The innovative contribution of this paper is the special analysis of
the changes in mobility patterns and GHG emissions during the economic crisis, when, for the first time,
Spanish road traffic emissions decreased. The reduction of road transport and improved energy
efficiency has been powerful contributors to this decrease, demonstrating the effectiveness of energy-
saving measures. On the basis of this analysis, several tailored policy recommendations have been
suggested for future implementation.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Spain ranks fifth out of the 27 European countries in terms of
energy consumption in the road transport sector and 12th in
energy consumption per capita (EUROSTAT, 2013a). Impacts to the
environment posed by road traffic, such as energy security and
global warming, have been some of the main concerns in recent
sustainable transportation policies. A sustainable transport system

requires that the movement of people and goods occur in an
environmentally, socially and economically viable way: mobility
for any purpose constitutes a means rather than an end (WCED,
1987). Many transport strategies have focused on sustainable
development. In the case of Spain, climate change mitigation
measures in road transport have been applied through different
energy-saving and efficiency strategies in recent years. The Min-
istry of Industry, Energy and Tourism introduced the National
Energy Efficiency Strategy in 2004, which has given rise to three
successive action plans. The current Energy Saving and Efficiency
Action Plan 2011–2020 (IDAE, 2011) aims to reduce the nation's
total energy consumption by 20% by 2020; one-third of this target
should be achieved by savings in the road transport sector.

The last few decades, however, have seen remarkable growth in
road transport activity. In Spain, from 1990 to 2010, road passenger
mobility (passenger-km) rose by 48.65% and freight transportation
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activity (ton-km) increased by 64.8% (MF, 2012). This increase in
traffic activity was marked by the expansion of the Spanish road
network, especially high-capacity roads. The evolution of the net-
work and the distances traveled on each type of road are illustrated
in Fig. 1. Although the high-capacity road network represents only
10% of the length of the country's overall road network, the
significant investment in road infrastructure has favoured the
expansion of high-capacity roads over conventional roads (Fig. 1a).
Indeed, in 2010, the total length of the high-capacity road network
was 3.11 times that of the network in 1990, reaching nearly
16,000 km in 2010 (MF, 2012). This commitment to developing a
well-established high-capacity network has led to an increase in the
distances traveled on these routes (see Fig. 1b). Higher speeds, on
the one hand, reduce trip times; on the other hand, however, this
produces a rebound effect as vehicles travel greater distances,
thereby increasing the overall energy consumption and GHG emis-
sions. In fact, in 2010, the distance driven on high-capacity roads
represented 80% of the total distance driven on the entire road
network. Fig. 1.b shows that the distances driven on high-capacity
roads increased substantially from 1997 to 2007, when they reached
more than 100 billion kilometers annually. In contrast, there was a
slight decrease from 2007 to 2010, with the most significant drop
between 2007 and 2008.

The expansion of the network – especially of high-capacity
roads – and the rise in demand for road transport have been
followed by a respective increase in energy consumption and
emissions. Road traffic remains the mode which consumes the
most energy, representing 80% of total transportation energy
consumption (ODYSSEE, 2012). Fig. 2 presents the evolution of
total GHG emissions produced by the transport sector and those

specifically linked to road traffic in Spain from 1990 to 2010.
Despite the increase in transport emissions in absolute terms
during this period, the share of road transport in the total national
transportation emissions has remained steady at 90%. This con-
firms that the increase in transport activity was mainly produced
by the expansion of road traffic. From 1990 to 2007 there was a
continuous rise in GHG emissions in the road transport sector,
with an average annual increase of 5%. From 2007 to 2010,
however, there was a steady decline in emissions, with the most
significant decrease occurring between 2007 and 2009. During
these years, the effects of the crisis became more and more
apparent; associated mobility of passengers and goods decreased,
mainly due to the decline in working activity. Both of these factors
were also significantly affected by the increase in oil prices during
this period (ODYSSEE, 2012).

1.1. Review of previous studies of transport in Spain

The noticeable growth in road activity and GHG emissions over
the last few decades justifies a detailed analysis of their explana-
tory factors. Previous studies analyzing the climate change impacts
of road transport in Spain have considered all transport modes
together. The majority of these studies were published after 2004,
when energy-saving and sustainability policies began to be imple-
mented on a wider scale. Pérez-Martínez and Monzón (2008)
showed that there is a clear dependence on road transport in
Spain. They argued that the increase in road traffic during the
period from 1990 to 2005 was due to a rise in the motorization
rate and in transportation demand, brought about by an increase
in private mobility by car. Meanwhile, Mendiluce et al. (2010)
identified the key factors driving the evolution of Spain's energy
intensity levels using decomposition analysis. The results of their
study show that the economic structure and strong transport
growth have been the main factors driving the changes in energy
intensity in Spain. Road mobility has demanded 50% more energy
between 1995 and 2006, both in freight and passenger cars. The
rise in passenger car use was caused by the increase in population
and per capita income, urban sprawl and the dieselization of the
fleet, which, while improving overall energy efficiency, had a
rebound effect of increasing travel distances. For road freight
transport, the main factors which have deteriorated the energy
intensity were construction activity and an increase in the demand
for short-distance delivery of supplies, which has raised light-duty
vehicle use (Mendiluce et al. 2010). In the meantime, Pérez-
Martínez (2010) analyzed trends in freight transport and GHG
emissions in Spain from 1990 to 2007 using decomposition
techniques. Freight transportation in Spain contributes to 8.5% of
Spain's emissions and increased activity, the large modal share of
road transport and economic growth are the main factors which
have brought about this increase. In turn, Mendiluce and Del Río
(2010) examined the determinants of passenger transport evolu-
tion in terms of energy dependence and GHG emissions. After the
decomposition analysis, they concluded that the purchase of diesel
vehicles has been the main driver of energy consumption for
private car transport (influenced by per capita income). The total
distance traveled per capita has grown significantly, with a
consequent effect on energy consumption. While diesel vehicles
offer better energy efficiency, this has not been enough to offset
the growth of the transport sector (Mendiluce and Del Río, 2010).
Mendiluce and Schipper (2011) then determined that transporta-
tion is the main contributor to Spain's emissions increase, which is
mostly due to road-based transport modes. If energy efficiency has
offered some benefits, these have not been enough to counter the
dieselization of the fleet and the increase in traffic activity due to
the rebound effect. The authors also highlighted the development
of Spanish transport infrastructure and the heavy investment in
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the road transport network. Then, Gonzalez and Marrero (2012)
established the existence of a significant indirect, negative effect
on CO2 emissions caused by the dieselization of passenger cars,
which offset the direct, positive effect of the efficiency offered by
these vehicles. Most recently, Pérez-López et al. (2013) analyzed
the evolution of the GHG emissions of three Spanish motorways in
the 2005–2010 period using a bottom-up methodology and con-
sidering only emissions factors and activity. They found that
activity is the major parameter contributing to emissions, while
the vehicle fleet composition also affects the level of emissions.

These studies analyzed the transport sector in Spain up to 2008
and thus did not cover the economic crisis, whose effects were
only beginning to be seen at that time. Pérez-López et al. (2013)
were the only authors to partially analyze the financial crisis, but
they did not consider the influence of socioeconomic factors,
which are key to analyzing a period of economic change. It is
therefore of interest to conduct a more detailed study of the
drivers, including socioeconomic factors, which have influenced
road emissions during economic crisis.

1.2. Study aims and structure

The aim of this study is to understand the key factors influen-
cing the GHG emissions levels of road transportation from 1990 to
2010 in Spain and to propose new road transport strategies to
reduce its carbon footprint. The study proposes a methodological
framework based on Modified Laspeyres Index (MLI) decomposi-
tion analysis with which to examine the main factors influencing
the GHG emissions of road traffic in Spain, including economic
crisis period. The framework includes factors derived from a
literature review. The results of the analysis show that this
methodology is consistent, even over long periods with large
changes in data values, and that it can be used as a tool for
designing road transport strategies and measures to reduce
climate change impacts by targeting main drivers.

This paper is organized as follows: Section 2 presents the meth-
odological framework used for the analysis and includes an examina-
tion of potential factors driving road transport carbon footprint trends.

This is followed by a description of the decomposition analysis model
and the data sources used for this study. In Section 3, the methodology
is applied to identify trends in Spanish road transport emissions
during the twenty-year period from 1990 to 2010; these trends in
the drivers, GHG emissions and the final results are then analyzed.
A discussion based on the Spanish case study is outlined in Section 4.
The main findings and policy recommendations are included in the
conclusions (Section 5).

2. Methods and data

This study follows the methodological framework presented in
Fig. 3. The first step is the definition of fundamental factors which
influence the GHG emissions of road transport over a period of
time (Section 2.1). Based on these factors, potential drivers are
chosen for analysis and to serve as input for the decomposition
analysis model. These drivers constitute the multiplicative decom-
position coefficients and represent relationships between the
underlying factors. From the decomposition, the drivers which
have the greatest influence over the change in emissions during
the selected period are identified. Strategies and policies are then
proposed that could influence key parameters in an effort to
achieve low-carbon road transport targets.

Before presenting the potential determinants of the road
transport carbon footprint (see Section 2.3), the following section
presents a discussion of factors, identified from the literature,
which constitute important contributors to the changes in the
carbon footprint of road transport.

2.1. Underlying factors affecting the carbon footprint of road
transport

Decomposition of the growth of emissions into affecting factors is
key to developing policies and strategies that strive towards more
environmentally efficient mobility. Most transportation studies are
focused on the decomposition of national CO2 emissions for transport
in general, distinguishing only between passenger and freight
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transportation (Lakshmanan and Han, 1997; Lipscy and Schipper,
2013; Mazzarino, 2000; Mendiluce and Schipper, 2011; Schipper et al.,
2000; Schipper et al., 2011; Scholl et al., 1996; Timilsina and Shrestha,
2009a, 2009b; Wang et al., 2011; Zhang et al., 2011).

Several studies have analyzed different specific aspects of road
transport, such as passenger, freight or car travel (He et al., 2005;
Kwon, 2005; Li et al., 2013; Lu et al., 2007; Papagiannaki and
Diakoulaki, 2009; Piecyk and McKinnon, 2010; Yan and Crookes,
2009). The main factors examined in these studies are activity and
fuel efficiency. For example, Kwon (2005), taking a simple
approach, represented the CO2 emissions from car travel by
population, affluence and vehicle technology. The study found
that car occupancy rates have decreased significantly over the
years and it was determined that, in the case of CO2 emissions
from car travel in Great Britain, the affluence factor (distance
traveled per person) was the driving force behind the growth of
emissions over the last 30 years. He et al. (2005) identified three

important factors related to fuel consumption of road transport
in China: vehicle population, average mileage and fuel economy.
The analysis suggested that improvements in vehicle fuel economy
could potentially lead to significant fuel consumption savings.
Additional factors are taken into account in Lu et al. (2007), who
decomposed the total CO2 emissions from highway vehicles into
the emission coefficient, fuel intensity, vehicle ownership, popula-
tion intensity and economic growth. This study adopted a decom-
position approach to explore the impacts of these five factors on
the total CO2 emissions from highway vehicles in different
countries. They found that rapid economic growth and increased
vehicle ownership were the most important factors contributing
to the rise in CO2 emissions, whereas population intensity con-
tributed significantly to a decrease in emissions. The socioeco-
nomic factors proved to be of great importance in this
decomposition analysis. Afterwards, Papagiannaki and Diakoulaki
(2009) analyzed the CO2 emissions from passenger cars by
examining vehicle ownership, fuel mix, annual mileage, engine
capacity and vehicle technology. The evolution of emissions in
Greece and Denmark was examined during the period from 1990
to 2005. The results revealed that vehicle ownership was the most
influential factor in the increase in emissions in Greece. In the case
of Denmark, the shift towards cars with greater cylinder capacity
was the main factor responsible for CO2 emissions changes.
Meanwhile, Yan and Crookes (2009) estimated the energy demand
of road transport in China as a function of such factors as fuel
economy, fleet composition and average annual mileage by
vehicle type.

In the case of freight, the factors affecting emissions are more
disaggregated. Pérez-Martínez (2010) decomposed freight emis-
sions in Spain into activity, modal change, fuel mix and fuel
efficiency. Recently, Li et al. (2013) considered the emission
coefficient, vehicle fuel intensity, market concentration level,
freight transportation distance, market share of road freight
transport and economic growth, among others, as factors influen-
cing the CO2 emissions of road freight transport in China. Piecyk
and McKinnon (2010) defined four levels of influential factors in
freight transport: structural, commercial, operational and func-
tional. These were then split into the key variables used for their

FACTORS

DRIVER

DECOMPOSITION 
ANALYSIS

INFLUENTIAL 
DRIVERS

Driver identification

Method selection 

STRATEGIES & 
RECOMMENDATIONS

Fig. 3. Methodological framework.

Total  
Distance 
Traveled

Carbon footprint 
(GHG emissions)

SOCIOECONOMIC 
FACTORS

TRAFFIC ACTIVITY FUEL ECONOMY

Motorization
Fuel 

Consumption 
Mix

Energy 
Efficiency

Fleet 
Composition

Employment Population GDP

Fig. 4. Factors influencing the carbon footprint of road transport.

N. Sobrino, A. Monzon / Energy Policy 74 (2014) 486–498 489



analysis: value density, modal split, handling factor, average length
of haul, load factor, empty running, fuel efficiency and carbon
intensity of fuel.

In general terms, then, the carbon footprint of road transport
due to vehicle traffic is influenced by two main factors (see Fig. 4):
traffic activity and fuel economy. Activity mainly depends on the
total distance driven by vehicles in the total network and the
motorization. Fuel economy is determined by the fuel mix (the
distribution of fuel consumption among different types of fuels)
and the vehicle energy efficiency, both of which are dependent on
the vehicle fleet composition (engine size, technology penetration,
age, etc.). Both activity and fuel economy are also influenced by
socioeconomic factors: population, GDP and employment.

2.2. Decomposition analysis: MLI

Index decomposition methodologies, such as the Laspeyres
Index (LI) and Divisia Index (DI), are used to identify relevant
factors that influence changes in CO2 emissions, energy use and
energy intensity and are helpful in establishing policies aimed at
reducing environmental and energy impacts. A large number of
decomposition methods have been developed and discussed in
different studies (Ang, 2004; Ang et al., 2009), each with certain
advantages and disadvantages. The most commonly used decom-
position methods in transport energy and emissions studies are
the LI and DI (Ang, 2004). However, the existence of a residual
term leads to uncertainty as to the meaningfulness of the results
(Ang and Choi, 1997; Ang and Zhang, 2000). In the case of the DI,
the additive and multiplicative Logarithmic Mean Divisia Index
(LMDI) was created to overcome the issue of the residual term by
applying a logarithmic mean weight function to all factors (Ang et
al., 1998; Ang and Liu, 2001). To deal with this issue in the LI, Sun
(1998) proposed the Refined Laspeyres Index (RLI) method, in
which the interaction terms are distributed equally among all
factors according to the “jointly created and equally distributed”
principle. Recently, Mishina et al. (2011) proposed the Modified
Laspeyres Index (MLI) which is based on the RLI, but “attributes
the interaction terms to the related factors according to the
changes in each factor and distributes them in a manner propor-
tional to a symmetrical rate of the changes”. MLI methods provide
more accurate and reliable decomposition than the RLI or LMDI,

particularly in cases where some factors change positively and
others negatively (Mishina and Muromachi, 2012).

This study uses the additive MLI approach to conduct a time-
series decomposition by comparing yearly data and adding up the
annual changes over a specific period (detailed in Appendix A).
The decomposition analysis focuses on several factors mentioned
above which constitute important driving forces behind changes
in GHG emissions from road transport, namely energy consump-
tion, total annual mileage, total number of vehicles, population,
employment and GDP.

The general equation used to calculate the amount Qt of GHG
emissions in year t (tons of CO2-eq) from road transport is the
following:

Qt ¼
Qt

ECt
� ECt

Tt
� Tt

VFt
� VFt

Pt
� Pt

EPt
� EPt

GDPt
� GDPt ð1Þ

where ECt is the total energy consumption from road transport for
year t (TJ); Tt, the total distance driven by vehicles in year t (106 km);
VFt, the number of motor vehicles for year t (10,000 vehicle units); Pt,
the population in year t (10,000 inhabitants); EPt, the employed
population (10,000 inhabitants); and GDPt, the Gross Domestic Pro-
duct in year t (106 euro, reference year 2000). Eq. (1) can also be
rewritten as

Qt ¼ Ct � Et � Ut �Mt � Jt �Wt � GDPt ð2Þ

where Ct, Et, Ut, Mt, Jt, Wt and GDPt are the main drivers influencing
GHG emissions from road transport and are described in Table 1.

In additive MLI decomposition, the change in Q (ΔQ) recorded
in time t in comparison with the level in a base year t¼0 is
calculated as follows:

ΔQ ¼Qt�Q0 ¼ CtEtUtMtJtWtGDPt�C0E0U0M0J0W0GDP0

¼ΔCþΔEþΔUþΔMþΔJþΔWþΔGDP ð3Þ

where ΔC, ΔE, ΔU, ΔM, ΔJ, ΔW and ΔGDP are the index levels of the
changes in GHG emissions brought about by each driver. The change
in Q can also be expressed as the sum of the three groups of index
levels: fuel economy, traffic activity and socioeconomic factors (see
Fig. 5).

Table 1
Identification of drivers influencing GHG emissions from road transport.

Drivers influencing GHG
emissions

Description Input
determinants
for
decomposition
analysis

Ct – Carbon intensity of road
transport

Carbon intensity of road transport is defined as the amount of CO2-eq emitted per unit of energy consumption by road
transport. It is mainly dependent on the type of fossil fuel used (carbon efficiency of fuel). A decrease means that there is
an improvement in the carbon efficiency of the fuel combustion.

Ct¼Qt/ECt

Et – Energy intensity of road
transport

Energy intensity of road transport is expressed as the total energy consumption per total kilometers driven in the road
network. A decrease in energy intensity can be explained by improvements in energy efficiency: greater engine
efficiency, improved driving behavior, a shift from gasoline to more efficient (i.e. diesel) vehicles or better highway
design and management.

Et¼ECt/Tt

Ut – Use intensity Use intensity of a road network is expressed as the total number of kilometers driven per vehicle. An increase could
mean that there is a rise in the annual mileage per vehicle.

Ut¼Tt/VFt

Mt – Motorization rate The motorization rate is the total number of vehicles per inhabitant. An increase in motorization rate is correlated with
economic growth.

Mt¼VFt/Pt

Jt–Job intensity Job intensity is the relationship between the population and the number of employed people. It is the inverse of the
employment rate. An increase means that there is a decrease in the employment rate and usually correlated with a
period of economic crisis.

Jt¼Pt/EPt

Wt–Workers income
intensity

Workers income intensity is the number of employed people per unit of GDP for the year t. It is the inverse of GDP per
employed capita. A decrease means that employment population grows slower than GDP, so there is an increase in the
productivity of the labor market.

Wt¼EPt/GDPt

GDPt Gross Domestic Product is the market value of all final goods and services produced within a country in the year t. GDPt
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2.3. Data sources

Vehicle activity and energy consumption data for the Spanish
road transport sector are collected at a national level by the Spanish
government. The following paragraphs list the data sources and
procedures which have been used in the decomposition analysis.
Appendix B includes a table with the data used in the analyses.

a) Every year, the Spanish Road Traffic Map provides information
with measurements of traffic flow at locations across the road
network. The distance traveled by road vehicles is estimated
from annual traffic flows at different locations (MF, 2012).

b) Vehicle fleet data are gathered by the Directorate General of
Traffic (DGT), which maintains a detailed database with the
number of vehicles in use by fuel type, engine capacity and
technology at a provincial level. The official figures are pub-
lished yearly by the Ministry of Public Works (MF, 2012).

c) Energy statistics for road transport in Spain are compiled from
the sales data of fuel for road vehicles. Information about fuel
consumption figures in road transport is taken from National
Energy Commission (CNE, 2013).

d) Information regarding GHG emissions from road transport is
taken from the Spanish GHG Inventory (MAGRAMA, 2012). This
study uses the 2012 edition of the Greenhouse Gas Inventory
which has compiled annual data from 1990 to 2010. The
inventory estimates emissions by activity sector. The road
transport category encompasses pollutant emissions produced

by vehicle traffic whose main purpose is the road transporta-
tion of passengers and freight.

e) Finally, population, employment and GDP data are obtained
from the Spanish National Statistics Institute (INE, 2013).

3. Results

Before obtaining the results, trends were identified in the GHG
emissions and in the seven drivers over the period from 1990 to
2010 (taking 1990 as a base year). These are the input data for the
MLI. Fig. 6 represents those trends over the twenty-year period.
The results show that, on the one hand, drivers such as carbon
intensity (C), energy intensity (E), job intensity (J) and workers
income intensity (W) remained below 1990 levels and therefore
had a positive influence on the reduction of GHG emissions of road
transport. On the other hand, the motorization rate (M) and
economic growth (GDP) – and to a lesser extent road use intensity
(U) – were higher than in 1990, negatively effecting emissions. It is
worth noting that when the crisis started, the traffic activity
drivers, as well as GDP and workers income intensity (W), two
of the socioeconomic growth drivers, led to a decline in GHG
emissions. However, job intensity, the third socioeconomic driver,
increased over the years as the employment rate grew more
slowly than the total population, leading to an increase in GHG
emissions during the final period.

The years analyzed are 1990–2010, inclusive, and the following
subintervals have been identified:

a) 1990–1997: GHG emissions from road traffic gradually began to
increase. This period was influenced by rapid motorization (M).
There was an annual growth of 4% in the number of vehicles
per inhabitant in this seven year period.

b) 1997–2002: GHG emissions rose continuously and more mark-
edly. During this period, there was an improvement in energy
efficiency (E) due to the dieselization of the Spanish vehicle
fleet. Energy intensity remained at around 90% of 1990 levels,
which meant an improvement of 10% in energy efficiency
from 1990.
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ECONOMY
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ACTIVITY

∆SOCIOECONOMIC 
FACTORS

Fig. 5. Main groups of index levels of carbon footprint of road transport.
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c) 2002–2007: GHG emissions peaked in 2007. In this period, the
nation experienced rapid economic growth (GDP). Evidence of
this is the large increase of GDP and the increase in the
employment rate (opposite to job intensity).

d) 2007–2010: GHG emissions began to decline due to the
economic crisis. The GDP together with the employment rate
decreased and consequently there was a reduction of road use.

The results of the MLI approach described in Section 2.2 are
illustrated in Table 2 and Fig. 7. This methodology uses a time-
series decomposition of the GHG emissions trends in the Spanish
road transport sector, adding up the annual changes as calculated
by the decomposition methodology (Appendix A).

The net GHG emissions from road transportation increased by
32.63 million metric tons of CO2-eq from 1990 to 2010. The
motorization rate (M) was the major driver affecting GHG emis-
sions; overall, this contributed to an increase of 34.55 million
metric tons of emissions. This was followed by GDP, which led to
32.51 million metric tons of additional emissions. On the other
hand, the drop in the energy required per kilometer (E) had a
positive effect on the reduction of emissions: since 1990, the total
decrease came to 10.32 million metric tons. The workers income

intensity (W) is a special case: it had a positive effect, decreasing
GHG emissions by 14.04 million of metric tons, meaning that there
was an improvement in the productivity of the workforce. The job
intensity (J) index indicates a total reduction of 4.49 million metric
tons of emissions, as the population increased more slowly than
the number of employed people. Moreover, the effect of the
decrease in carbon intensity (C) – which produced a savings of
4.7 million metric tons – indicates an improvement in fuel
efficiency.

Finally, the effect of the drivers on the GHG emissions of the
four periods between 1990 and 2010 is illustrated below in Fig. 7.

a) From 1990 to 1997, GHG emissions rose by 14.63 million metric
tons, with the motorization rate (M) contributing most sig-
nificantly to the increase (resulting 17.78 million metric tons of
increasing), though it was also influenced by the economic
growth (GDP) and the increase in the total number of kilo-
meters driven per vehicle (U) (8.62 and 5.68 million metric tons
respectively). Energy efficiency, however, improved, resulting
in a reduction of 4.72 million metric tons of emissions during
this seven-year period.

b) In the 1997–2002 period, GHG emissions grew more sharply
than in the preceding period, with an increase of 17.4 million
metric tons in five years. In this period, economic growth (GDP)
along with the motorization rate (M) and road use (U) were the
most influential drivers providing increases of 10.98, 9.50 and
3.73 million metric tons respectively.

c) The next five years were characterized by an increase in road
transport climate change impacts; reaching a peak of 98.58
million metric tons of GHG emissions in 2007 (see Fig. 2).
Again, the main drivers which influenced this increase were
GDP and the motorization rate (M) contributing to an increase
of 15.24 and 8.55 million metric tons respectively. Road use
intensity (U), however, improved, leading to a reduction of 3.04
million metric tons of emissions; carbon efficiency (C) led to
emissions savings as well. In contrast, energy efficiency (E)
deteriorated, increasing emissions by 1.5 million metric tons
over the five-year period.

d) The final period – corresponding to the economic crisis – saw a
large decrease in climate change impacts, approximately 15
million metric tons from 2007 to 2010. Road use intensity (U)
and energy efficiency (E) were the most important drivers for
the emissions decrease, providing savings of 7.25 and 5.25
million metric tons, respectively. Workers income intensity (W)
also had a positive influence, with a reduction of 5.15 million
metric tons of GHG emissions. Moreover, carbon efficiency (C)
contributed to a decrease of 3.34 million metric tons of
emissions. For the first time, economic growth (GDP) and the
motorization rate (M) contributed to a reduction in total
emissions (2.32 and 1.28 million metric tons, respectively).
Finally, during this period, job intensity (J) brought about an
increase of 9.88 million metric tons in emissions due to the fact
that the total population increased more quickly than the
number of employed people.

4. Discussion

Several studies analyzing the Spanish transport sector, as
mentioned above, have found that socioeconomic development
is the main factor in the high energy demand and GHG emissions
of Spanish transport. Therefore, the greatest challenge is decou-
pling climate change impacts from economic growth. This analysis
shows similar results for the period before the economic crisis.
During the recession, however, other factors, such as energy

Table 2
Results of the MLI decomposition: changes in GHG emissions due to drivers.

Year Index level (GHG emission unit: 106 metric tons of CO2-eq)a

ΔC ΔE ΔU ΔM ΔJ ΔW ΔGDP ΔQ

1990–2010 �4.70 �10.32 �0.88 34.55 �4.49 �14.04 32.51 32.63

a ΔC, carbon intensity; ΔE, energy intensity; ΔU, road use intensity; ΔM,
motorization rate; ΔJ, job intensity; ΔW, workers income intensity; ΔGDP, gross
domestic product; ΔQ, GHG emissions.
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efficiency, carbon efficiency, activity or job intensity, began to have
a greater influence on GHG emissions.

A qualitative scale has been developed in order to classify the
corresponding effect of each driver in categories according to their
magnitude – large, moderate, medium or slight – and direction –

increase (�) or decrease (þ) in GHG emissions (see Table 3). The
table also includes a brief assessment and a summary of important
changes which took place during each period. The following
subsections analyze each period and discuss the transport strate-
gies devised during the twenty-year period and beyond.

4.1. Rapid motorization: 1990–1997

The seven-year period of 1990–1997 was governed by the rapid
motorization of the population. Vehicle ownership was dominant
and greatly influenced road use intensity. These led to an increase
of GHG emissions, together with the deterioration of carbon
intensity which was influenced by the gasoline consumption. To
1997 more than 80% of passenger car vehicles used gasoline as fuel
(DGT, 2011). The improvement in energy efficiency, on the other
hand, had a positive effect on GHG emissions in this period,
brought about by the penetration of more efficient vehicles: from
1990 to 1997, the use of EURO technologies increased by 30% (DGT,
2011). During this period, the improvement in the productivity of
the labor market (decreased of workers income intensity) also
influenced positively on GHG emissions.

4.2. Dieselization effect: 1997–2002

In the five-year period from 1997 to 2002, the Spanish
Government enacted several dieselization policies, such as the
PREVER Plan 1997–2007, in an effort to reduce the age of the
vehicle fleet and to eliminate leaded gasoline; helping vehicle
owners to replace older cars with new ones provided a catalyst
(Spanish Government, 1997). During this period, the percentage of
diesel vehicles in the total fleet grew from 18.1% to 32.5%, and by
2002, the price of diesel fuel was 14% cheaper than gasoline (MF,
2012). Although diesel vehicles are more efficient than gasoline

ones, as they offer better carbon and energy intensity, these
policies had a negative influence on GHG emissions, causing a
rebound effect by greatly increasing road use (Mendiluce et al.,
2010). The growing role of diesel vehicles in Spain confirms that
fiscal policies can generate changes in driver behavior. Never-
theless, such policies should be carefully controlled, as the fiscal
incentive for the purchase of these vehicles, combined with lower
taxation, led to a rebound effect, increasing the total annual
kilometers traveled and consequently raising emissions.

4.3. Rapid economic growth and mileage increase: 2002–2007

The rapid economic growth of the 2002–2007 period had a
negative influence on the GHG emissions of road traffic, which
reached their peak in 2007. The wealth of the Spanish population
increased road transport activity. One example is the increase in
engine size for passenger cars from 1997 to 2010 as Fig. 8
illustrates. In 2007, more than half of cars had an engine capacity
of over 1600 cm3 and only 10% could be categorized as small cars
(less than 1200 cm3 of engine capacity). Therefore, the purchase of
cars with greater cylinder capacity led to an increase in consump-
tion. Additionally, during this period there was a decrease in fuel
prices which encouraged greater consumption (Gonzalez and
Marrero, 2012). This led to a reduction of the energy efficiency
of road traffic (rebound effect) and a rise in GHG emissions. Last
but not least, during this period there was an important growth of
the motorization rate and the employment rate, reaching
their peak.

4.4. Reaction to the economic crisis: 2007–2010

The economic crisis greatly affected the road transport sector.
The four-year period of 2007–2010 was characterized by a reduc-
tion of GHG emissions in the transport sector after 17 years of
steady increase. This analysis found that the most powerful drivers
influencing the reduction were the use intensity – as road activity
declined sharply – and energy and carbon efficiency (see Table 3).
Road activity has been hit by the economic crisis, and people have

Table 3
Assessment of key drivers (comparison with total change in GHG emissions 1990–2010).

1990–1997 1997–2002 2002–2007 2007–
2010

1990–
2010

Effect of key
drivers on GHG
emissions

ΔC Carbon Intensity � þ þ þ þ
ΔE Energy Intensity þþ þ � þþ þþ
ΔU Use Intensity � � � þ þþ þ
ΔM Motorization Rate � � � � � � - - þ � � �

�
ΔJ Job Intensity þ þ þ þ þ � �

�
þ

ΔW Workers Income
Intensity

þ þ þ þ � þ þ þ þ

ΔGDP � � � � � � � � � þ � � �
�

ΔQ (GHG emissions
in Mt CO2-eq)

þ14.95 þ17.39 þ15 -14.71 þ32.63

Assessment ↑M and small cars;
↑U¼Rapid motorization

↑M and diesel cars;
↑U¼Dieselizationþrebound
effect

↑M and large engine size, ↑U,
↓E¼Inefficiency

↓U, ↑E, ↑C¼Lessons from the
crisis

Changes Penetration of EURO
technologies in the vehicle
fleet

PREVER plan¼purchase of
diesel vehicles

Cheap diesel fuelþpurchase of
cars with large engine capacity

Results from E4
Strategyþbiofuel
penetrationþcrisis impacts

Explanation of the effect of key drivers on ΔGHG emissions
(þ) Decreased emissions.
(�) Increased emissions.
Large¼(þþþþ or � � � �) greater than 75%.
Moderate¼(þþþ or � � �) from 50% to 75%.
Medium¼(þþ or � �) from 25% to 50%.
Slight¼(þ or �) from 0% to 25%.
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reduced their travel distances and trips. Main factors influencing
the use intensity have been: the reduction of employment rate and
the reduction of income per capita (see Fig. 5). In this period, road
energy consumption decreased due to an overall reduction of 15%
in the use of oil products (Fig. 9). One of the reasons for this
decrease was the rise in oil prices caused by the energy scarcity
crisis (Mendiluce and Del Río, 2010). The improvement in energy
efficiency and carbon efficiency, however, were also marked by the
demand for biofuel. It has also increased in recent years (Fig. 9)
because of the introduction of energy labeling in transport, the
promotion of the use of biofuels (Spanish Government, 2008) and
vehicle fleet renewal measures (IDAE, 2007). In fact, from 2008 to

2012, the tax-free policy for the use of biofuels increased demand
for them, consequently improving carbon efficiency and reducing
GHG emissions (a moderate reduction of carbon intensity can be
observed in Fig. 6). In 2010, biodiesel represented 5.5% of total
diesel consumption and bioethanol made up 6% of total gasoline
consumption.

4.5. 2010 and beyond

Since 2010, Spain has continued decreasing the GHG emissions
from road transport, but these are currently maintained and they
are not expected to grow. In 2011, Spain experienced an energy
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crisis and the government introduced special energy-saving stra-
tegies for the transport sector (MF, 2011). Additionally, the Second
Energy Saving and Efficiency Action Plan 2011–2020 was launched,
which also introduced a set of energy-saving measures for the
transportation sector, mainly focused on the road transport mode
(IDAE, 2011). Some of these measures are related to fleet renewal
and several action plans have been implemented: the Efficient
Vehicle Incentive Program: Plan PIVE – a plan to aid in purchasing
smaller cars and light-duty vehicles – from 2012 (Spanish
Government, 2013b) and the Comprehensive Strategy to Promote
the Electric Vehicle in Spain 2010–2014: Plan MOVELE (Spanish
Government, 2013a). Traffic activity has plateaued in Spain and
is not expected to continue decreasing (MF, 2012); use intensity,
then, does not seem to be contributing to the decrease in GHG
emissions. Moreover, since January 2013, biofuels are no longer
tax-free, which is a step back when it comes to the use of
alternative fuels.

4.6. Lessons from the crisis

Finally, in order to decarbonize road transport and achieve the
Kyoto Protocol target of returning to 1990 levels of GHG emissions
(UNFCCC, 1998), the Spanish road transport sector will need to
reduce emissions by 30 Mt CO2-eq (based on 2010 levels). It is clear
that, as in the past, the priority is decoupling economic growth and
energy consumption. New measures to reduce GHG emissions of
road transport in Spain should take the following into consideration:

a) On the one hand, specific measures must continue to be taken
to reduce the use of transport in general without compromising
the country's development. This could be achieved by imple-
menting policies oriented toward reducing demand and trans-
ferring activity to more energy-efficient modes (Banister, 2011).

b) On the other hand, as road traffic makes up the large majority
of Spanish transport, there is a need for strategies to improve
the efficiency of road use, such as traffic management strategies
and penetration of smaller, more efficient vehicles to limit
climate change. Speed management, improved infrastructure
design, management of heavy-duty vehicles and efficient
technologies (both efficient fuels and vehicles) are recom-
mended (Monzon et al., 2012). Furthermore, specific analysis
at an urban level should identify local drivers to define the best
policy recommendations (i.e. Sobrino and Monzon, 2013).

5. Conclusions and policy implications

Road traffic is the greatest contributor to the carbon footprint
of the transport sector. Global warming has been one the main
concern in recent transportation policies and its reduction has
become one of the main objectives of sustainable transport
policies. An analysis of the main factors influencing energy
consumption and GHG emissions is essential for designing new
energy- and environmentally efficient strategies in the road
transport mode. Decomposition analysis techniques have proved
to be some of the most suitable methods for the assessment of
transport trends (i.e. Lu et al. 2007).

This study presents a methodological framework to analyze the
main factors influencing changes in the GHG emissions from road
transport. First a review of the literature has identified three main
groups of underlying factors: fuel efficiency, traffic activity and
socioeconomic development. These can be separated into seven
drivers: carbon intensity, energy intensity, road use intensity,
motorization rate, job intensity, workers income intensity and
GDP. The analysis of the drivers made use of index decomposition
techniques, and the MLI method was chosen for its consistency in

periods where large changes occur (i.e. changes in behavior,
technology or the economy) as well as for its capacity to incorpo-
rate drivers which represent relationships between the underlying
factors.

The methodology was applied to the Spanish road transport case
study for the 1990–2010 period, which includes the beginning of the
economic crisis. However, the proposed methodology can be applied
to many different cases and can serve to benchmark strategies or
compare countries. Hence, the MLI methodology has proven ade-
quate for identifying relevant factors that affect CO2 emissions
trends. The residual term has been eliminated from the decomposi-
tion, thereby improving on previous decomposition techniques.

The results highlight the main drivers influencing GHG emis-
sions trends and four main periods have been identified: rapid
motorization (1990–1997), dieselization effect (1997–2002), rapid
economic growth and mileage increase (2002–2007) and the
economic crisis (2007–2010). In summary, in 1990, the population
of Spain began to purchase more cars, at a rate of approximately
one vehicle per family; consequently, the increase in emissions in
the first period was due to the rise in the motorization rate. In the
second and third period, there were synergies between fiscal
policies favoring diesel vehicles (lower taxes for new vehicles and
diesel fuel) and the higher purchasing power of the population. The
result was an increase in the motorization rate and the growth of
the share of diesel vehicles in the Spanish fleet, as well as a rebound
effect due to increased driving distances. This, in turn, caused a
steady increase in energy consumption and GHG emissions, demon-
strating the inefficiency of road transport systems during times of
economic expansion and the importance of adopting adequate
fiscal policies. From 2007 to the present, the economic crisis has
led to a reduction of transport activity and higher energy efficiency
on the road. People have adapted their behavior to their real
mobility needs by reducing the number of kilometers they drive
and moving more efficiently thanks to a renovated fleet.

In conclusion, Spain tends to be more efficient in a crisis that in
prosperity; the country is at a crossroads which could mark a
change in the paradigm of road transport. This study provides
important information that could aid in developing measures and
redefining strategies with which to take advantage of the recent
decrease in the demand for road transport. Policy recommenda-
tions would include (a) returning to policies which encourage the
purchase of smaller, more efficient vehicles in order to obtain a
more energy-efficient vehicle fleet; (b) increasing the use of other
transport modes and reducing car dependency through modal
shift measures; and (c) encouraging efficient traffic management
strategies and infrastructure design, and making use of informa-
tion and communications technologies (ICT) for speed and traffic
flow management. Future research would include a sensitivity
analysis of different changes in the drivers and the assessment and
comparison of different countries.
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Appendix A. Modified Laspeyres Index (MLI)

This section develops the Modified Laspeyres Index (MLI) as
presented by Mishina et al. (2011). Note that Eqs. (A.3) and (A.4)
are provided also in the main text.
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In the seven change-factor model (x1,x2,x3,x4,x5,x6,x7), the
change in the x1 factor, which represents the change in GHG
emissions (ΔGHG), is given by

ΔGHGx1 ¼Δx1ðx2x3x4x5x6x7þ a1
a1 þa2

Δx2x3x4x5x6x7

þ a1
a1þa3

Δx3x2x4x5x6x7þ
a1

a1þa4
Δx4x2x3x5x6x7

þ a1
a1þa5

Δx5x2x3x4x6x7þ
a1

a1þa6
Δx6x2x3x4x5x7

þ a1
a1þa7

Δx7x2x3x4x5x6þ
a1

a1þa2þa3
Δx2Δx3x4x5x6x7

þ a1
a1þa2þa4

Δx2Δx4x3x5x6x7þ
a1

a1þa2þa5
Δx2Δx5x3x4x6x7

þ a1
a1þa2þa6

Δx2Δx6x3x4x5x7þ
a1

a1þa2þa7
Δx2Δx7x3x4x5x6

þ a1
a1þa3þa4

Δx3Δx4x2x5x6x7þ
a1

a1þa3þa5
Δx3Δx5x2x4x6x7

þ a1
a1þa3þa6

Δx3Δx6x2x4x5x7þ
a1

a1þa3þa7
Δx3Δx7x2x4x5x6

þ a1
a1þa4þa5

Δx4Δx5x2x3x6x7þ
a1

a1þa4þa6
Δx4Δx6x2x3x5x7

þ a1
a1þa4þa7

Δx4Δx7x2x3x5x6þ
a1

a1þa5þa6
Δx5Δx6x2x3x4x7

þ a1
a1þa5þa7

Δx5Δx7x2x3x4x6þ
a1

a1þa6þa7
Δx6Δx7x2x3x4x5

þ a1
a1þa2þa3þa4

Δx2Δx3Δx4x5x6x7

þ a1
a1þa2þa3þa5

Δx2Δx3Δx5x4x6x7

þ a1
a1þa2þa3þa6

Δx2Δx3Δx6x4x5x7

þ a1
a1þa2þa3þa7

Δx2Δx3Δx7x4x5x6

þ a1
a1þa2þa4þa5

Δx2Δx4Δx5x3x6x7

þ a1
a1þa2þa4þa6

Δx2Δx4Δx6x3x5x7

þ a1
a1þa2þa4þa7

Δx2Δx4Δx7x3x5x6

þ a1
a1þa2þa5þa6

Δx2Δx5Δx6x3x4x7

þ a1
a1þa2þa5þa7

Δx2Δx5Δx7x3x4x6

þ a1
a1þa2þa6þa7

Δx2Δx6Δx7x3x4x5

þ a1
a1þa3þa4þa5

Δx3Δx4Δx5x2x6x7

þ a1
a1þa3þa4þa6

Δx3Δx4Δx6x2x5x7

þ a1
a1þa3þa4þa7

Δx3Δx4Δx7x2x5x6

þ a1
a1þa3þa4þa7

Δx3Δx4Δx7x2x5x6

þ a1
a1þa3þa5þa6

Δx3Δx5Δx6x2x4x7

þ a1
a1þa3þa5þa7

Δx3Δx5Δx7x2x4x6

þ a1
a1þa3þa6þa7

Δx3Δx6Δx7x2x4x5

þ a1
a1þa4þa5þa6

Δx4Δx5Δx6x2x3x7

þ a1
a1þa4þa5þa7

Δx4Δx5Δx7x2x3x6

þ a1
a1þa4þa6þa7

Δx4Δx6Δx7x2x3x5

þ a1
a1þa5þa6þa7

Δx5Δx6Δx7x2x3x4

þ a1
a1þa2þa3þa4þa5

Δx2Δx3Δx4Δx5x6x7

þ a1
a1þa2þa3þa4þa6

Δx2Δx3Δx4Δx6x5x7

þ a1
a1þa2þa3þa4þa7

Δx2Δx3Δx4Δx7x5x6

þ a1
a1þa2þa3þa5þa6

Δx2Δx3Δx5Δx6x4x7

þ a1
a1þa2þa3þa5þa7

Δx2Δx3Δx5Δx7x4x6

þ a1
a1þa2þa3þa6þa7

Δx2Δx3Δx6Δx7x4x5

þ a1
a1þa2þa4þa5þa6

Δx2Δx4Δx5Δx6x3x7

þ a1
a1þa2þa4þa5þa7

Δx2Δx4Δx5Δx7x3x6

þ a1
a1þa2þa4þa6þa7

Δx2Δx4Δx6Δx7x3x5

þ a1
a1þa2þa5þa6þa7

Δx2Δx5Δx6Δx7x3x4

þ a1
a1þa3þa4þa5þa6

Δx3Δx4Δx5Δx6x2x7

þ a1
a1þa3þa4þa5þa7

Δx3Δx4Δx5Δx7x2x6

þ a1
a1þa3þa4þa6þa7

Δx3Δx4Δx6Δx7x2x5

þ a1
a1þa3þa5þa6þa7

Δx3Δx5Δx6Δx7x2x4

þ a1
a1þa4þa5þa6þa7

Δx4Δx5Δx6Δx7x2x3

þ a1
a1þa2þa3þa4þa5þa6

Δx2Δx3Δx4Δx5Δx6x7

þ a1
a1þa2þa3þa4þa5þa7

Δx2Δx3Δx4Δx5Δx7x6

þ a1
a1þa2þa3þa4þa6þa7

Δx2Δx3Δx4Δx6Δx7x5

þ a1
a1þa2þa3þa5þa6þa7

Δx2Δx3Δx5Δx6Δx7x4

þ a1
a1þa2þa4þa5þa6þa7

Δx2Δx4Δx5Δx6Δx7x3

þ a1
a1þa3þa4þa5þa6þa7

Δx3Δx4Δx5Δx6Δx7x2

þ a1
a1þa2þa3þa4þa5þa6þa7

Δx2Δx3Δx4Δx5Δx6Δx7Þ

ðA:1Þ
where

ai ¼ Δxi
x0
i
þ xt

i
2

ði¼ 1;2;3;4;5;6;7Þ ðA:2Þ

Δxi ¼ xti �x0i ði¼ 1;2;3;4;5;6;7Þ ðA:3Þ
and xi is the driver under consideration. When the factor x1 does
not change for the period [0, t], the symmetric rate of change (a1)
of the factor x1 is zero. Hence, the change in GHG for the period
0�t is expressed as

ΔGHG¼ ΔGHGX1þΔGHGX2þΔGHGX3þΔGHGX4

þΔGHGX5þΔGHGX6þΔGHGX7 ðA:4Þ
The time-series decomposition consists of yearly comparisons and
addition of the results over a specific period.

Appendix B. Spanish road transport data

See Table B1.
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Table B1
Factor figures.

Year GHG emission from road
transport in Spain

Total Energy consumption in
Spain from road transport

Total distance driven in
Spanish road by vehicles

Total Spanish
vehicle fleet

Spanish
population

Employed
population

Spanish Gross
Domestic Product

tCO2-eq TJ 106 km 103 veh 103 Inhab 103 Inhab 106 Euro
Q EC T VF P EP GDP

1990 51,244,000 699,000 183,500 16,834 38,826 13,967 468,206.2
1991 54,181,000 739,200 193,800 17,768 38,875 13,967 480,114.6
1992 57,881,000 789,900 209,800 18,640 39,004 13,772 484,580.9
1993 57,383,000 782,900 209,400 19,145 39,132 13,381 479,583.3
1994 60,542,000 825,400 225,000 19,552 39,247 13,318 491,011.7
1995 61,400,000 836,600 231,600 20,158 39,343 13,569 515,405.0
1996 65,446,000 891,000 248,800 20,863 39,431 13,796 527,564.2
1997 66,190,000 900,600 259,000 21,603 39,525 14,293 547,974.1
1998 72,630,000 987,400 285,500 22,631 39,639 14,932 572,458.4
1999 76,466,000 1,038,600 303,800 23,745 39,803 15,617 599,626.9
2000 78,494,000 1,069,100 312,400 24,612 40,050 16,412 629,907.0
2001 81,784,000 1,121,700 327,500 25,599 40,477 16,942 653,021.0
2002 83,581,000 1,149,800 339,600 26,606 40,964 17,359 670,719.1
2003 87,365,000 1,203,900 358,400 26,761 41,664 17,916 691,440.5
2004 90,440,000 1,246,300 358,300 28,054 42,345 18,565 713,976.7
2005 92,968,000 1,284,500 371,700 29,272 43,038 19,335 739,563.1
2006 95,833,000 1,319,600 384,900 30,104 43,758 20,105 769,709.3
2007 98,584,000 1,366,700 398,700 31,907 44,475 20,713 796,488.9
2008 93,309,000 1,304,600 384,500 32,516 45,283 20,687 803,567.0
2009 87,031,000 1,239,100 376,900 32,339 45,828 19,338 773,507.5
2010 83,872,000 1,210,900 376,100 32,501 45,989 18,856 772,970.1
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Chapter 3 – CLIMATE CHANGE IN CITIES: URBAN MOBILITY PERSPECTIVE 
 

3.  CLIMATE CHANGE IN CITIES: 
URBAN MOBILITY PERSPECTIVE 

 

“Many cities are applying innovative ideas which will make the car-based transport system 

seems like an idea belonging to the last century. City life does not have to mean polluted air, 

congestion, noise and long travelling times.” 

Bruyninckx, H. (2013) EEA Executive Director 

 

This chapter explores the relationship between urban daily mobility emissions and 

mobility patterns. Since the analysis of emissions at urban level from a bottom-up 

perspective requires too much effort of modeling (urban street data, traffic counts, 

instantaneous emission model, etc.), the current analysis proposes to use National 

Household Travel Surveys (NHTS) to estimate emissions of each journey recorded 

in the NHTS. The proposed method (Figure 3.1) is applied for the Spanish case 

(article II) and is also used for benchmarking countries (article III). European urban 

daily mobility has risen differently among countries and consequently climate 

change impacts of daily travelers are not uniformly distributed. That is way article 

III analyses the climate changes of daily mobility in two different countries: Spain 

and Belgium, having quite different trends in daily mobility.   

The chapter examines the impacts of private mechanized modes versus 

public transport with respect to GHG emissions and discusses urban transport 

policies toward low-carbon urban transport.  
 

 

Figure 3.1 Chapter 3 scheme 
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motorized modes are favored over other forms of transport, road trans-
portation is the main energy consumption mode and, consequently, 
the main transportation pollutant source at 80% of the total transport 
energy demand (4). Passenger emissions are rising more rapidly than 
freight transport emissions, caused by an overall increase in daily 
mobility. These numbers put into perspective the need to set spe-
cific emissions targets for passenger mobility and to develop policies 
aimed at cohesive and concrete emissions reductions in passenger 
transport (5).

Local mobility is important, because 40% of all transport-related 
CO2 is emitted in cities. The need to decarbonize urban mobility is 
a priority if countries are to achieve reduction targets for GHG emis-
sions. Moreover, the car is the main mode: 75% of all kilometers trav-
eled (passenger kilometers) in European urban areas are produced 
by car journeys (6). The public transport mode share is decreasing 
almost everywhere and now accounts for only 16% of journeys (6). 
To achieve reduction targets for GHG emissions, more emphasis must 
be placed on modal split policies that highlight public transport and 
nonmotorized transport as viable options. For instance, Lapillonne 
et al. report that public transport is four times more energy-efficient 
than cars (7). Moreover, where rail infrastructures and bus lanes are 
available, public transport can compete with cars because of its effi-
ciency and the fact that travel times during peak hours tend to favor 
public transport users. Overall, public transport offers a better level 
of service, mainly because of its regularity and reduced travel times.

A shift is required in both travel behavior and the perception of 
public transport as an unsafe, time-consuming, inconvenient option 
among populations accustomed to traveling by car (8). A European 
Union white paper sets challenging targets for a shift to more sustain-
able modes in urban transportation in European countries, encourag-
ing cities to increase the modal share of nonmotorized modes (9). 
Modal shift policies are consistently among the best practices in urban 
areas for reducing the environmental effects of urban transport. Rail 
modes are seen as an ecological form of transportation (10). Buses 
offer flexibility, can be used quickly in response to changing demand, 
and do not need specialized infrastructure, unlike trains (11). Walk-
ing and cycling are carbonless, environmentally friendly solutions 
for individual urban transport (12). In Europe, cycling and walking 
account for approximately 13% of urban passenger kilometers (13).

In Spain, motorized modes are favored over other forms of trans-
port, and much investment is made in new road infrastructure in 
dense urban areas. Moreover, Spanish daily commute patterns indi-
cate that the population is slowly reverting from public transport to 
carbon-intensive automobile transport (5). However, the difference 
in the use of public transport in large and small urban areas is signifi-
cant. In dense cities, travelers are more likely to use public transport; 
in Madrid, Barcelona, and Bizkaia, 20% to 30% of trips involve pub-
lic transport, whereas the share of public transport is 5% to 11% in 
small urban areas. Notably, a significant percentage (30% to 45%) of 
daily journeys in Spain are made on foot (14).

Management of Urban Mobility to Control 
Climate Change in Cities in Spain

Natalia Sobrino and Andres Monzon

The need to decarbonize urban mobility is one of the main motivations 
for all countries to achieve reduction targets for greenhouse gas (GHG) 
emissions. In general, the transport modes that have experienced the 
most growth in recent years tend to be the most polluting. Most efforts 
have focused on improvements in vehicle efficiency and on the renewal 
of vehicle fleets; more emphasis should be placed on strategies related to 
the management of urban mobility and modal share. Research of indi-
vidual travel that analyzes carbon dioxide (CO2) emissions and car and 
public transport share in daily mobility will enable better assessments 
of the potential of urban mobility measures introduced to limit GHG 
emissions produced by transport in cities. The climate change impacts 
of daily mobility in Spain are explored with data from two national travel 
surveys in 2000 and 2006, and a method for estimating the CO2 emissions  
associated with each journey and each surveyed individual is provided. 
The results demonstrate that from 2000 to 2006, daily mobility has 
increased and has led to a 17% increase in CO2 emissions. When these 
results are separated by transport mode, cars prove to be the main con-
tributor to that increase, followed by public transport. More focus should 
be directed toward modal shift strategies, which take into account not 
only the number of journeys but also the distance traveled. These contri-
butions have potential applications in the assessment of current and future 
urban transport policies related to low-carbon urban transportation.

Transport is widely recognized to be one of the most significant 
sources of greenhouse gas (GHG) emissions—particularly carbon 
dioxide (CO2) emissions, which are directly related to the consump-
tion of carbon-based fuel—and the greenhouse effect is regarded as 
one of the most serious threats to the environment today. In 1997, 
the Kyoto Protocol highlighted the transport sector as key to achiev-
ing its target (1). Global CO2 emissions from transport represented 
22.5% of global CO2 emissions in 2008 in Organisation for Economic 
Co-operation and Development countries and have increased by 44% 
from 1990 to 2008 (2). Car dependence has been identified as the 
main reason for this increase in transport emissions. Crucially, many 
countries are experiencing an economic recession that has affected 
transport activity, most noticeably freight (2). Consequently, transport 
emissions are decreasing slightly.

In Spain specifically, transport emissions increased by 70% from 
1990 to 2009, reaching a total of 94.5 million tons of CO2 (3). As 
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The goals of this paper are to investigate whether mobility patterns 
are evolving toward a low-carbon urban transport. To this end, the 
study aims to explore the influence of modal share on climate change 
impacts by providing an overview of Spanish daily mobility trends 
from 2000 to 2006. The research focuses on passenger trips and 
considers daily travel time, distance, and CO2 emissions. The analysis 
will enable better assessment of the potential of future urban mobility 
measures to limit GHG emissions produced by transport in cities. This 
research has potential applications in the evaluation of current and  
future urban transport policies to promote better mobility management 
in cities.

The paper is structured as follows. First, the data set and the 
method used to estimate CO2 emissions linked to passenger trans-
port from Spanish national travel surveys (NTSs) are presented. 
Then, car and public transport share in daily mobility and the 
evolution of this indicator over time are analyzed in general. The 
average daily emissions per passenger are presented, and car and 
public transport use are analyzed with a view toward climate change 
impacts. Finally, an analysis of modal share shows that measures 
must be taken at a local level, related to low-carbon urban transport, 
to reach climate change targets.

Data anD MethoDology

household Mobility Survey Data

Urban transportation management must become familiar with urban 
mobility patterns. NTSs have become key tools for analyzing mobil-
ity patterns to formulate national-level policy recommendations. 
Some studies have been conducted that make use of this resource. 
Stead analyzes the impact and trends of transport emissions in Britain 
by using the 1989–1991 NTS to recommend certain transport policies 
and finds that measures to increase occupancy and manage transport 
capacity are required to attain maximum reductions in vehicle emis-
sions (15). Nicolas and David highlight the relevance of using NTSs to 
analyze individual trip behavior and to better consider environmental 
transport policies; French daily mobility remains car-based, and poli-
cies that affect car fleet mix and its technology have been suggested to 
combat the climate change impacts that occur as a result (16). Travel 
behavior and transport fuel use were studied in the Netherlands and 
the United Kingdom, where in recent decades, travel patterns in both 
countries have more or less remained the same while individual CO2 
emissions per capita have increased (17). Fewer than one-half of all 
journeys in the Netherlands and less than two-thirds of all journeys 
in the United Kingdom are made by car. Results show that car avail-
ability is consistently the most significant predictor of individual CO2 
emissions, and its influence on emissions has increased over time.

The Spanish Ministry of Transport and Public Works developed a 
survey of the mobility of residents (MOVILIA) to provide an overall 
view of mobility and its main patterns in Spain. The daily mobility 
survey requested information regarding trip origin and destination, 
travel mode, departure and arrival times, and trip purpose for 1 work-
ing day and 1 weekend day. In addition, information about individuals 
in households was gathered, including location of residence, gender, 
age, income, car ownership status, and occupation. Surveys were 
conducted in 2000 and 2006 with the same trip definition, sampling 
method, and survey mode (18, 19). The 2006 data describe some 
230,000 trips made by more than 49,000 people.

The two surveys do have some differences. For example, the geo-
graphic scope of the 2000 survey allows for data to be separated 

only by region, whereas the 2006 survey is broken down by prov-
ince. Also, up to four members of each household were surveyed 
in 2000, but only one individual per household was surveyed in 
2006. These changes were introduced because, despite the larger 
number of individuals in the 2000 sample, the number of trips was 
not clearly defined. Finally, walking trips of less than 10 min were 
excluded in 2000, whereas only walking trips of less than 5 min 
were excluded in 2006 (Table 1).

estimating Co2 emissions for Urban trips

The CO2 emissions per passenger (in g CO2/passenger trip) are cal-
culated by multiplying the average emissions factor for each aggre-
gated transport mode i (EFi) in grams CO2/(passenger kilometer) by 
the trip distance (Dt) (in kilometers) as follows (15–17, 20):

i ( )= ×

CO emissions per passenger

EF in grams CO passenger kilometer Dt (1)

2

2

As a first step, the CO2 emissions factor is estimated for each mode 
of transport considered in the survey. The MOVILIA survey data 
serves as a source of information with which to estimate the CO2 
emissions per passenger trip by applying the emissions factors of each 
transport mode. Each trip recorded in the survey (from the available 
information) contains characteristics about the individual, travel time, 
transport mode, and more. The main indicators that could be obtained 
from MOVILIA are the number of trips and total travel time per pas-
senger per day, which are broken down by day of the week (workday 
or weekend day), transport mode, purpose, and age class. One issue 
with MOVILIA data is the lack of information about trip distance, 
and transport modes are aggregated in groups according to (a) walk-
ing and cycling (soft modes), (b) car and motorcycle, (c) urban bus 
and metro, (d) interurban bus, (e) train, and ( f ) other (taxis, collective 
company transport, and so on). The proposed method for estimating 
the CO2 emissions per passenger trip is charted in Figure 1.

For cars and motorcycles, the vehicle emissions factors are applied 
from the EMEP/EEA [Cooperative Programme for Monitoring and 
Evaluation of the Long-Range Transmission of Air Pollutants in 
Europe (EMEP) and European Environment Agency (EEA)] guide-
book to European emissions, which is used to estimate emissions 
factors and relevant activity data to calculate exhaust emissions for 
different vehicle types, which have their own equations according to 
age, fuel type, and operating speed (21). ENERTRANS results for 
Spain indicate that average speeds of 40 and 35 km/h have been used 
for cars and motorcycles, respectively (22).

The average emissions factor per passenger for each year (2000 
and 2006) was estimated for cars and motorcycles by introducing 
the occupancy rate and activity demand by vehicle type from the 
database of TREMOVE, a transport and emissions simulation model 
developed for the European Commission (23). For urban and inter-
urban buses, the same approach based on the EMEP/EEA method is 
applied, taking into account the urban driving mode for urban buses. 
For rail-based modes, emissions factors were obtained from previous 
studies that estimate emissions factor data for rail modes in Spain 
(24). Because different transport modes are aggregated in the survey 
(e.g., urban bus and metro), an aggregation factor for each mode 
of transport is applied in such cases according to demand (passen-
gers per kilometer by each mode of transport from the TREMOVE 
database). Finally, the other category aggregates various other modes 
of transport, including taxis and collective company transport. The 
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TABLE 1  Technical Characteristics of MOVILIA, 2000 and 2006

Characteristic MOVILIA 2000 MOVILIA 2006

Main body involved Ministry of Transport Ministry of Transport

Statistical unit Household Household

Household members All (up to 4 people) 1

Individuals excluded 
from survey

No age limit No age limit 

Trip definition Movement from origin to destination for 
a main purpose

Movement from origin to destination for 
a main purpose

Main mode definition 
 
 
 
 

The main mode is either a stated main 
mode or determined by following a 
mode hierarchy for public transport 
(train > metropolitan bus > metro 
> urban bus) > car passenger > car 
driver > bicycle > on foot

The main mode is either a stated main 
mode or determined by following a 
mode hierarchy for public transport 
(train > metropolitan bus > metro 
> urban bus) > car passenger > car 
driver > bicycle > on foot

Trips excluded Walking trips less than 10 min Walking trips less than 5 min

Geographical scope Autonomous region Province

Sampling method 
 

Random sampling stratified by 
geographic region and household 
structure

Random sampling stratified by 
geographic region and household 
structure

Type of questionnaire 1 working day and 1 weekend day; by 
memory

1 working day and 1 weekend day; by 
memory

Choice of day or period Randomly predefined day Randomly predefined day

Survey period 2 months 1 month

Survey mode Daily mobility and household character-
istics: face-to-face survey

Daily mobility and household character-
istics: face-to-face survey

Contact before survey Official letter before survey Official letter before survey

Computer-aided interview Daily mobility: CAPI Daily mobility: no

Number of reminders 130,000 NA

Response rate 70% 55%

Note: CAPI = computer-assisted personal interviewing; NA = data not available.

MOVILIA TRIPS
DATABASE

CO2 EMISSION
FACTOR DATABASE

CO2 EMISSION TRIPS
DATABASE

(g CO2/pas-trip)

MAIN MODE

TIME

Main characteristics
per trip

Emission Factor

(a) Walking / cycling
(b) Car / moto
(c) Urban bus /
 metro
(d) Interurban bus
(e) Train
(f) Other

Average
Speed/mode

DISTANCE

ENERTRANS
ENERTRANS

TREMOVE

EMEP/EEA

FIGURE 1  Method for estimating CO2 emissions per passenger (pas) trip in MOVILIA survey 
(moto = motorcycle).
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emissions factor for this case is calculated on the basis of aggregated 
average emissions factors of the different transport modes.

The second step is focused on the indirect calculation of trip dis-
tance. The ENERTRANS project provides real average speed data 
for the different transport modes in Spain (22). These data and trip 
times from MOVILIA are used to calculate the trip distance (18, 19). 
Finally, the CO2 emissions per passenger and trip are calculated with 
Equation 1.

Figure 2 shows average CO2 emissions per passenger kilometer 
for each mode. Private cars and motorcycles produce the most CO2 
emissions. The trend toward more efficient vehicles in the vehicle 
fleet accounts for the slight decrease in average emissions from 2000 
to 2006.

Urban Mobility trenDS

analysis of Car and Public transport Use

Mobility patterns are analyzed in this section, with a focus on trans-
port mode. The environmental impact of transport is strongly deter-
mined by overall transport activity and modal split. The 2000 and 
2006 MOVILIA surveys are compared, and information is provided 
to aid understanding of the results of the following section.

One of the important variables that influence the modal split is 
household car availability (17). In 2006, 31.6% of Spanish house-
holds had more than one vehicle with which to make journeys, 
whereas in 2000, this figure was only 27.6%—a difference of four 
percentage points (Figure 3). This shift likely has contributed to the 
increase in car trips and, consequently, to the rise in CO2 emissions 
from urban mobility in Spain. The average number of trips per pas-
senger per day on a working day was higher in 2006 (3.3 trips/day) 
than in 2000 (2.9 trips/day) (Table 2). Considering only people travel-
ing on working days, the average travel time increased slightly from 
71 min in 2000 to 73 min in 2006.

Finally, as expected, the car is the main motorized mode used by 
Spanish travelers for daily mobility. Moreover, car use was higher 
in 2006 than in 2000, to the detriment of public transport use. Still, 
the share of walking trips in Spanish cities is rather high (account-
ing for more than 40% of the trips), and public transport patronage 

accounts for about 10%. These figures influence the transfer poten-
tial of trips among transport modes. In addition, a recent study 
that measured mobility patterns in areas of Spain with investment 
in new public transport infrastructure reports that in many such 
cases, a positive effect has been observed on the modal shift from  
private- to public-based modes (25).

In summary, Spanish daily mobility increased and moved toward a 
more car-dependent lifestyle from 2000 to 2006. People are making 
more and longer journeys, and the use of public transport is decreas-
ing. As a result, more research into the climate change impacts of daily 
mobility and more strategies focused on managing daily mobility will 
be needed to achieve targets for sustainable mobility in cities.

Modal Split and Climate Change impacts

The level of CO2 emissions per individual trip depends on transport 
mode and distance traveled in each mode or total trip time. Accord-
ing to individual CO2 emissions calculated from Spanish NTS data 
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for 2000 and 2006, private vehicles (cars and motorcycles) are the 
highest producers of CO2 emissions in Spain for both years. Figure 4 
displays the shares of private vehicles and public transport in the 
number of trips, travel times, and CO2 emissions for both years.

A comparison of private vehicle and public transport data provided 
the following results. The slight increase in the number of trips made 
by private vehicles has led to a decrease in public transport use (about 
6 percentage points) from 2000 to 2006. However, the time spent 
traveling each day in private vehicles and public transport remains 

constant over that period, indicating that unless the number of trips 
by public transport has decreased, the time spent on each trip has 
increased and, consequently, the CO2 emissions have not been sig-
nificantly reduced. The number of trips made by private vehicles 
has increased and time spent traveling has increased slightly; thus, 
the travel time per trip made by private vehicle in 2006 is shorter than 
in 2000. Nevertheless, the increased number of private vehicle trips 
signifies an overall increase in CO2 emissions over the period.

Soft modes have been excluded from this analysis because of dif-
ferences in the two Spanish NTSs: walking trips of less than 10 min 
were excluded in 2000, whereas only those of less than 5 min were 
excluded in 2006. Still, the number of trips by soft modes represents 
an important share in Spanish urban mobility—around 40% of trips 
made by all transport modes.

Results of applying the proposed method and comparing the evo-
lution from 2000 to 2006 (calculated as a percentage increase since 
2000) are listed in Table 3. Soft modes are not compared because 
of the different definitions of soft mode trips in the two surveys. In 
the impact assessment section of the table, indicators reflect changes 
from 2000 to 2006: (+) is a slight increase, (+ +) is moderate increase, 
(−) is a slight decrease, and (− −) is a measured decrease. Results were 
obtained for an average day (including workdays and weekend days).

Generally, the increase in Spanish daily travel has led to increased 
GHG emissions in cities, where total CO2 emissions have risen by 
17.08%. Unless the total number of daily journeys has decreased, 
public transport trips have gotten longer, which increases CO2 emis-
sions. The private vehicle share in daily mobility has increased 
by 9.2% in number of trips and by 25.1% in travel time with respect 
to 2000 levels. The main consequence is that private vehicles are the 
main contributor to the growth of total CO2 emissions associated with 

TABLE 2  Main Results per Individual on Working  
and Weekend Days

Parameter MOVILIA 2000 MOVILIA 2006

Sample size, household 23,635 49,027

Sample size, individuals 62,473 49,027

Working day
 Individuals who travel (%) 65.5 83.5
 No. of trips (average of  
  individuals who travel)

 2.9  3.3 

 Average travel time (min) 71 73

Weekend day
 Individuals who travel (%) 51.1 72.0
 No. of trips (average of  
  individuals who travel)

 2.5  2.9 

 Average travel time (min) 76 80

Use of mechanical modes
 Car or motorcycle (%) 79.4 81.3
 Public transport (%) 20.6 18.7

Note: No. = number.
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FIGURE 4  Share by private vehicle and public transport in the number of trips, time, and CO2 emissions for 2000 and 2006.
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daily mobility in Spain. Soft modes have attracted a high rate of trips 
over the same period; nevertheless, it has not been enough to stop the 
increase in CO2 emissions.

In summary, the public transport share must be improved by mak-
ing it more competitive with private vehicles in cities. For example, 
Monzon et al. find that even though Madrid has a good supply of 
public transport, the car is still an attractive option in urban areas 
and the time spent (26). Improved management of public transport 
infrastructure is key to reducing the use of private vehicles and, 
consequently, the climate change impacts in cities.

ConClUSionS

In Spain, emissions per passenger are rising rapidly as a result 
of increased daily mobility. More effort must be made to prevent 
the associated climate change impacts. Modal split trends and their 
relationship to climate change impacts were analyzed. A relevant 
evaluation based on NTSs was applied to Spanish daily mobility in 
2000 and 2006 to assess the global contribution of daily mobility to 
climate change. The changes in car and transit use during that period 
were analyzed. The findings could be useful for transport planners 
to design effective policies for changing the mobility trends to meet 
the reduction targets for CO2 emissions.

CO2 emissions per passenger trip were estimated from Spanish 
NTS data by applying emissions factors for each transport mode. The 
CO2 emissions per passenger and trip were calculated by multiplying 
trip distance by the emissions factor for each aggregated transport 
mode. The trend toward more efficient vehicles in the fleet accounted 
for the slight decrease in passenger-kilometer emissions from 2000 
to 2006, but current efforts to improve vehicle technology and fuel 
efficiency are not enough to meet emissions reduction targets in cities.

Results of this analysis reveal that in Spain from 2000 to 2006, 
daily mobility has increased and CO2 emissions have increased by 
17%; car use is the main culprit. More focus must be directed toward 
public transport, which is key to decarbonizing urban mobility. 
Nevertheless, this strategy is somewhat limited; some studies of 
Madrid suggested that only 18% of trips currently made by car could 

be made by other modes, respecting trip time conditions and with-
out affecting their characteristics (27). Distance also is an important 
issue to be taken into account (15). However, sustainable mobility in 
cities begins with better integration of policies that aim to coordinate 
environmental, economic, and social considerations. The results of 
this study indicate that a modal shift in cities may play a role in the 
process of stabilizing the carbon footprint of urban mobility. Fur-
thermore, low-carbon and energy-efficiency strategies should focus 
not only on long-distance trips but also on urban movements, which 
account for 40% of emissions and have been increasing over time.
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data is the lack of information about trip distance; another one is that transport modes are aggregated in 

ording to: (a) walking and cycling (or soft modes), (b) car and motorcycle, (c) urban bus and metro, 

(d) interurban bus, (e) train and (f) others (taxi, collective company transport, etc.). Due to these drawbacks, 

e methodology from Sobrino & Monzon (2013).  



 

 

Table 1. Technical details about Belgian and Spanish NTS

 

 MOBEL 1999

Statistical unit Household

Household members All 

Individuals excluded from survey <6 years old

Trip definition Movement from origin to destination 

Main mode definition 

extrapolated from the trips durations if 

>metro>tram>bus>taxi>car driver>car 
passenger>motorcycle>bicycle>on foot

Trips excluded No

Geographical scope Belgium

Sampling method Stratified sampling (drawing from the 

Choice of day/period 

Surveyed period 1 year

Survey mode 

Contact before survey By telephone (if no telephone, by post)

Computer aid interview No

Mean response rate 32%

Net sampled respondents 7,021

Mobile respondents 5,319

Trips 20,093

Share of immobile 24%

2.2. Methodological approach for daily trips emission estimation

The carbon dioxide emissions per 

emissions factor for each (aggregated in the case of MOVILIAs) transport mode (Anable et al., 1997; Stead, 

1999; Nicolas & David, 2009; Stead 

 

CO2 emissions per passenger (gCO

 

where EFi is the average emission factor

trip distance.  

 

 

 

 

 

 

 

 

 

Fig. 1. Methodology for the estimation of CO

As it is shown in Figure 1, the first step is the compilation of daily trips database per traveler. Then the emission 

factor by considered mode database

Equation 1 for each trip leading to the creation of CO

National 
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Table 1. Technical details about Belgian and Spanish NTS 

BELGIUM SPAIN

MOBEL 1999 BELDAM 2010 MOVILIA 2000

Household Household Household 

All HH members All HH members All HH members 
(up to four people)

<6 years old <6 years old No age limit 

Movement from origin to destination 
for main purpose 

Movement from origin to 
main purpose

Main mode is one which has been 
travelled the longest distance. If the 

distance were not filled, it is 
extrapolated from the trips durations if 
possible. When it is not possible, the 
main mode is set by classifying the 

modes in hierarchy: train 
>metro>tram>bus>taxi>car driver>car 
passenger>motorcycle>bicycle>on foot 

The main mode is either a stated main 
mode or determined following a mode 
hierarchy where public transport 

(train>metropolitan bus>metro>urba
bus)>car passenger>car driver> 

bicycle>on foot

No No Walking trips less 
than 10 min 

Belgium Belgium Autonomous 
Region 

Stratified sampling (drawing from the 
Belgian national register) 

Random sampling stratified by geographic 
region and household

Reference day (predefined) Randomly predefined day

1 year 1 year 2 months 

Postal + CATI Face to face

By telephone (if no telephone, by post) Official letter before survey

No No CAPI 

32% ~20% 70% 

7,021 14,083 62,473 

5,319 10,145 38,350 

20,093 34,301 218,422 

24% 28% 38.6% 

Methodological approach for daily trips emission estimation 

emissions per traveller per trip are calculated by multiplying the trip distance by the 

aggregated in the case of MOVILIAs) transport mode (Anable et al., 1997; Stead, 

1999; Nicolas & David, 2009; Stead & Susilo, 2009; Sobrino & Monzon, 2013).  

assenger (gCO2/(pass-trip))= EFi (gCO2/(passenger-km)) x D

is the average emission factor per passenger in the transport mode i for the reference year and 

Methodology for the estimation of CO2 emissions per passenger-trip in NTSs

igure 1, the first step is the compilation of daily trips database per traveler. Then the emission 

factor by considered mode database is collected for each considered year. Next step is the application of 

the creation of CO2 emission trip database by traveller. Finally, the trends in 

National 

Travel 
Surveys

Emissions 

estimation 

guidelines

DAILY TRIPS 

DATABASE/ 

country-year

EMISSIONS 

FACTORS 

DATABASE/ 
mode-country-

year
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SPAIN 

MOVILIA 2000 MOVILIA 2006 

Household 

(up to four people) 
1 individual 

No age limit 

Movement from origin to destination for 
main purpose 

The main mode is either a stated main 
mode or determined following a mode 
hierarchy where public transport 

(train>metropolitan bus>metro>urban 
bus)>car passenger>car driver> 

bicycle>on foot 

Walking trips less Walking trips less 
than 5 min 

Province 

Random sampling stratified by geographic 
region and household 

Randomly predefined day 

1 months 

Face to face 

Official letter before survey 

No 

50% 

55,352 

49,027 

204,257 

11% 

calculated by multiplying the trip distance by the 

aggregated in the case of MOVILIAs) transport mode (Anable et al., 1997; Stead, 

km)) x Dt (km)     (1) 

for the reference year and Dt is the 

trip in NTSs 

igure 1, the first step is the compilation of daily trips database per traveler. Then the emission 

Next step is the application of 

emission trip database by traveller. Finally, the trends in 



 

 

travel behaviour and emission impacts of daily mobility for each year

successive household mobility surveys describing daily mobility on a working and weekend day, the 

methodology determines the carbon footprint at the disaggregated level of each trip (

individual). 

2.3. Emission factor database by transpo

In the second step, different methodolo

obtain the emission factor for private modes it is used the same sources in both countries

But the emission factors for public transport are taken from different sources which have already obtained them 

for different years.  

• For MOBEL and BELDAM (Belgium)
tram, metro, train) are directly obtained from 

(de Vlieger et al. 2005) which are based on TREMOVE model (EC, 2010)

CORINAIR tier 3 methodology (

and motorcycle are also obtained from TREMOVE database (

40km/h for cars and 35km/h for motorcycles (Gusbin et al. 2007). In order to obtain an emission factor

passenger, it is needed to apply an occupancy rate. The occupancy rate is taken from MOBIDIC report, being 

1.4 (Gusbin et al. 2007).  

• For MOVILIAs (Spain), the method is similar to the one used by Sobrino 
composition and activity data are obtain

the EMEP CORINAIR tier 3 methodology is applied

approach based on EMEP CORINAIR is applied taking into account

In the case of rail-based modes, the emissions factors were obtained using previous studies which estimate

the emissions factor data for rail modes in Spain (

 

Figure 2 shows the average CO2 emissions obtained per passenger

considered year. Private modes such as cars and motorcycles represent the most consuming modes. It must be 

mentioned that efficiency improves along the time. The evolution of veh

efficient vehicles (technological improvements) accounts for slight decrease in average emissions when 

comparing 2000 to 2006 or 2010 for Spain and Belgium respectively. On the other hand, public transport modes 

are the lowest producer of CO2 emissions. 

private modes are more efficient in Belgium than in Spain.

Fig. 2. Evolution of average CO2 emissions for daily mobility 

3. Results: comparing trends in travel patterns and CO

As it was outlined in the Equation 1, the level of CO

on the distances travelled (in each mode

Consequently, the modal split and more precise

climate change impacts of daily mobility. 

each survey area, Figure 3 represents the 

amount of trips, travel time, distance (
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travel behaviour and emission impacts of daily mobility for each year are obtained

successive household mobility surveys describing daily mobility on a working and weekend day, the 

methodology determines the carbon footprint at the disaggregated level of each trip (

Emission factor database by transport mode 

different methodological guidelines are used depending on mode of transport and country. 

obtain the emission factor for private modes it is used the same sources in both countries

public transport are taken from different sources which have already obtained them 

(Belgium), the estimation of emission factors of public transport modes (bus, 

tram, metro, train) are directly obtained from  MOBIDIC report (Gusbin et al. 2007) and SUSATRANS report 

which are based on TREMOVE model (EC, 2010). For car and motorcycle, the EMEP

methodology (EEA, 2012) is used. The vehicle fleet composition and activity data for 

obtained from TREMOVE database (EC, 2010) and applied an average speed of 

40km/h for cars and 35km/h for motorcycles (Gusbin et al. 2007). In order to obtain an emission factor

passenger, it is needed to apply an occupancy rate. The occupancy rate is taken from MOBIDIC report, being 

, the method is similar to the one used by Sobrino & Monzon (2013). 

and activity data are obtained from TREMOVE database (EC, 2010). For cars and motorcycles, 

the EMEP CORINAIR tier 3 methodology is applied (EEA, 2012). For urban and interurban buses, the same 

approach based on EMEP CORINAIR is applied taking into account the urban driving mode for urban buses. 

based modes, the emissions factors were obtained using previous studies which estimate

the emissions factor data for rail modes in Spain (OCCC, 2012).  

emissions obtained per passenger-kilometre for aggregated modes, country and 

considered year. Private modes such as cars and motorcycles represent the most consuming modes. It must be 

mentioned that efficiency improves along the time. The evolution of vehicle fleet composition towards more 

efficient vehicles (technological improvements) accounts for slight decrease in average emissions when 

comparing 2000 to 2006 or 2010 for Spain and Belgium respectively. On the other hand, public transport modes 

emissions. In line with EEA (2012) guidebook, when countries are compared, 

modes are more efficient in Belgium than in Spain. 

emissions for daily mobility aggregated modes in Belgium and Spai

Results: comparing trends in travel patterns and CO2 emissions. Belgium and Spain 

in the Equation 1, the level of CO2 emissions per traveller depends on the transport mode and 

h mode) which is sometimes estimated indirectly by 

and more precisely the use of motorized modes is a key factor in

climate change impacts of daily mobility. After aggregating the CO2 figures to give an average per traveller in 

igure 3 represents the contribution of private vehicles, public transport

distance (only for the Belgian case) and CO2 emissions for each co

Car or Moto Urban bus or metro Train

BELGIUM 2010 SPAIN 2000 SPAIN 2006
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are obtained. Thus, based on the 

successive household mobility surveys describing daily mobility on a working and weekend day, the 

methodology determines the carbon footprint at the disaggregated level of each trip (or of each mobile 

gical guidelines are used depending on mode of transport and country. To 

obtain the emission factor for private modes it is used the same sources in both countries (EMEP CORINAIR). 

public transport are taken from different sources which have already obtained them 

of public transport modes (bus, 

IDIC report (Gusbin et al. 2007) and SUSATRANS report 

For car and motorcycle, the EMEP 

The vehicle fleet composition and activity data for car 

) and applied an average speed of 

40km/h for cars and 35km/h for motorcycles (Gusbin et al. 2007). In order to obtain an emission factor per 

passenger, it is needed to apply an occupancy rate. The occupancy rate is taken from MOBIDIC report, being 

Monzon (2013). The vehicle fleet 

For cars and motorcycles, 

For urban and interurban buses, the same 

the urban driving mode for urban buses. 

based modes, the emissions factors were obtained using previous studies which estimated 

kilometre for aggregated modes, country and 

considered year. Private modes such as cars and motorcycles represent the most consuming modes. It must be 

icle fleet composition towards more 

efficient vehicles (technological improvements) accounts for slight decrease in average emissions when 

comparing 2000 to 2006 or 2010 for Spain and Belgium respectively. On the other hand, public transport modes 

In line with EEA (2012) guidebook, when countries are compared,  

modes in Belgium and Spain per pass-km 

Spain benchmarking 

on the transport mode and 

by the total trip time. 

is a key factor in the trends in 

figures to give an average per traveller in 

public transport and soft modes to the 

for each country and each 

SPAIN 2006



 

 

considered period. Let us notice that, for the Spanish case,

differences in definition between the two Spanish NTSs (section 2.1.2.)

been displayed). It must be known that about 40% of all travelled trips (i.e. all modes taken into account) in 

Spain are achieved by soft modes; these soft modes trips also account fo

 

Fig. 3. Contribution of privates vehicles,

and CO2 emissions:

On one hand, in Belgium the decrease from 2000 to 2010 in the number of trips travelled by pri

counterbalanced by an increase in the use of public transport (about 5 points) and soft modes. Furthermore, the 

time spent travelling each day with private vehicles has been reduced whilst the time spent in public transport 

increased. However trip durations do not necessarily correspond linearly to trip distance, and the average trips 

distance for daily mobility in Belgium has slightly increased in favour of private vehicle. 

increase of CO2 emissions from private vehicles

has been from 2000 to 2006 a reduction in the number of trips by public transport which has favoured the use of 

private vehicles. The time spent travelling e

each trip in public transport has increased, and consequently CO

reduced.  

 

Finally, Table 2 shows the figures for the considered indicators for both countries and both periods of 

well as the trends for their evolution 

percentage of change by year is also given

not been compared since they have been taken into account in different ways from one survey to the other

modes refer to taxi, collective company transport, etc. 

assessment of each of the travel behaviour evolution. The (+)

considered period while the (++) implies a moderate increase. 

decrease and the (--) shows that there was a measured decrease. 

(explanation in section 2.1.3).  

 

From this comparison of Belgian and Spanish cases, it is clear that the trends in travel patterns 

considered period have evolved in the opposite in the two countries. Whatever, the average emissions per 

traveller remains substantially higher in Belgium than in Spain, especially for private vehicle trips. Even in the 

latter year where Belgian had a reduction of emissions while in Spain they increase. 

the trend in average trips per passenger. In Belgium, trips per passenger 

had reduced their trips during last ten years.
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Let us notice that, for the Spanish case, soft modes have not been included because of the 

between the two Spanish NTSs (section 2.1.2.) (therefore only motorized modes have 

st be known that about 40% of all travelled trips (i.e. all modes taken into account) in 

; these soft modes trips also account for 40% of the daily travel times. 

, public transport and soft modes in the amount of trips, time spent

emissions: for Belgium (2000 and 2010) and Spain (2000 and 2006)

On one hand, in Belgium the decrease from 2000 to 2010 in the number of trips travelled by pri

counterbalanced by an increase in the use of public transport (about 5 points) and soft modes. Furthermore, the 

time spent travelling each day with private vehicles has been reduced whilst the time spent in public transport 

er trip durations do not necessarily correspond linearly to trip distance, and the average trips 

distance for daily mobility in Belgium has slightly increased in favour of private vehicle. 

emissions from private vehicles during the ten years period. On the other hand, in Spain there 

has been from 2000 to 2006 a reduction in the number of trips by public transport which has favoured the use of 

private vehicles. The time spent travelling each day remains quite constant which indicates 

each trip in public transport has increased, and consequently CO2 emissions impacts has not been significantly 

figures for the considered indicators for both countries and both periods of 

well as the trends for their evolution (calculated as the percentage of increase with respect to 2000)

is also given. In the case of Spain, soft modes and distance

ey have been taken into account in different ways from one survey to the other

modes refer to taxi, collective company transport, etc. In the last lines of the table, 

assessment of each of the travel behaviour evolution. The (+) means that there was a slight increase 

the (++) implies a moderate increase. On the contrary, the (-) signifies a lightweight 

) shows that there was a measured decrease. The results were obtained for an a

From this comparison of Belgian and Spanish cases, it is clear that the trends in travel patterns 

considered period have evolved in the opposite in the two countries. Whatever, the average emissions per 

traveller remains substantially higher in Belgium than in Spain, especially for private vehicle trips. Even in the 

uction of emissions while in Spain they increase. This is in conjunction with 

the trend in average trips per passenger. In Belgium, trips per passenger are higher than in Spain, even if Belgian 

had reduced their trips during last ten years. 

88,8%
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61,1%
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78,9%
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94,6%

11,2%
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been included because of the 

only motorized modes have 

st be known that about 40% of all travelled trips (i.e. all modes taken into account) in 

r 40% of the daily travel times.   

time spent, distance travelled, 

Belgium (2000 and 2010) and Spain (2000 and 2006) 

On one hand, in Belgium the decrease from 2000 to 2010 in the number of trips travelled by private vehicle is 

counterbalanced by an increase in the use of public transport (about 5 points) and soft modes. Furthermore, the 

time spent travelling each day with private vehicles has been reduced whilst the time spent in public transport 

er trip durations do not necessarily correspond linearly to trip distance, and the average trips 

distance for daily mobility in Belgium has slightly increased in favour of private vehicle. This produced an 

. On the other hand, in Spain there 

has been from 2000 to 2006 a reduction in the number of trips by public transport which has favoured the use of 

h indicates the time spent on 

emissions impacts has not been significantly 

figures for the considered indicators for both countries and both periods of time as 

increase with respect to 2000); the 

. In the case of Spain, soft modes and distance related indicators have 

ey have been taken into account in different ways from one survey to the other. Other 

of the table, we include an impact 

means that there was a slight increase during 

) signifies a lightweight 

The results were obtained for an average day 

From this comparison of Belgian and Spanish cases, it is clear that the trends in travel patterns in each 

considered period have evolved in the opposite in the two countries. Whatever, the average emissions per 

traveller remains substantially higher in Belgium than in Spain, especially for private vehicle trips. Even in the 

This is in conjunction with 

higher than in Spain, even if Belgian 

94,6%
90,5% 90,6%

5,4% 9,5% 9,4%

2010 2000 2006
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Table 2. Trends in modal split and CO2 emissions per traveler on an average day

Traveller- average day 

No. TRIPS 

BE 

2000

2010

∆%

∆%/year

ES 

2000

2006

∆%

∆%/year

TIME (min) 

BE 

2000

2010

∆%

∆%/year

ES 

2000

2006

∆%

∆%/year

DISTANCE 
(km) 

BE 

2000

2010

∆%

∆%/year

CO2 emissions 
(g) 

BE 

2000

2010

∆%

∆%/year

ES 

2000

2006

∆%

∆%/year

IMPACT 
ASSESSMENT 

TRIPS 

TIME 

DISTANCE 

CO2 

EMISSIONS 
 

In 2000, CO2 emissions per traveller in Belgium were even more than a half higher than in Spain (+51%). This 

difference can mainly be explained by the fact that more trips are travelled in Belgium by private vehicle and by 

the higher share of walking trips in Spain. B

and 2010. The total number of trips per traveller, the average 

decreased. This decrease in daily mobility (yearly reduction of 1.5% in the

greater use of public transport has led to a reduction of emissions by 13% in the ten years period. The results 

show that there has been a modal shift towards public transport use and consequently an increase in time spent

for travelling in transit, however travelled dis

the reduction of CO2 emissions.  
 

In the case of Spain, the increase in Spanish daily travel has obviously led to an increase of travellers’ climate 

change impacts: there is a noticeable rise of the total CO

contributor to this growth of total CO

number of trips and by 25.13% regarding the travel time. On the other hand, unless Spanish travellers have 

decreased their number of trips by public transport, public transport journeys have gotten longer 

increase for time in public transport), which produced negatively emiss

both modal choices and travelled distances are two key factors for the
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emissions per traveler on an average day 

PRIVATE 
VEHICLE 

PUBLIC 
TRANSPORT 

SOFT 
MODES 

2000 2.74 0.25 0.88 

2010 2.13 0.35 0.82 

% -22.26% 40.00% -6.82% 

%/year -2.23% 4.00% -0.68% 

2000 1.10 0.23 0.83 

2006 1.20 0.16 1.44 

% 9.00% -31.42% - 

%/year 1.50% -5.24% - 

2000 46.51 8.67 13.82 

2010 41.11 12.94 13.23 

% -11.61% 49.25% -4.27% 

%/year -1.16% 4.93% -0.43% 

2000 20.83 8.01 15.75 

2006 26.07 9.74 25.57 

% 25.13% 21.55% - 

%/year 4.19% 3.59% - 

2000 30.96 6.88 1.38 

2010 28.77 5.55 1.62 

% -7.07% -19.33% 17.39% 

%/year -0.71% -1.93% 1.74% 

2000 4,004.35 289.92 0.00 

2010 3,536.81 203.30 0.00 

% -11.68% -29.88% 0.00% 

%/year -1.17% -2.99% 0.00% 

2000 1,912.15 205.45 0.00 

2006 2,279.50 242.76 0.00 

% 19.21% 18.16% 0.00% 

%/year 3.20% 3.03% 0.00% 

BE (-) (++) (-) 

ES (+) (--)  

BE (-) (++) (-) 

ES (+) (+)  

BE (-) (-) (+) 

BE (-) (--)  

ES (+) (+)  

emissions per traveller in Belgium were even more than a half higher than in Spain (+51%). This 

difference can mainly be explained by the fact that more trips are travelled in Belgium by private vehicle and by 

the higher share of walking trips in Spain. But in Belgium, travel patterns have slightly changed between 2000 

and 2010. The total number of trips per traveller, the average travelled distance and the average travel time have 

decreased. This decrease in daily mobility (yearly reduction of 1.5% in the number of trips) combined with a 

greater use of public transport has led to a reduction of emissions by 13% in the ten years period. The results 

show that there has been a modal shift towards public transport use and consequently an increase in time spent

for travelling in transit, however travelled distance by public transport also decreased with positive impacts on 

In the case of Spain, the increase in Spanish daily travel has obviously led to an increase of travellers’ climate 

here is a noticeable rise of the total CO2 emissions of 17.20% in the six years period. The main 

of total CO2 emissions is the private vehicle which increased by 9% regarding the 

% regarding the travel time. On the other hand, unless Spanish travellers have 

decreased their number of trips by public transport, public transport journeys have gotten longer 

increase for time in public transport), which produced negatively emissions impacts. So, the outcomes show that 

both modal choices and travelled distances are two key factors for the increasing level of polluting emissions. 
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OTHERS TOTAL 

0.04 3.91 

0.02 3.32 

-50.00% -15.09% 

-5.00% -1.51% 

0.08 2.23 

0.05 2.85 

-28.02% 27.55% 

-4.67% 4.59% 

1.21 70.21 

0.72 68.00 

-40.50% -3.15% 

-4.05% -0.31% 

1.91 46.51 

1.89 63.27 

-0.70% 36.05% 

-0.12% 6.01% 

0.81 40.03 

0.38 36.32 

-53.09% -9.27% 

-5.31% -0.93% 

65.49 4,359.76 

30.26 3,770.37 

-53.79% -13.52% 

-5.38% -1.35% 

180.52 2,298.12 

171.04 2,693.30 

-5.25% 17.20% 

-0.87% 2.87% 

(--)  

(-)  

(--)  

(-)  

(--)  

(--) (-) 

(-) (+) 

emissions per traveller in Belgium were even more than a half higher than in Spain (+51%). This 

difference can mainly be explained by the fact that more trips are travelled in Belgium by private vehicle and by 

ut in Belgium, travel patterns have slightly changed between 2000 

distance and the average travel time have 

number of trips) combined with a 

greater use of public transport has led to a reduction of emissions by 13% in the ten years period. The results 

show that there has been a modal shift towards public transport use and consequently an increase in time spent 

decreased with positive impacts on 

In the case of Spain, the increase in Spanish daily travel has obviously led to an increase of travellers’ climate 

% in the six years period. The main 

emissions is the private vehicle which increased by 9% regarding the 

% regarding the travel time. On the other hand, unless Spanish travellers have 

decreased their number of trips by public transport, public transport journeys have gotten longer (21.55% 

ions impacts. So, the outcomes show that 

level of polluting emissions.  



 

 

4. Discussion  

The benchmarking of Belgian and Spanish daily 

Belgium a reduction of travellers emissions has been mainly

2) the faintly reduction of travel distance in motorized modes 

the case of Spain, travellers have raised

less trips in public transport and 3) longer 

share of daily mobility.  
 

In this study, travel surveys statistics show that t

of daily mobility, which are trip distance

centred in the reduction of the need to t

could be achieved by car mitigation policies, land use measures, technological improvements in vehicles, modal 

shift to public transport and soft modes or behavioural change

towards public transport, walking and cycling

been suggested as main policies to reduce energy use and emissions from passenger transport systems (Potter,

2003); and this is one of the main policies which have been implemen

Technological improvements of vehicle fleet could also result in emissions reduction. In the current cases 

studies, even if there have been improvements in

(section 2.3), there have not been large enough to achieve the reduction targets. 

especially in Brussels, a more attractive supply of public transport combined with worst tr

cars could explain the modal shift whilst the decrease in trips could perhaps find an explanation in socio

demographic trends (e.g. more elderly people).

 

Last but not least, the continuing growth of passenger

organization and notably to urban sprawl (Nicolas & David, 2009). 

constant as cities have spread, both distance and speed have increased substantially and consequently there 

been an increase of GHG emissions 

2000 to 2006 there has been a gradual spread out of urbanization

lead to increasing climate change impacts of daily mobility

a major tool to influence the use of 

oriented to achieve mix uses and higher densities (Tiwari et al. 201

patterns. In conclusion, urban planning parameters such as density, 

balance between jobs and housing are important 

Han, 2013). 

5. Conclusions 

This study has analyzed the carbon footprint

methodology which uses NTSs to evaluate 

benchmarking of the two countries has shown the potential to better understand the policy effects on mobility 

and emissions trends, than analyzing one country. 
 

From the analysis, it is revealed that different transport policies and land use planning have produced

emissions impacts trends. In Belgium, there has been a reduction of average CO

modal shift towards public transport use. Conversely, in Spain 

has led to an increase in CO2 emissions for the six year period. 

Spanish daily travellers remain lower than in Belgium

effective to reduce the climate change impacts. 
 

The study shows that low-carbon urban strategies should focus not only in the reduction of travel distances, but 

also in the reduction of trips per traveler in mechanical modes. Different strategies towards low

i.e. modal shift, management of transport capacity, vehicle’s technological improvements and urban planning are 

needed. In the process of stabilizing the carbon footprint of urban mobility, transport oriented policies are very 

relevant but they should be integrated with coherent land 
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of Belgian and Spanish daily mobility shows that they have very distinc

Belgium a reduction of travellers emissions has been mainly caused by: 1) the increasing use of public transport 

the faintly reduction of travel distance in motorized modes and 3) the decreasing number of trips per day. 

raised their daily emissions due to 1) the increasing of private vehicle use

3) longer distance travelled, even if walking and cycling represented a higher 

study, travel surveys statistics show that there are two main factors influencing trends in climate change 

are trip distance and the use of motorized modes. Hence, the strategies should be 

centred in the reduction of the need to travel by car and the reduction of travel distances 

could be achieved by car mitigation policies, land use measures, technological improvements in vehicles, modal 

shift to public transport and soft modes or behavioural change (Tiwari et al., 2011). Encouraging modal shift 

towards public transport, walking and cycling; and managing transport capacity by increasing occupancy have 

been suggested as main policies to reduce energy use and emissions from passenger transport systems (Potter,

2003); and this is one of the main policies which have been implemented in several European cities.

Technological improvements of vehicle fleet could also result in emissions reduction. In the current cases 

studies, even if there have been improvements in the emissions efficiency of transport modes per passenger 

(section 2.3), there have not been large enough to achieve the reduction targets. In the case of Belgium, 

especially in Brussels, a more attractive supply of public transport combined with worst tr

cars could explain the modal shift whilst the decrease in trips could perhaps find an explanation in socio

demographic trends (e.g. more elderly people). 

he continuing growth of passenger-travel-related CO2 emissions is also 

organization and notably to urban sprawl (Nicolas & David, 2009). Even if travel time may have remained 

constant as cities have spread, both distance and speed have increased substantially and consequently there 

 (Banister, 2008; Dupont-Kieffer et al. 2010). This is 

2000 to 2006 there has been a gradual spread out of urbanization (Benito et al. 2010). Our results show that this 

impacts of daily mobility. In the same line, land use planning is recognized as 

major tool to influence the use of given transportation modes (Ewing & Cervero, 2001). 

mix uses and higher densities (Tiwari et al. 2011) would produce more sustainable mobility 

planning parameters such as density, mixing land uses, access to public transit and 

balance between jobs and housing are important policies to reduce carbon emissions in urban areas 

carbon footprint of daily mobility in two different countries: Belgium and Spain

methodology which uses NTSs to evaluate GHG emissions from personal daily travel 

of the two countries has shown the potential to better understand the policy effects on mobility 

and emissions trends, than analyzing one country.  

From the analysis, it is revealed that different transport policies and land use planning have produced

emissions impacts trends. In Belgium, there has been a reduction of average CO2 emissions as a consequence of 

modal shift towards public transport use. Conversely, in Spain the increase in private vehicle 

emissions for the six year period. Even with that increase, 

lower than in Belgium. However, the Spanish transport policies have not been 

effective to reduce the climate change impacts.  

carbon urban strategies should focus not only in the reduction of travel distances, but 

also in the reduction of trips per traveler in mechanical modes. Different strategies towards low

of transport capacity, vehicle’s technological improvements and urban planning are 

needed. In the process of stabilizing the carbon footprint of urban mobility, transport oriented policies are very 

relevant but they should be integrated with coherent land use policies.  
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. Hence, the strategies should be 
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Encouraging modal shift 

; and managing transport capacity by increasing occupancy have 

been suggested as main policies to reduce energy use and emissions from passenger transport systems (Potter, 

ted in several European cities. 

Technological improvements of vehicle fleet could also result in emissions reduction. In the current cases 

the emissions efficiency of transport modes per passenger 

In the case of Belgium, 

especially in Brussels, a more attractive supply of public transport combined with worst traffic conditions for 

cars could explain the modal shift whilst the decrease in trips could perhaps find an explanation in socio-

also linked to city spatial 

travel time may have remained 

constant as cities have spread, both distance and speed have increased substantially and consequently there has 
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ur results show that this 

In the same line, land use planning is recognized as 

transportation modes (Ewing & Cervero, 2001). Urban developments 

would produce more sustainable mobility 

, access to public transit and 

in urban areas (Quin & 

of daily mobility in two different countries: Belgium and Spain. A 

 has been applied. The 

of the two countries has shown the potential to better understand the policy effects on mobility 

From the analysis, it is revealed that different transport policies and land use planning have produced diverse 

emissions as a consequence of 

the increase in private vehicle use and longer trips 

Even with that increase, emissions levels of 

. However, the Spanish transport policies have not been 

carbon urban strategies should focus not only in the reduction of travel distances, but 

also in the reduction of trips per traveler in mechanical modes. Different strategies towards low-carbon mobility; 

of transport capacity, vehicle’s technological improvements and urban planning are 

needed. In the process of stabilizing the carbon footprint of urban mobility, transport oriented policies are very 



 

 

Acknowledgements 

The authors would like to thank the 

Development, including Juan Manuel Ropero, for providing data from Spanish NTS.

References 

Anable. J.. Boardman. B.. & Root. A. (1997). 

advice. Environmental Change Unit.

 

Banister, D. (2008). The sustainable mobility paradigm. 

 

Banister, D. (2011a). The trilogy of distance, speed and time. 

 

Banister. D. (2011b). Cities. mobility and climate change. 

 

Benito, B., Bastida, F., & Guillamon, M. 

Spanish local governments. Lex Localis

 

Chapman. L. (2007). Transport and climate change: a review. 

 

COM (2006). Communication from the Commission to the Council and the European Parliament: Keep Europe 

moving –Sustainable mobility for our continent. Mid

White Paper. COM(2006) 314. Brusse

 

Cornelis. E.. Hubert. M.. Huynen. P.

Janssens. D.. Castaigne. M.. Hollaert

l’enquête BELDAM. belspo. Accessed

 

Cuenot. F.. Fulton. L.. & Staub. J. (2012). The prospect for modal shift in passenger transport worldwide and 

impacts on energy use and CO2. Energy Policy

 

Dupont-Kieffer. A.. Merle. N.. Hivert

(EEAT): An updated approach to assess the environmental impacts of urban mobility. The case of Lille Region

Proceedings of the 12
th
 WCTR-Lisbon 11

 

EC. (2010). TREMOVE model. Software developed by Transport and Mobility Leuven

http://www.tremove.org/index.htm 

 

EEA. (2012). EMEP Emission Inventory guidebook 2009

Copenhagen. Denmark. Available at: 

guidebook-2009 

 

EUROSTAT. (2013). Greenhouse Gas Emissions by sector

(http://epp.eurostat.ec.europa.eu/tgm/table.do?tab=table&ini

 

Ewing, R., & Cervero, R. (2001). Travel and the urban form: a synthesis

Journal of Transportation Research Board

 

Garnaut. R. (2008). Climate change review

 

Gusbin. D.. Toint. P.. Cornelis. E.. Poulan

consummation durables. Démographie

développement durable (MOBIDIC).Accessed 

 

Ko. J.. Park. D.. Lim. H.. & Hwang.

metropolis area? Transportation Research Part D

 

Natalia Sobrino et al. / Transport Research Arena 2014, 

authors would like to thank the BELSPO for providing data from Belgian NTS; and the Spanish Ministry of 

Development, including Juan Manuel Ropero, for providing data from Spanish NTS. 

A. (1997). Travel emission profiles a tool for strategy development and driver 

. University of Oxford. Oxford. UK.  

Banister, D. (2008). The sustainable mobility paradigm. Transport Policy. 15. 73-80.  

D. (2011a). The trilogy of distance, speed and time. Journal of Transport Geography

mobility and climate change. Journal of Transport Geography

Benito, B., Bastida, F., & Guillamon, M. (2010). Urban sprawl and the cost of public services: An evaluation of 

Lex Localis-Journal of Local Self-Government, 8(3), 245-264. 

L. (2007). Transport and climate change: a review. Journal of Transport Geography

Communication from the Commission to the Council and the European Parliament: Keep Europe 

Sustainable mobility for our continent. Mid-term review of the European Commission’s 2001 Transport 

Brussels.   

P.. Lebrun. K.. Patriarche. G.. De Witte. A.. Creemers. 

Hollaert. L.. & Walle. F. (2012). La mobilité en Belgique en 2010: resultants de 

Accessed at: http://www.beldam.be/rapport_final.pdf  

J. (2012). The prospect for modal shift in passenger transport worldwide and 

Energy Policy. 41. 98-106. doi: 10.1016/j.enpol.2010.07.017.  

Hivert. L.. & Wuételard. B. (2010). Environment Energy Assessment of Trips 

(EEAT): An updated approach to assess the environmental impacts of urban mobility. The case of Lille Region

Lisbon 11-15 July 2010.   

. Software developed by Transport and Mobility Leuven. A

Inventory guidebook 2009. updated May 2012. European Environment Agency

at: http://www.eea.europa.eu/publications/emep-eea-emissi

Greenhouse Gas Emissions by sector. 

http://epp.eurostat.ec.europa.eu/tgm/table.do?tab=table&init=1&language=en&pcode=tsdcc210&plugin=1

Ewing, R., & Cervero, R. (2001). Travel and the urban form: a synthesis. Transportation Research Record: 

Journal of Transportation Research Board. 1780 (1). 87-114.  

Climate change review. Final report. Canberra.  

Poulan. M.. & Eggerickx. T. (2007). Partie 1: Modes de production et de 

Démographie. géographie et mobility: perspectives à long terme et politiques pour un 

urable (MOBIDIC).Accessed at: http://www.belspo.be/belspo/organisation/publ/rappCPtra_en.stm

. C. (2011). Who produces the most CO2 emissions for trips in the Seoul 

Transportation Research Part D, 16, 358-364. doi: 10.1016/j.trd.2011.02.001 

Natalia Sobrino et al. / Transport Research Arena 2014, Paris  

and the Spanish Ministry of 

Travel emission profiles a tool for strategy development and driver 

Journal of Transport Geography. 19. 950-959.  

Journal of Transport Geography. 19. 1538-1546.  

(2010). Urban sprawl and the cost of public services: An evaluation of 

264.  

Journal of Transport Geography. 15. 354-367.  

Communication from the Commission to the Council and the European Parliament: Keep Europe 

term review of the European Commission’s 2001 Transport 

 L.. Declercq. K.. 

La mobilité en Belgique en 2010: resultants de 

J. (2012). The prospect for modal shift in passenger transport worldwide and 

: 10.1016/j.enpol.2010.07.017.   

B. (2010). Environment Energy Assessment of Trips 

(EEAT): An updated approach to assess the environmental impacts of urban mobility. The case of Lille Region. 

Available at: 

European Environment Agency. 

emission-inventory-

t=1&language=en&pcode=tsdcc210&plugin=1)  

. Transportation Research Record: 

Partie 1: Modes de production et de 

géographie et mobility: perspectives à long terme et politiques pour un 

http://www.belspo.be/belspo/organisation/publ/rappCPtra_en.stm 

emissions for trips in the Seoul 

364. doi: 10.1016/j.trd.2011.02.001  



 

 

Kuhnimhof. T.. Buehler. R.. & Dargay

Britons. Transportation Research Record: Journal of Transportation Research Board

 

Ministerio de Fomento (2001). Encuesta de Movilidad de las Personas Residentes en España

2000/2001.Madrid.http://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

ONES/INFORMACION_ESTADISTICA/Movilidad/Movilia2000_2001/default.htm 

 

Ministerio de Fomento (2007). Encuesta de Movilidad de las Personas Residentes en España

2006/2007.Madrid.http://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

ONES/INFORMACION_ESTADISTICA/Movilidad/Movilia2006_2007/default.htm

 

Monzon. A.. Vega. L.A.. & Lopez-Lambas

urban areas. European Transport Research Review

 

Nicolas. J.. & David. D. (2009). Passenger transport and CO2 emissions: What does the French transport survey 

tell us? Atmospheric Environment. 43(5)

 

OCCC. (2012). Guía Práctica para el cálculo de las emisiones de gases de efecto invernadero

del Canvi Climàtic OCCC. Version March 2012. 

 

Potter, S. (2003). Transport energy and emissions: urban public transport

Handbooks in Transport 4: Handbook of Transport and the Environment, Elsevier, 247

 

Quin, B., & Han, S.S. (2013). Planning parameters and household carbon emission: Evidence from high

low-carbon neighborhoods in Beijing. 

 

Schafer. A.. & Victor. D. (1999). Global passenger travel: implications for carbon dioxide emissions. 

(8). 657-679.  

 

Sobrino. N. & Monzon. A. (2013). Management of urban mobility to control climate change in cities

for publication in Transportation Research Record: Journal of Transportation Research Board.

 

Stead. D. (1999). Relationship between transport emissions and travel patterns in Britain. 

(4). 247-258. 

 

Stead. D.. & Susilo. Y.O. (2009). Recent trends in travel behavior and passenger transport fuel use: a comparison 

of the Netherlands and the United Kingdom. In 

Mobility in Europe. impacts of fuel price on car use

 

Tiwari, R., Cervero, R., & Schipper, L. (2011). 

Design strategies. Cities. 28. 394-405. 

 

Toint. P.. Cornelis. E.. Cirillo. C.. Barette

Saelens. S.. Durand. C.. Andre. V.. van Hoof

Mobilite des Menages: Réalisation et resultants

Services fédéraux des Affaires Scientifiques
http://www.belspo.be/belspo/organisation/publ/pub_

 

De Vlieger. I.. Pelkmans. L.. Verbeiren. 

Sustainable production and consumption patterns. Sustainability assessment of technologies and modes in the 

transport sector in Belgium (SUSATRANS)
https://www.vito.be/VITO/EN/HomepageAdmin/Home/Subsites/Transport/Projecten/Susatrans.htm

 

Waygood. E.O.D.. Chatterton. T.. & Avineri

The challenges and outcomes of benchmarking sustainable urban transport systems across Europe. UTSG

January 2012. Aberdeen. Available at:
http://www.carbonaware.eu/fileadmin/user_upload/Publications/Leaders_and_Laggards_v2_final_UTSG2012.pdf

Natalia Sobrino et al. / Transport Research Arena 2014, Paris

& Dargay. J. (2011). A new generation: Travel trends among young Germands and 

on Research Record: Journal of Transportation Research Board. Washington.

Encuesta de Movilidad de las Personas Residentes en España

http://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

ONES/INFORMACION_ESTADISTICA/Movilidad/Movilia2000_2001/default.htm  

Encuesta de Movilidad de las Personas Residentes en España

://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

ONES/INFORMACION_ESTADISTICA/Movilidad/Movilia2006_2007/default.htm 

Lambas. M.E. (2011). Potential to attract drivers out of their cars in dense 

ropean Transport Research Review. 3. 129-137. doi: 10.1007/s12544-011-

D. (2009). Passenger transport and CO2 emissions: What does the French transport survey 

43(5). 1015-1020.  

Guía Práctica para el cálculo de las emisiones de gases de efecto invernadero

Version March 2012.  

Transport energy and emissions: urban public transport. Hensher, D.A. & Button, 

Handbooks in Transport 4: Handbook of Transport and the Environment, Elsevier, 247-262. 

Planning parameters and household carbon emission: Evidence from high

carbon neighborhoods in Beijing. Habitat International. 37. 52-60 

D. (1999). Global passenger travel: implications for carbon dioxide emissions. 

A. (2013). Management of urban mobility to control climate change in cities

Transportation Research Record: Journal of Transportation Research Board.

D. (1999). Relationship between transport emissions and travel patterns in Britain. 

(2009). Recent trends in travel behavior and passenger transport fuel use: a comparison 

of the Netherlands and the United Kingdom. In Proceedings of the EuroCities- DATTA Workshop Urban 

impacts of fuel price on car use. Namur. Belgium.  

Tiwari, R., Cervero, R., & Schipper, L. (2011). Driving CO2 reduction by Integrating Transport and Urban 

405.  

Barette. P.. Dessy. A.. Jacobs. T.. Verfaillie. R.. Museux

van Hoof. K.. Heylen. E.. & Pollet. I. (2001). Enquete Nationale Usr la 

Mobilite des Menages: Réalisation et resultants. Rapport Final. MD/13/036. Services du Premier Ministre 

Services fédéraux des Affaires Scientifiques. Techniques et Culturelles. Accessed at : 
http://www.belspo.be/belspo/organisation/publ/pub_ostc/mobil/rapp18_fr.pdf  

Verbeiren. S.. Cornelis. E.. Schrooten. L.. & Int Panis. L. (2005). Part 1: 

Sustainable production and consumption patterns. Sustainability assessment of technologies and modes in the 

sector in Belgium (SUSATRANS). CP/43. Accessed at: 
https://www.vito.be/VITO/EN/HomepageAdmin/Home/Subsites/Transport/Projecten/Susatrans.htm

& Avineri. E. (2012). Leaders and laggards in low transport CO

The challenges and outcomes of benchmarking sustainable urban transport systems across Europe. UTSG

Aberdeen. Available at: 
http://www.carbonaware.eu/fileadmin/user_upload/Publications/Leaders_and_Laggards_v2_final_UTSG2012.pdf

Natalia Sobrino et al. / Transport Research Arena 2014, Paris 10 

J. (2011). A new generation: Travel trends among young Germands and 

Washington.. 2230. 58-67  

Encuesta de Movilidad de las Personas Residentes en España. MOVILIA 

http://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

Encuesta de Movilidad de las Personas Residentes en España. MOVILIA 

://www.fomento.es/MFOM/LANG_CASTELLANO/ESTADISTICAS_Y_PUBLICACI

M.E. (2011). Potential to attract drivers out of their cars in dense 

-0054-5.  

D. (2009). Passenger transport and CO2 emissions: What does the French transport survey 

Guía Práctica para el cálculo de las emisiones de gases de efecto invernadero. Oficina Catalana 

. Hensher, D.A. & Button, K.J. (Eds), 

262.  

Planning parameters and household carbon emission: Evidence from high- and 

D. (1999). Global passenger travel: implications for carbon dioxide emissions. Energy. 24 

A. (2013). Management of urban mobility to control climate change in cities. Accepted 

Transportation Research Record: Journal of Transportation Research Board.  

Transport Policy. 6 

(2009). Recent trends in travel behavior and passenger transport fuel use: a comparison 

DATTA Workshop Urban 

reduction by Integrating Transport and Urban 

Museux. J.M.. Waytens. E.. 

Enquete Nationale Usr la 

Services du Premier Ministre 

L. (2005). Part 1: 

Sustainable production and consumption patterns. Sustainability assessment of technologies and modes in the 

https://www.vito.be/VITO/EN/HomepageAdmin/Home/Subsites/Transport/Projecten/Susatrans.htm 

E. (2012). Leaders and laggards in low transport CO2 emissions: 

The challenges and outcomes of benchmarking sustainable urban transport systems across Europe. UTSG. 

http://www.carbonaware.eu/fileadmin/user_upload/Publications/Leaders_and_Laggards_v2_final_UTSG2012.pdf 
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4. THE HIGHWAY ENERGY AND 
CARBON FOOTPRINT ASSESSMENT 
METHODOLOGY: HERA 

The implementation of different operational strategies or the infrastructure design 

will result in changes in emissions levels. However, available national emission 

inventories based on top-down approaches are not appropriated to assess them. 

And bottom-up approaches are required when developing a country-wide road 

transport inventory. Nztiachristos and Samaras (2013) proposed the following 

scales to take into account: 

• Firstly, urban inventories should be compiled for the major cities. These will 

be based on instantaneous emissions model and microscopic simulation level 

at street level (e.g. Smit, 2013; Ntziachristos, 2014).  

• Secondly, emission inventories for the highway and major road network 

should be developed. Traffic in highways is monitored both respect to 

average speed and traffic counts during the day. This input could be used 

together with average speed emission model to estimate emissions with a 

high temporal profile.  

The current chapter focused in the last scale and proposed a methodology to 

assess energy and emissions of different highways and traffic flow scenarios based 

on stretch-by-stretch approach.  

 

Figure 4.1 Different scales of road transport inventory with bottom-up approach 
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METHODOLOGIES TO MEASURE AND TO MANAGE THE DECARBONISATION OF ROAD TRANSPORT. THE CASE OF SPAIN.  
 

This chapter has been published as:  

 

IV. Sobrino, N. Monzon, A. & Hernandez, S. (2014). Reduced Carbon and Energy 

Footprint in Highway Operations: The Highway Energy Assessment (HERA) 

Methodology, Networks and Spatial Economics, Published online: 27 April 2014. Doi: 
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Additionally, the methodology has been registered as software in the UPM, together 

with two databases:   

• Monzon, A., Sobrino, N., Hernandez, S. (2013). HERA: Huella Energética de 

Operación de Autopistas (HERA: Highway Energy Assessment). Software 
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December 13th of 2013, M-009501/2013.  
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vehículos circulante español a fecha 31-12-2009 (Spanish circulating fleet 

composition). Database registration. TRANSyT, Universidad Politécnica de 

Madrid. Registred May 14th of 2013, M-003997/2013. 
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Reduced Carbon and Energy Footprint in Highway
Operations: The Highway Energy Assessment (HERA)
Methodology

Natalia Sobrino & Andres Monzon & Sara Hernandez

# Springer Science+Business Media New York 2014

Abstract Global demand for mobility is increasing and the environmental impact of
transport has become an important issue in transportation network planning and decision-
making, as well as in the operational management phase. Suitable methods are required to
assess emissions and fuel consumption reduction strategies that seek to improve energy
efficiency and furthering decarbonization. This study describes the development and appli-
cation of an improved modeling framework – the HERA (Highway EneRgy Assessment)
methodology – that enables to assess the energy and carbon footprint of different highways
and traffic flow scenarios and their comparison. HERA incorporates an average speed
consumption model adjusted with a correction factor which takes into account the road
gradient. It provides a more comprehensive method for estimating the footprint of particular
highway segments under specific traffic conditions. It includes the application of the
methodology to the Spanish highway network to validate it. Finally, a case study shows
the benefits from using this methodology and how to integrate the objective of carbon
footprint reductions into highway design, operation and scenario comparison.

Keywords Carbon footprint assessment . Highway operation . Consumptionmodel

1 Introduction

Transport is key in fostering economic development and enhancing quality of life
(Valackiene et al. 2006; Banister 2012). However, traffic and transportation systems
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also involve some negative externalities, such as energy consumption and environmen-
tal impacts. Global CO2 emissions from transport represented 22.5 % of fatal CO2

emissions in 2008 in developed countries and this proportion has increased by 44 %
from 1990 to 2008 (OECD 2010). Transport has shown the most rapid energy
consumption growth of any sector. Its share in final energy consumption is increasing
worldwide, reaching 33 % overall in the European Union (368 Mtoe in 2009). Road
transportation in Europe is the most important consumer within the transport sector,
accounting for 81 % of the total EU transport consumption (Lapillonne et al. 2012). In
the case of Spain, transport is the second largest and the fastest-growing source of
greenhouse gas (GHG) emissions. Furthermore, the rapid growth in demand for road-
based travel has made the Spanish road transport sector responsible for 65 % of total
transport emissions, with GHG emissions increasing by 69 % between 1990 and 2010
(European Commission 2010).

Since the Kyoto Protocol (UNFCC 1998), transport policies have been oriented
toward achieving more sustainable mobility patterns. In general, these involve a set of
coordinated actions aimed at the improvement of energy efficiency and the reduction of
environmental impacts which focus on interurban and urban scale. On an urban scale,
Sobrino and Monzon (2013) concluded that modal shift in cities may form part of the
process of stabilizing the footprint of Spanish urban mobility. In the same line,
Kitthamkesorn et al. (2013) developed a model which has the potential to enhance
the behavioral modeling of travelers’ mode shift and to evaluate the effectiveness of
sustainable policies. Concerning urban freight mobility, better routing may establish
efficient and environmentally friendly delivery systems (Ando and Taniguchi 2006).
On a more general scale, Lopez et al. (2012) showed by means of a scenario-based
assessment methodology that demand regulation measures have proven to be effective
in integrated energy and transport policies. Namely, Li et al. (2013) proposed a model
to optimize cordon toll pricing schemes while reduce environmental effects. Meanwhile
Mendiluce and Schipper (2011) pointed out that focusing on reducing activity would be
the most beneficial strategy for achieving the overall goal of GHG reduction in the
Spanish transportation sector. However, if these goals are to be achieved, a variety of
strategies must be considered and integrated. In order to assess the different strategies
implemented in the transport sector, transportation authorities and operators need
suitable methods and decision-making tools to encourage planning oriented toward
reducing energy consumption and CO2 emissions (Monzon et al. 2012).

This study describes the development and application of a modeling framework –
the HERA (Highway EneRgy Assessment) methodology – with which to assess the
carbon and energy footprint of traffic flows both at a micro (specific stretches of a
highway) and macro level (highway network). The main advantage of this modeling
framework is that it can be adapted to any highway network in any location. The
general methodology has been customized to the traffic conditions of the Spanish
highway network and applied to a specific case study.

The paper is structured as follows. First, there is a review of the incorporation of the
carbon footprint into the environmental assessment of road networks and HERA
contributions with respect to other existing assessment methodologies (Section 2).
Section 3 describes the basis of the HERA methodology and provides a summary of
its approach and architecture. In Section 4, the structure and the main assumptions of
the model are described, together with the influential parameters and model
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calibrations. Section 5 presents the adaptation of HERA to the Spanish highway
network and its validation through a comparison of the model’s results with on-board
measurements. After that, the results of a case study are presented (Section 6). Finally, a
summary of the paper with its main points and contributions is given.

2 Assessment of Road Energy and Carbon Footprint: HERA Contributions

Wackernagel and Rees (1996) proposed the concept of the ecological footprint as a
standard methodology for evaluating the direct environmental impacts of a human
being during his or her lifetime. In transport, the carbon footprint of a road transport
network is defined as the total amount of CO2 and other GHGs (expressed in tonnes
CO2 equivalent) emitted over the full life-cycle (design, construction, operational,
maintenance, and deconstruction phases) of the road.

In recent decades, a variety of definitions and procedures for the calculation of
carbon footprints have been employed (Pandey et al. 2011). Chi and Stone (2005)
pointed out that “the principal advantage of the footprint measure in the environmental
impact analyses is that it adopts a physical variable as a common metric for comparing
alternative options or models.” Additionally, carbon footprint data helps in the man-
agement and evaluation of emissions mitigation measures and should be included as an
indicator of sustainable development (Pandey et al. 2011).

The energy footprint is a measure of the total energy required by traffic during the
operational phase of a road (expressed in MJ). Lenzen (1999) highlighted pointed out
that three quarters of the energy consumed and GHG emissions produced during the
life-cycle of a road are due to vehicle fuel consumption; the remaining quarter
corresponds to the construction and maintenance of vehicles and infrastructure. There-
fore, the operational stage is considered the most important phase of the road life-cycle,
and efficient management policies could achieve significant energy and GHG emis-
sions reductions.

Different models are used worldwide for the estimation of road traffic emissions and
energy consumption. Some of them are widely used as COPERT – COmputer Pro-
gramme to calculate Emissions from Road Transport – (Gkatzoflias et al. 2007),
MOBILE (U.S. EPA 2002) and its recently version MOVES –Motor Vehicles Emission
Simulator– (U.S.EPA, 2009), ARTEMIS –Assessment and Reliability of Transport
Emission Models and Inventory Systems– (Andre 2004), or VERSIT+(Smit et al.
2007). COPERT and MOBILE use their own databases to obtain the emission factors
as a function of the average cycle speed. The first one is mostly used in Europe and the
second in US. ARTEMIS and VERSIT+obtain the emission factors as function of the
aggregated kinematic parameters of the driving cycle (speed distribution, acceleration,
etc.), drawing the information from proper databases of emissions measurements. There
are other types of micro-scale models for measuring local emissions which are classi-
fied according to the instantaneous kinematic parameters (emission maps with speed
and acceleration).

All these energy consumption and emission models provide tools to evaluate
measures, strategies, and scenarios; they also help to integrate energy and carbon
footprint management into decision-making processes (Affum et al. 2003; Szeto et al.
2013a, b). This theoretical framework has been put into practice through different
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assessment approaches to evaluate climate change impacts of road traffic. Table 1
summarizes several of these approaches and classifies them according to the emission
model they use, their spatial scale, their data input requirements, the outputs dimension
and their main applications. There also exist approaches which link traffic models with
vehicle emissions or noise models (Szeto et al. 2013a, b).

In relation to the input requirements, the assessment methodologies could be
classified according to two approaches: top-down or bottom-up. Top-down approaches
are based on historical relationships between macro level variables. On the other hand,
bottom-up approaches are built up from detailed data (i.e. vehicle stock, distance
travelled by different vehicle categories, etc.). With regard to the spatial scale, some
are designed to be applied at country level (macro), while other are applied at urban
scale (micro); in both cases, their main applications are emission inventories.

The proposed HERA methodology has some new contributions:

a- Regarding to the scale, HERA is designed for specific highways sections, follow-
ing a bottom-up scheme. It could be customized for each type of alignment and
traffic flow situation. Therefore it could be applied to any situation, in any specific
country or area, providing the necessary inputs.

b- Regarding the emissions model, HERA uses an average speed consumption model
–based on the COPERT emission factors- but adjusted with a correction factor to
incorporate the gradient effect on light vehicles of each road section, which is
something new.

c- HERA produces richer outputs than other models. HERA apart from emissions
and fuel consumption produce carbon footprint and energy footprint outputs,
which serve as tool for policy design and management of the highway (see
Section 6).

3 Basis of the HERA Methodology

HERA follows a bottom-up approach for assessing the energy and carbon footprint of
traffic flow in highway operation phase. It is divided into two modules. The first
module assesses the energy and carbon footprint of highway traffic flow under different
operating conditions. The second module focuses on the evaluation of energy con-
sumption and CO2 emissions of toll plazas where traffic flow conditions are unique due
to changes in and disruptions of driving conditions (Hernandez et al. 2013). This paper
focuses on the first module.

The main features of the HERA methodology for highway operations are presented
in Fig. 1. HERA integrates a consumption model with input databases in order to
provide an original method for the estimation of the energy and carbon footprint of a
highway. It allows efficient management of highway operation and gradient design
through strategies which aim to reduce the energy and carbon footprint of a stretch of
highway or an entire highway network.

Such policies and strategies can be applied by acting on the main input variables in
order to achieve energy efficiency targets. Speed management; fleet renewal; heavy
traffic flow management; or gradient design are the main strategies which could be

N. Sobrino et al.
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evaluated by using HERA. It can analyze the effect of each measure over the final
energy and carbon footprint of the highway.

The calibration and adjustment of the consumption model is one of the main benefits
of this methodology (see Section 4). Apart from fuel consumption, it estimates the
energy and carbon footprint of highway traffic flow. The assessment of the carbon and
energy impacts of a policy can provide an objective measure of its effectiveness.
Furthermore, a Geographical Information System (GIS) can support the input and
output data, providing a geographic representation of the energy and carbon footprint.

The application of the HERA methodology consists of the following phases for each
considered scenario (Fig. 2): (1) division of the selected highway into segments
classified as homogeneous – using aggregation methods based on the number of lanes,
gradient, average annual daily traffic (AADT), speed, percentage of heavy-duty vehi-
cles, etc. (Koorey 2009) – and introduction of input data; (2) application of the
consumption model to each segment of highway; (3) aggregation of all footprint results
of each segment for the whole highway under consideration; (4) geographic represen-
tation of highway footprint supported by a GIS (this option is available only if the
segment is geo-referenced).

In the first phase, information is collected regarding the fleet composition, as well as
physical and traffic flow characteristics of all stretches of highway. Segment gradient,
number of lanes, length, AADT, vehicle fleet composition, and mean speed by vehicle
category are the main variables used in the consumption model. This data collection
could be obtained either from real data collection in the road or through traffic demand
simulation techniques (Nökel and Schmidt, 2002; Taylor, 2003). Planners, decision-
makers, and operators can act directly on these variables by means of energy-efficient
highway management policies (Monzon et al. 2012). Moreover, national traffic maps as

Fig. 1 Architecture of the HERA methodology module 1: highway operations
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well as transportation network information modeled in a GIS environment provide geo-
referenced data that can easily be entered into the HERA methodology database. The
second phase consists of the application of the consumption model to each stretch of
highway. In the third phase, the estimated fuel consumption is multiplied by an energy
and carbon factor in order to calculate the footprint of the different stretches of highway
over a year. Finally, the highway footprint is mapped with a GIS.

4 Consumption Model Description

4.1 Average Speed Consumption Model Adjusted with Road Gradient

Average speed is a key factor in vehicles’ consumption and emissions output. Several
studies have found that the relationship between the specific consumption and vehicle
speed is U-shaped (Andre and Hammarstrom 2000; Smit et al. 2008). Therefore, it is
possible to develop speed-based consumption factors (grams of fuel per kilometer)
simply by using traffic flow records as input data for the emission model.

The HERA consumption model (Phase 2) is based on consumption and emission
factors from COPERT IV (Gkatzoflias et al. 2007). It has also been adjusted to include
MEET (Methodologies to Estimate Emissions from Transport) guidelines, which have
been widely adopted at a European level (Hickman et al. 1999). To estimate the
consumption and emission factors, COPERT IV takes into account the fuel type, engine
capacity and engine technology for light vehicles and the maximum total weight, load

Fig. 2 Phases of the HERA methodology
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state, engine technology and road gradient for heavy vehicles. Furthermore, COPERT
provides different consumption factor algorithms based on 2 or 3 speed ranges by
vehicle type.

In order to obtain a single average consumption curve by vehicle category, the
HERA consumption model is based on an adaptation of the Bennet and Greenwood
(2001) fuel consumption equation.

HERA uses average speed as the main factor and the road gradient as a correction
factor instead of as an addend (Eq. 1). HERA considers six vehicle categories i:
passenger cars, light-duty vehicles, motorcycles, rigid trucks, articulated trucks, and
buses.

FCi g fuel=veh−kmð Þ ¼ ∑i a0;i þ a1;i=V i

� �þ a2;i � V i

� �þ a3;i � V i
2

� �� � � RGFi ð1Þ
Where FCi is the fuel consumption factor of the vehicle category i; a0,i; a1,i; a2,i; a3,i

are calibrated parameters which depend on the vehicle category i; Vi is the average
speed of the vehicle (expressed in kilometers per hour) and RGFi is the road gradient
correction factor for light vehicles. Hence, the model adjustment with the road gradient
effect is an added value in the consumption model, as explained in the following
subchapter.

4.1.1 Road Gradient Effect

Vehicle emission modeling includes the road gradient as an important variable in
the estimation of CO2 emissions and energy consumption. The gradient of a road
has the effect of increasing or decreasing the resistance of a vehicle to traction.
This increase or decrease in the load on the engine has a corresponding effect on
emissions and energy consumption rates (Hassel and Weber 1997). Furthermore, it
has not been established that the over-consumption caused by traveling uphill is
compensated for by the reduced consumption when traveling downhill. Some
studies have researched the influence of road grades on energy consumption and
emissions in real-life experiments (Pierson et al. 1996; Cicero Fernandez et al.
1997; Colberg et al. 2005; Tsang et al. 2011) and some approaches have been
developed from the experimental experiences (Hassel and Weber 1997; Park and
Rakha 2006; Boriboonsomsin and Barth 2009; Shuangjian et al. 2011). Park and
Rakha (2006) demonstrated that the impacts of road gradients are significant. For
example, the fuel consumption and CO2 emissions for a normal light-duty vehicle
under cruising conditions are increased by 148 % and 139 %, respectively, as
result of a 6 % increase in road grade. In addition, the influence of the gradient on
emissions also depends on speed.

The gradient effect is considered in the HERA consumption module. In the case of
heavy vehicles, it is already included in the consumption factor functions (Section 4.2).
For light vehicles, however, the gradient effect is incorporated as a gradient correction
factor based on a polynomial function of the vehicle’s mean speed by engine technol-
ogy and vehicle category (Hickman et al. 1999). The road gradient factor considered in
Eq. 1 has the following formulation:

RGFi ¼ A6i;k � V 6 þ A5i;k � V 5 þ A4i;k � V 4 þ A3i;k � V 3 þ A2i;k � V 2 þ A1i;k � V þ A0 ð2Þ
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Where RGFi is the road gradient correction factor for the light vehicle category i; V
is the mean speed (expressed in kilometers per hour) and A0 to A6 are the coefficients
provided by Hickman et al. (1999) which depend on the road gradient.

As a result, HERA provides an advantageous average speed consumption model
which is adjusted considering the road gradient effect. The HERA approach includes a
database which collects all consumption model functions by vehicle type. The follow-
ing Section 4.2. describes the procedure that has been followed to obtain the consump-
tion model database.

4.2 Consumption Model Procedure

The procedure for obtaining the HERA consumption model consists of four steps.
From Step 1 to 3, it is presented the establishment of the HERA consumption model
database. Step 4 implies the adaptation of the consumption model to the case study
under assessment based on the circulating fleet of the highway.

Step 1 Collection of consumption factors by vehicle type and speed range from
COPERT IV database.

The COPERT IV database provides consumption factor algorithms by
vehicle type and speed range. HERA incorporates a total of 183 vehicle types
from COPERT IV: 77 light vehicle types divided by fuel type, engine
capacity, and engine technology, and 96 heavy-duty vehicle types classified
by maximum total weight, load state, engine technology, and road gradient.
Based on these data, HERA offers 93 consumption factor equations for light
vehicles and 2,205 for heavy vehicles. The substantial difference in the
number of equations, between light and heavy vehicles, can be explained by
the fact that COPERT considers different gradients (0 %, 2 %, 4 %, 6 %,
−2 %, −4 %, and −6 %) and load factors (unloaded, semi-loaded, and fully-
loaded), but only for heavy vehicles.

Step 2 Establishment of fuel consumption curves based on speed for each vehicle
type.

For each vehicle type and speed value, fuel consumption factors are
obtained using COPERT algorithms by speed range. These values are then
represented as fuel consumption curves (see the example of a gasoline
passenger car with an engine smaller than 1.4 liters in Fig. 3).

Step 3 Customization of the curve of each vehicle type to Eq. 1.
Each consumption curve from Step 2 is customized to the Eq. 1 by using

non-linear regression techniques. This step involves the parameterization of
the consumption curves described above in order to obtain the HERA con-
sumption model function for each vehicle type. A statistical software (SPSS)
has been used for the parameterization of all curves. All the consumption
equations generated during this process are recorded in the HERA database.
HERA consumption model equations database is the based framework which
supports the HERA methodology.

Step 4 Adapting HERA to a specific highway case study
Finally, the adaptation of HERA to a specific case study consists

on the estimation of the average consumption functions for each
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vehicle category. To this end, weighting parameters are calculated on
the basis of the circulating vehicle fleet composition. The weighting
parameters are the proportion of each vehicle type of the circulating
fleet.

Circulating fleet refers to the real number of vehicles using the highway. Hence,
before obtaining the weighting parameters, the fleet composition must be adjusted
taking into account the fact that the number of highway kilometers traveled in
highways decreases with the vehicle’s age (Burón et al. 2005). Some previous
studies have considered mileage correction factors. Hickman et al. (1999) included
vehicles’ annual mileage as a correction factor for fleet composition. Borken et al.
(2000) proposed a method in which a new vehicle counts as one unit while an
older vehicle counts as a fraction of a unit: the older the vehicle, the smaller the
fraction. Logghe et al. (2006) used a mileage factor in order to calculate traffic
flow emissions. Most recently, Ntziachristos et al. (2008) justified the importance
of taking into account the annual mileage factor and proposed a method to
estimate an annual mileage factor. HERA incorporates the Ntziachristos et al.
annual mileage factors in order to establish the actual composition of the current
circulating fleet.

Finally, these weighting parameters are applied to the equations obtained in Step 3 to
establish the average consumption function by each vehicle category. In this way, the
full list of HERA consumption functions is simplified to a limited number of vehicle

Fig. 3 Speed-fuel consumption curves for gasoline passenger car by engine technology
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categories, normally corresponding to the official categories used for vehicle registra-
tion in each country or region.

5 Validating HERA for the Spanish Highway Network

5.1 HERA Applied to the Spanish Highway Network

The application of the HERA methodology to the network of a specific country or
region – in this case Spain –, starts with the characterization of the circulating fleet
composition (obtaining weighting parameters, Step 4 of the modeling framework).
The Spanish vehicle fleet composition offered by official institutions does not
differentiate between the highway fleet and the fleet which uses other types of
roads. Hence, the Spanish fleet composition database must be corrected in order to
represent the real circulating fleet, in this case, those vehicles which circulate on
highways.

The annual Spanish mileage factors provided by Ntziachristos et al. (2008) for each
type of vehicle have been incorporated in order to obtain the mileage correction factor
required to adapt the HERA consumption model to the Spanish case study. Figure 4
offers an example of the annual mileage correction factor for a gasoline passenger car.
In this case, until six years-old, there is no correction, being the mileage correction
factor one. Then, the mileage correction factor decreases to 0.87 for 10 years-old, and
to 0.70 for 15 years-old cars.

The application of the annual mileage correction factors to the vehicle fleet estab-
lishes the composition of the circulating vehicle fleet of the Spanish highway network.

Fig. 4 Annual mileage correction factor for gasoline passenger car
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Table 2 shows the proportion of each HERA vehicle category by engine technology. It
can be observed that the heavier vehicles have a larger percentage of newer engines
(35 %–40 % of heavy vehicles are EUROIV), while the fleet of light-duty vehicles and
motorcycles is much older (30 % of motorcycles and 22 % og light-duty vehicles are
PREEURO).

Finally, the application of the weighting parameters to the calibrated equations (Step 4
of the consumption model) produces the HERA consumption functions for each of the six
vehicle categories considered. The following Table 3 includes the weighted average fuel
consumption functions for each vehicle category of the circulating Spanish fleet in 2009
with a road grade of zero (RGF=1 for light vehicles) based on average speed (km/h).

5.2 Validation of the HERA Consumption Model in the Case of Spain

Model validation is defined as the comparison of predictions with independent obser-
vations. These observations are obtained by a variety of methods, including on-board
measurements. This method provides reasonable control over influencing factors (cold
start, vehicle loading, gradient, etc.).

The emissions factors estimated using the HERA consumption functions were
compared with the total emission level measurements obtained by the on-board devices
over the corresponding distance.

Smit et al. (2010) discussed the validation of different types of traffic emission
models, including average speed models. Their results demonstrate that testing the
overall accuracy of road traffic emission models is difficult, and only partial model
validation is feasible (Smit et al. 2010). Consequently, in this section a partial

Table 2 Composition of circulating vehicle fleet of Spanish highway network in 2009 (%)

Engine
Technology

Motorcycle Passenger
Car

Light-Duty
Vehicles

Rigid
Truck

Articulated
Truck

Bus

EURO IV – 36.31 23.79 41.76 39.57 35.28

EURO III 55.98 33.31 25.65 33.64 38.20 27.89

EURO II 8.49 13.73 15.80 17.34 12.24 21.77

EURO I 3.38 7.64 12.60 2.08 2.08 5.27

PREEURO 32.15 9.01 22.16 5.09 7.91 9.79

Table 3 Fuel consumption function by HERA vehicle type

Vehicle Type Fuel Consumption Function for 0 % Road Gradient (gfuel/veh-km)

Motorcycle FC=25.722+(276.13/V)+(−0.254)*V+0.00311*V2

Passenger Car FC=54.7+(496/V)+(−0.542)*V+0.0042*V2

Light-Duty Vehicle FC=146.27+((−0.0000106)/V)+(−2.596)*V+0.01984*V2

Rigid Truck FC=152.96+(604.156/V)+(−2.295)*V+0.0238*V2

Articulated Truck FC=332.603+(1680.879/V)+(−4.676)*V+0.0311*V2

Bus FC=281.735+(4186.178/V)+(−3.457)*V+0.0216*V2

N. Sobrino et al.



validation of the HERA methodology is presented, considering the on-board data
collected during a number of real case studies.

The data used for the HERA validation were collected on three different
routes with a gasoline light-duty vehicle equipped with a portable emissions
and consumption control device (Horiba OBS 2200) and additional devices to
measure speed (L-CE Correvit sensor), acceleration, road gradient (ADMA
gyroscope), and time. The measurements were performed during March 2011.
Below, Fig. 5 illustrates the different routes used. These routes were selected
for the measurements as they all experience heavy traffic flow and have
stretches with different gradients. Each of the routes was divided into segments
with homogeneous road gradient, speed characteristics, traffic flow and number
of lanes.

Fig. 5 a Spanish highway network with routes selected for HERA tool validation. b, c Portable emission and
consumption device: Horiba OBS 2200
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The mean prediction error was used to assess the difference between the emissions
values predicted by HERA and those observed in the validation test. The mean
difference between the predicted and observed values of a validation sample is the
most important criterion for determining whether a model works well in practice
(Fomunung et al. 2001; Smit et al. 2010). The mean prediction error is quantified
using the following equation (ε, %):

ε ¼ 100 � U–O
� �

=O
h i

ð3Þ

WhereU is the predicted value andO is the observed value. In addition to the mean
prediction error, the linear correlation coefficient was also determined to assess the
performance of the HERA consumption model.

5.2.1 Results of HERA Validation

This section describes the results of the validation of the HERA methodology by
comparing the estimated CO2 emissions values to a set of observed data from the on-
board measurements. Figure 6a presents the values obtained from HERA and measured
values during the real-life test with on-board equipment. As can be seen, predicted
values tend to be slightly smaller than the measured values, similar to what happened in
the comparison of other emissions simulation models to real measurement (Silva et al.
2006).

Fig. 6 aMeasured and predicted CO2 emissions values. b Comparison between measured and estimated CO2

emissions values

N. Sobrino et al.



Figure 6b offers the statistical analysis of the estimated and measured CO2

emissions on all routes. The linear correlation is high (r=0.97) which reflects a
good relationship between the predicted and measured values. The slope coefficient
is less than 1 (0.92), which indicates that the emissions values estimated by the
HERA model are lower than those determined by the on-board measurements. The
value of the mean prediction error for all the measurements, determined by
applying Eq. 3, was −3.79 % which means that the model performed quite well.
However, as previously stated, these results only partially validate the HERA
approach

Finally, from the on-board measurements, it has been obtained that stretches with
3 % slope results in a vehicle’s overconsumption of 30 % in relation with flat road
sections, at the same average speed. Justifying, the adjustment with the gradient effect
of HERA average speed consumption model and being in line with the studies
reviewed in Section 4.1.1.

6 HERA Application Case Study: Footprint Assessment of AP-66 Motorway
and Scenario Comparison

A case study was devised to validate the HERA methodology’s footprint assess-
ment capabilities using 2009 data from the AP-66 toll motorway in northern Spain.
The chosen route is 77.3 km long. The input data variables were derived from two
sources: the AADT and the speed data were obtained from the 2009 Spanish
Traffic Map (MF 2010); the road gradient and speed characteristics used to divide
the route into homogenous segments were obtained from the on-board measure-
ments (explained in the validation section), though it would have been possible to
calculate these data by joining a traffic maps to a topographic map in a GIS
environment.

The application of the HERA methodology has several benefits, including the
possibility of assessing scenarios based on different management strategies. In order
to evaluate the methodology, two policy scenarios – a speed management scenario and
a highway alignment improvement scenario – were created to estimate their effects on
the carbon and energy footprint of the AP-66.

The reference scenario is characterized by an AADT of 4,978 veh/day and
an average speed of 117 km/h for light vehicles and 97 km/h for heavy
vehicles. The speed management scenario was tested by calculating the impact
of a 10 km/h speed reduction for light vehicles on the toll motorway. The
highway alignment improvement scenario considered the same highway sec-
tion than the reference one (same vehicle distribution and average speed) but
with 0 % slope. These two hypothetical scenarios were compared to a
reference scenario based on the actual 2009 AP-66 speed and alignment data.
The results show the potential emissions savings of both management options.
Finally, all the data were mapped using a GIS to produce a geographic
representation.

The outcomes obtained from the HERA application to the case study are shown in
the Table 4. The results also indicate the contribution by vehicle category (light and
heavy). The energy and carbon footprint have been calculated for a period of one year
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for all three scenarios. As other studies have demonstrated (Dijkema et al. 2008; Panis
et al. 2011), speed management strategies are environmentally-effective options. The
AP-66 speed reduction scenario resulted in annual carbon footprint savings of 4.5 %
over the total. Additionally, the findings show that proper design is a key element in

Table 4 Energy and carbon footprint results of HERA tool application to AP-66 motorway case study

Scenario Description Energy Footprint
Results (GJ/year)

Carbon Footprint Results
(T CO2e/year)

Carbon Footprint
Savings (%)

AP-66 Reference Scenario (2009) 1,119,125 96,819.4 –

Light vehicles 589,821 50,221.0 –

Heavy vehicles 529,304 46,597.9 –

Speed Management Scenario:
AP-66 Light Vehicle Speed

Reduction −10 km/h (2009)

1,068,304 92,485.9 4.5 %

Light vehicles 539,000 45,880.0 –

Heavy vehicles 529,304 46,597.9 –

Highway Alignment Improvement
Scenario:

AP-66 Highway Gradient Design
0 % (2009)

967,093 83,576.5 13.7 %

Light vehicles 540,7333 46,041.4 –

Heavy vehicles 426,360 37,535.1 –

Fig. 7 Geographic representation of estimated carbon footprint results of stretches of the AP-66 motorway
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improving the energy and carbon efficiency of a highway in the operational phase. A
highway which avoids hilly areas is more sustainable in the operational phase;
the improved highway design scenario achieved an annual carbon footprint
savings of 13.7 % with respect to the reference scenario. A geographic repre-
sentation of the estimated carbon footprint for each scenario is included in
Fig. 7 and illustrates the possible effects of the proposed policies on the
highway’s footprint.

7 Conclusions

Emissions reduction and energy efficiency are key policy elements for manag-
ing roads (Ison and Wall 2003). This paper presents a sequential methodology
called HERA – Highway EneRgy Assessment –developed to assess the energy
and carbon footprint of highway operations. HERA is a methodology which
integrates a consumption model with input databases to estimate the annual
footprint of traffic flows for a specific stretch of highway or an entire network.
The main added value of HERA methodology is that its consumption model –
based on the COPERT emission factors- incorporates a correction factor to
include the effect of the gradient of each road section.

We have validated the HERA methodology through the application to the Spanish
highway network. It has been proved that it estimates the carbon footprint vehicles with
sufficient accuracy.

HERA is valid for every country or region and for every highway segment or
network. It requires specific input data corresponding to each individual case study.
However, the necessary data inputs – vehicle fleet composition, annual mileage,
gradient, number of lanes, length, AADT, and average speed – are normally available
in transportation databases. By acting on these main input variables (speed, fleet
composition, traffic flow, gradient), different policies and strategies can be proposed
and tested in order to achieve energy efficiency and carbonless objectives. The
assessment is based on the comparison of the footprint for different scenarios with
the reference to a base year.

Hence, HERA allows a better design and assessment of policies -both during the
planning and design phases- and management strategies focused on achieving
significant reductions in energy consumption and GHG emissions during the
operational phase. It is of particular interest for policies and strategies focused
on alignment design, speed adjustment, traffic flow management or fleet com-
position. The estimation of the footprint of AP-66 motorways using different
strategies (traffic management and alignment improvement) has evidenced that
the tool can successfully compare scenarios in order to assess transport policies.
For instance, improving the alignment of the road could result in 13.7 % of
annual carbon footprint. In addition, the speed management such as speed
reduction for light vehicles could save 4.5 % of the annual carbon footprint.
Lastly, there is also presented the HERA GIS capabilities (i.e. use of
georreference segments for input and output).

Therefore, HERA provides basis for future emission models’ improvements. The
follow-up of this research could include the following topics.
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a) A more detailed analysis of the effect of the gradient in vehicles’ emissions. It
should be based on real measurement campaigns. Then, the correction factor of
HERA consumption model will be of wider application.

b) Further development of HERA could provide specific footprint assessment for
different types of road under different driving conditions. Therefore, obtaining an
energy and carbon efficiency indicator for each road category may help to a more
sustainable management of traffic.

c) HERA methodology has been applied to a Spanish case study. Carbon footprint
optimization of traffic motorway networks will provide valuables results for energy
and environmental challenges. This would be covered by using HERA in the
assessment of different strategies and comparison of scenarios in specific case
studies.

In conclusion, HERA generates the necessary information for managing
decarbonization targets and improving energy efficiency, both in planning and operat-
ing highway networks. Future research could improve its capabilities for assessing
footprint in a number of different applications.
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STRATEGIES 

5. APLICATION OF HERA:  
CLASSIFICATION OF PRIORITY ROAD 
STRETCHES FOR ABATEMENT 
STRATEGIES 

This chapter contains the application of HERA to identify most pollutant parts of a 

road network and to propose and assess low-carbon strategies. Therefore, HERA is 

calibrated for the Spanish State Road Network and corridors with highest emissions 

are identified by using GIS. Different operational and infrastructure strategies are 

applied and evaluated in priority corridors.  
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ABSTRACT Reducing traffic emissions is key in transportation planning and 

infrastructure management in order to achieve a sustainable transport system. We 

therefore need to promote the priority actions. This paper describes a comprehensive 

methodology for identifying priority road segments and corridors with problems of GHG 

emissions to enable actions to be prioritised and designed. The HERA energy and carbon 

footprint assessment methodology is used to estimate interurban traffic emissions and 

calculate an Emissions Priority Index (EPI) to assess strategies. The EPI measures total 

GHG emissions and their intensity according to traffic and road conditions. The results 

are shown graphically on a GIS, allowing priority corridors and hot spots to be easily 

identified. The methodology was applied to the case study of Spain; seven corridors with 

hot spots were identified, comprising 25% of the network and responsible for 51% of the 

total GHG emissions in 2012. Inefficient corridors were those with a high rate of heavy 
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vehicles, high speeds and steep gradients. The Mediterranean corridor –the most 

polluting– was selected to apply a set of abatement strategies. The most effective strategy 

was speed enforcement for light vehicles. A speed reduction of 10 km/h could produce a 

3.54% savings in emissions compared to the reference scenario, and decrease emissions 

intensity from 254 gCO2eq/veh-km to 246gCO2eq/veh-km.  

Highlights:  

• Visualization of road network energy and GHG emissions 

• Identification of hot spot segments and corridors 

• Selection of low-carbon priority strategies  

 

Key words:  road traffic emissions, mapping GHG emissions, low-carbon road 

management 
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1. Introduction 

Road transport is widely considered as an important sector for the application of 

abatement strategies given the marked influence of transport (Sims et al., 2014). Road 

transport is the second largest source of emissions in the EU, accounting for 18% of total 

greenhouse gas (GHG) emissions in 2012 (EEA, 2014). Spain –with 87.4 million tons of 

CO2– ranked fifth out of the 27 European countries in terms of CO2 emissions in the 

transport sector in 2011, after Germany, France, United Kingdom and Italy (Eurostat, 

2014); road transport accounted for 92% of those emissions. As a result, energy efficiency 

measures for road transport have been implemented in Spain under the 2004-2012 and 

2011-2020 Energy Saving and Efficiency Action Plans (IDAE, 2011, 2003). The goal of 

the latter is to reduce the nation’s total energy consumption by 20% by 2020 in line with 

the Europe 2020 energy strategy (EC, 2010); one third of this target must be achieved by 

savings in the road transport sector (IDAE, 2011).  

However the expected savings associated with each action have been estimated 

based on a top-down approach, and actions are generally adopted without addressing the 

most polluting points on the road network. There is a general lack of appropriate feedback 

to gauge whether the strategies are working effectively. The 2011 Libyan oil crisis led to 

the establishment of the Energy Saving and Efficiency Enhancement Plan (MINETUR, 

2011), one of whose measures was to reduce the speed limit on motorways from 120km/h 

to 110km/h, although its effects were never subjected to a thorough analysis. The 2013 

Environmental Assessment Law (Spanish Government, 2013) considers climate change 

as part of the environmental impacts of a programme and requires plans to be assessed 

for their carbon footprint, including road transport plans. The environmental impact of 

construction and maintenance works must therefore be considered in addition to traffic 

impacts. Traffic emissions must be seen as an essential factor in transportation planning 

and infrastructure management if sustainable transport is to be achieved. Traffic 

emissions inventories are useful tools for identifying pollutant sources and evaluating the 

effectiveness of existing or potential abatement strategies, and for making decisions on 

where to apply the strategies (Bellasio et al., 2007; Borrego et al., 2000; Sbayti et al., 

2002; Vanhulsel et al., 2014). For instance, using the national road emissions inventory, 

Sobrino and Monzon (2014) analysed the key drivers influencing the evolution of road 

GHG emissions in Spain over the last twenty years. They suggested that new actions to 

reduce GHG emissions from road transport in Spain should take two approaches: general 
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actions to reduce transport use; and strategies to improve road use efficiency, including 

traffic management strategies and penetration of efficient vehicles. The actions towards 

efficient road systems pursue strategies that improve energy efficiency and lower the ratio 

of CO2 (Banister et al., 2011). Efficient road system management therefore refers to a set 

of abatement strategies that largely aim to reduce carbon footprint by operational (speed 

enforcement, managing heavy duty vehicles, efficient routing, and so on) and 

infrastructure strategies (improving road infrastructure through new or improved 

constructions).  

The competent road transport authorities require methodologies to sort and 

prioritise road stretches or corridors which have emissions problems, and are thus subject 

to low-carbon actions. How can action plans or strategies be designed to reduce traffic 

emissions? Which are the priority stretches and corridors –the so-called “hot spots”– to 

apply the abatement strategies? How efficient are these actions and strategies in reducing 

emissions?  

This paper describes a comprehensive procedure for identifying the priority road 

stretches with the highest emissions, and requiring the appropriate abatement strategies. 

The paper is divided into four main parts, and examines the case study of the Spanish 

National Road Network (NRN). It first describes the bottom-up methodology for the 

assessment of energy consumption and GHG emissions for different highways and traffic 

flow scenarios known as HERA (Sobrino et al., 2014). A procedure is proposed for 

improving HERA outcomes by integrating geo-referenced road network databases 

(Section 2). The segment-by-segment analysis allows the results to be presented 

graphically. Second, the geographical representation enables the identification (and 

ranking) of emissions hot spots in the road network based on the Emissions Priority Index 

(EPI) (Section 3). Third, once priority corridors have been established, managers can 

decide the most appropriate strategies for each particular case (the corrective actions that 

can be taken in each corridor) to reduce emissions on road stretches. Section 4 describes 

an illustrative case study based on the most emissions-intensive corridor identified in 

Section 3. Finally, Section 5 contains its contribution to the research, and conclusions.   

 

2. Highway Emissions Assessment: the HERA methodology 

The HERA methodology is used to assess the energy and carbon footprint of a highway’s 

traffic flow (Sobrino et al., 2014). The main features of the HERA methodology are 
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shown in Fig. 1a. The red and green sections constitute this paper’s main contribution. 

HERA is based on a bottom-up methodology which combines an average speed 

consumption model adjusted with segment gradient and information on the spatial 

distribution, by road segment, of vehicle activity with data on vehicle type (average 

annual daily traffic –AADT–), driving speeds (mean speed of light or heavy vehicles), 

physical characteristics of the road (length, gradient, number of lanes), and the 

composition of the fleet circulating along these roadway types. HERA produces several 

outputs: annual GHG emissions and energy consumption (CO2eq/year and MJ/year, 

respectively), and emissions and energy intensity (CO2eq/veh-km and MJ/veh-km, 

respectively). Emissions intensity is strongly correlated with traffic flow characteristics, 

operation strategy and driving behaviour. The bottom-up approach produces more 

accurate estimates of the level and spatial distribution of on-road motor vehicle emissions 

than the top-down approach, which relies more on aggregated information and default 

modelling inputs (Cook et al., 2006). The main capability of HERA is that it enables 

strategies to be devised for carbon efficient management of the highway operation and 

gradient design. These strategies could be applied to a segment of highway or to an entire 

network. Policies can be planned to achieve efficient targets by acting on the main input 

variables (Monzon et al., 2012).  

One of HERA’s capabilities is that input data –traffic maps and road 

characteristics by segments– can be geo-referenced by using Geographical Information 

Systems (GIS). Section 2.1 below describes the integration methodology for merging the 

road traffic map and road inventory for the Spanish NRN. The aim is to obtain a geo-

referenced input database –HERAGis– and geo-referenced results (Fig. 1a. in green).  

The Spanish NRN is used as a case study. Currently, the competences for the 

Spanish road network are divided between the national and regional governments, and to 

lesser extent the cities. In 2012, the National Road Network (NRN) consisted of 26,038 

km, accounting for 15.7% of the total length of the Spanish network (165,595 km) (MF, 

2013). The NRN comprises toll and free motorways, two-lane main roads and 

metropolitan motorways. It carries 51.6% of total traffic and 63.1% of heavy traffic flows. 

Consequently, the current case study –NRN– offers an accurate depiction of the 

characteristics of long-distance traffic in Spain.  
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Figure 1 a) Procedures applied to improve the HERA methodology (based on Sobrino et al. (2014)); b) geo-database 

integration procedure to obtain HERAGis 

 

2.1. Model inputs: link interface of geo-referenced databases, HERAGis 

Data input in HERA is the result of linking two geo-referenced databases. The Spanish 

Road Traffic Map (MF, 2013) is based on road traffic counts and provides annual 
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information on the traffic flow characteristics of the NRN. The 26,038 km of the NRN 

were divided into 4,778 homogeneous segments in traffic terms (average segment of 5.44 

km). Each segment is geo-referenced as vector data in GIS. The other source is the 

Spanish Road Inventory which compiles data on the geometric features and facilities of 

the road network (MF, 2010). The main data collected were: geometry, road type, number 

of lanes, gradient, visibility distance, coordinates, road equipment, and vertical and 

horizontal signals, among others. The collection of all these parameters was assigned to 

each segment of the road inventory corresponding to ten metres of the road network, and 

referenced as a point in GIS.  

These two databases were integrated into one HERAGis database by following 

the steps outlined in Fig. 1b.  

Step 1 consists of separating the two databases by direction (D1 and D2). The 

main reason for this separation is the gradient orientation of each segment, since road 

gradient has a significant impact (Cicero-Fernández et al., 1997; Hernandez et al., 2013; 

Kamal et al., 2011). For example, Park and Rakha (2006) demonstrated that a 6% increase 

in road gradient caused a 139% increase in emissions for a normal light-duty vehicle. 

Data for two separated carriageways (motorways) are already available for each direction. 

For two lane-roads it can be assumed that half the traffic is driving in each direction, and 

that the sign of the gradient for D2 changes direction compared to D1. Since road 

inventory data is collected as points, they must also be converted to vectors using the ET 

Wizard “point to line” GIS tool.  

Step 2 merges the geo-reference databases using the GIS join tool based on a 

spatial intersection of the segments. Data values are weighted by the length. The outcome 

is the HERAGis database containing two files, separated by direction, which provides the 

input parameters for the HERA model (see Fig. 1a).  

 

2.2. Model outputs 

Using HERAGis databases in the HERA model, on-road GHG emissions (CO2eq 

emissions) are estimated at the segment scale for 2012. Table 1 below shows a summary 

of the results by road type. 

In 2012 the NRN emitted around 28 million tons of CO2eq, with more than half 

corresponding to free motorways. This total amount represents 37.65% of the total 

emissions from the entire Spanish road transport (including regional and local road 

networks). Motorways were the most important contributor to this figure, which is in line 
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with the high proportion of heavy vehicles (17% of total traffic volume) and the speed for 

light vehicles (110km/h on average). The emissions intensity outcomes serve to identify 

the efficiency of each segment with the driving conditions prevailing in 2012. The lower 

the intensity, the more efficient the segment. The rate of CO2eq emissions per vehicle and 

kilometre in an average segment is 247 grams for average traffic of 14% heavy-duty 

vehicles and a speed of 93 km/h for light vehicles. As before, free motorways had the 

highest emissions intensity, with 275 grams of CO2eq emissions per vehicle and kilometre 

on average.  
Table 1: Summary of the main characteristics and emissions of the Spanish NRN in 2012.  

Road type Toll 
motorway 

Free 
motorway 

Two-lane 
main road 

Metropolitan 
motorway Total 

Length (km) 2,548 7,858 14,733 881 26,020 
AADT (veh/day) 15,858 21,489 4,480 42,523 12,019 
Average share of heavy 
vehicles (%) 12.04% 17.01% 13.19% 8.69% 14.08% 

Average speed light 
vehicles (km/h) 106 110 82 95 93 

Average emissions 
intensity (gCO2e/veh-km) 258.5 275.2 231.6 221.7 247.0 

Total emissions  
(Kt CO2eq) 3,882.7 15,804.1 5,554.8 2,892.7 28,134.3 

% total emissions 13.81% 56.17% 19.74% 10.28%  
 

Lastly, Fig. 2 shows the map with the total GHG emissions of the HERAGis 

network by adding the two directions of each segment. Each link has different colour, 

denoting the four categories of emissions based on the standard deviation. The results 

highlight the strong influence of certain corridors or segments on the emissions of the 

entire NRN (in red and orange). The emissions intensity map (Annex A) is obtained in a 

similar way. Its analysis reveals which parameters have the greatest influence on the 

emissions intensity of the segments. These are: heavy vehicle share –segments carrying 

high rates of heavy vehicles are more polluting regardless of road type–, road gradient, 

and high and low speeds of light vehicles.  
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Figure 2 GHG emissions from the NRN –HERAGis network– by segment 

 

3. Hot spot identification process: Emissions Priority Index 

Hot spots are identified based on the calculation of the Emissions Priority Index (EPI). 

The EPI serves to highlight segments or corridors with high emissions or/and high 

emissions intensity. Similar to Ruiz-Padillo et al. (2014) for noise impacts, the 

methodology aims to identify hot spots, and the nature of the relationship between traffic 

flow, speed and gradient, in order to act on them and reduce GHG emissions. The 

following sub-chapters describe the EPI procedure and the application to NRN 2012.  

3.1. EPI calculation procedure 

The procedure for obtaining the EPI consists of three steps.  

Step 1 Selection of parameters for consideration in the priority index. They are: 

total emissions per segment (expressed as CO2eq), and emissions intensity per segment 

(CO2eq/veh-km). Total emissions express the annual emissions produced by the actual 

traffic flow, while emissions intensity serves to identify the most polluting segments 

based on their operations. The EPI is estimated by taking into account the traffic flow 

characteristics and operating conditions in the segment when identifying hot spots.  

Step 2 Transformation of parameters into indicators using a transformation 

function based on the standard deviation of the results for all segments (four stages). 
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Figure 3 below shows the transformation functions for obtaining the indicators: Total 

Emissions (TE) and Emissions Intensity (EI) (ranges from 0 to 1). 

Step 3 The Emissions Priority Index is obtained by combining the two indicators. 

The index is: 

• No priority when:    

• High priority when:    

• Very high priority when:   

 

On the basis of the EPI values for each segment, a priority corridor is identified when at 

least half its length has a high and very high priority EPI.  

 
Figure 3 Parameter transformation function for the NRN 2012 case: a) total emissions; b) emission intensity 

 

3.2. Results 

Figure 4 below shows the identification of seven hot spot corridors with half their length 

highlighted in orange and red (high and very high priority, respectively). These corridors 

connect major cities such as Barcelona, Seville and Bilbao to the capital, Madrid. 

Nevertheless, the Mediterranean corridor (east) also appears as a priority corridor, given 

the importance of this transport axis connecting France to southern Spain along the coast.   
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Figure 4 Identification of priority corridors based on EPI in NRN, 2012 

 

Table 2: Hot spot corridor results 

 

1.North 
corridor 

 
N 

2.Northeast 
corridor 

NE 

3. East 
corridor 

 
E 

4.South 
corridor 

 
S 

5.West 
corridor 

 
W 

6.Northwest 
corridor 

NW 

7.Mediterranean 
corridor 

 
ME 

Total hot 
spot 

corridors 

Total length (km) 487 1,054 736 999 535 938 1,788 6,537 
AADT (veh/h) 14,931 24,394 21,431 25,182 19,847 15,113 27,865   
Average share of heavy 
vehicles (%) 23.76% 23.42% 20.95% 16.04% 12.73% 14.55% 15.81%   
Average speed of light 
vehicles (km/h) 97 98 108 106 109 101 100   
%km gradient >2% 2.00% 8.59% 0.00% 1.00% 0.00% 11.46% 1.32%   
%km gradient >4% 0.00% 0.00% 0.00% 0.00% 0.00% 8.36% 0.22%   
Total Kt CO2eq 813 2,701 1,533 2,261 927 1,308 4,719 14,283 
% total emissions NRN 2.89% 9.60% 5.45% 8.04% 3.30% 4.64% 16.77% 50.69% 
Average emission 
intensity (gCO2e/veh-
km) 

306 315 287 261 259 260 257 275 
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Table 2 also contains a summary of the outcomes for each corridor. Four road 

characteristics were used to group the corridors identified: whether the route has two 

alternatives (toll vs. free), is a main corridor (high volume of traffic), has a high 

proportion of heavy vehicles, and is a mountain route (hilly areas). All the selected 

corridors correspond to one or more of these categories (lower part of Table 2).  

The seven priority corridors were responsible for 51% of the total emissions of 

the NRN, although they only account for 25% of the network length. The route with the 

highest emissions is the Mediterranean corridor (7), which contributed to 16.85% of the 

total NRN emissions. This is the longest corridor and has the highest volume of traffic. 

The least efficient corridor was the northeast corridor (2), which had an average emission 

intensity of 315 gCO2e/veh-km over its 1,054 km. This was caused by the high volume 

of traffic (24,394 vehicles per day) and the high rate of heavy vehicles (23.4%). Inefficient 

corridors can thus be said to have high rates of heavy vehicle traffic. Among hilly areas, 

the northwest corridor (6) has the most steeply sloping road; 11% of its length has a 

gradient of over 2% in absolute figures. This corridor accounted for 4.64% of the total 

NRN carbon footprint. Finally, the typologies of all the selected corridors included 

alternative itineraries along part of their routes. For example, all corridors that start or end 

in Madrid have two alternatives, either a toll road in the first part, or a free motorway. In 

these cases, the main strategy to achieve emissions reduction is a more effective use of 

road capacity (Monzon et al., 2012). In Section 4 below, the Mediterranean corridor is 

taken as an example for illustrating the application of efficient management strategies, 

since it fulfils the four hot spot corridor characteristics.  

 

4. Mediterranean corridor: a case study for low-carbon road 

network strategies 

The Mediterranean corridor (7) was selected to apply a set of abatement strategies. These 

strategies generally aim to reduce GHG emissions by improving road system capacity 

and efficiency. Using HERA methodology (Fig. 1a), the proposed strategies seek to 

promote efficiency through operational and infrastructure improvements. 

- Operational strategies focus on minimising emissions through speed enforcement 

and heavy-duty traffic management to promote efficient use of the network 
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(efficient routing and more effective use of road capacity). The aim is to promote 

optimal fuel use efficiency.  

- Infrastructure strategies seek to reduce emissions by improving the road 

infrastructure through new or improved constructions, for example by correcting 

the alignment of the road and reducing steep sections. 

Four scenarios were created to estimate the effects of the strategies on GHG 

emissions. These four hypothetical scenarios were compared to a reference scenario based 

on the characteristics of the corridor in 2012. The reference scenario for the 

Mediterranean corridor is characterised by an AADT of 27,865 veh/day and an average 

share of heavy vehicles of 15.81%. The corridor comprises toll motorway, free motorway, 

two-lane main roads and metropolitan motorways, with a total length of 1,788 kilometres. 

Only 0.24% of the corridor length has a gradient of over 4%. The four policy scenarios 

are the following: 

- Scenario I: Light vehicle management scenario is tested by calculating the impact 

of reducing the speed of light vehicles on toll, free and metropolitan motorways 

by -10km/h from the reference scenario.  

- Scenario II: Heavy vehicle management scenario assumes that all stretches with 

over 15% of heavy vehicles reduce their speed by -10km/h on toll, free and 

metropolitan motorways.  

- Scenario III: Alignment improvement scenario considers the same network as the 

reference (same vehicle distribution and average speed) but with 0% slope in the 

segments.  

- Scenario IV: Integration of all strategies assumes that all three scenarios above 

are integrated into one.  

Table 4 shows the annual emissions results for each proposed scenario by road type 

in the Mediterranean corridor. The results also indicate the percentage of emissions 

savings over the total corridor. All the scenarios produce a reduction in emissions. Of the 

first three scenarios, the speed management scenario for light vehicles is the most GHG-

effective option, and results in annual emissions savings of 3.54% over the total corridor. 

The highest savings occur on toll roads, since these have the highest average speeds. A 

10km/h decrease in light vehicle speed results in a 10gCO2eq/veh-km reduction in the 

motorway stretches considered. The findings also show that proper network design –

139 
 



consisting of modifying hilly areas– is a key element when improving the carbon 

efficiency of road traffic. Emissions savings of 1.28% are obtained by acting on only 

0.24% of the network corridor. Finally, the integration of all scenarios produces savings 

of up to 279.668 KtCO2eq/year, corresponding to 5.72% of the total emissions for the 

corridor. 

Table 3: GHG emissions results of road system management strategies in the Mediterranean corridor (2012) 

Scenario description 

GHG 
emissions 
results (Kt 

CO2eq/year) 

GHG 
emissions 
savings 

(%) 

Average emissions 
intensity 

(gCO2eq/veh-km) 

Reference scenario  4,887.348 - 253.817 
Toll motorway 1,783.391 - 278.475 
Free motorway 1,698.541 - 252.335 

Two-lane main road 956.923 - 236.256 
Metropolitan motorway 448.492 - 220.974 

Scenario I: Light vehicle management scenario 
-Light vehicle speed reduction of -10km/h on toll, free and 
metropolitan motorways  

4,714.237 3.54% 246.212 

Toll motorway 1,699.492 4.70% 264.798 
Free motorway 1,627.453 4.19% 241.762 

Two-lane main road 956.923 0.00% 236.256 
Metropolitan motorway 430.369 4.04% 211.941 

Scenario II: Heavy vehicle management scenario 
-Toll, free and metropolitan motorway stretches with more 
than 15% heavy vehicles considers -10km/h speed reduction 
for heavy vehicles 

4,838.800 0.99% 251.863 

Toll motorway 1,758.869 1.38% 274.818 
Free motorway 1,677.067 1.26% 249.272 

Two-lane main road 956.923 0.00% 236.256 
Metropolitan motorway 445.225 0.73% 219.888 

Scenario III: Alignment improvement scenario 
- Gradient design 0%  4,825.777 1.28% 250.180 

Toll motorway 1,781.721 0.09% 277.066 
Free motorway 1,677.742 1.22% 246.942 

Two-lane main road 942.566 1.50% 232.560 
Metropolitan motorway 423.746 5.52% 209.610 

Scenario IV: Integration of all strategies 
-Speed management 
-Heavy duty management scenario 
-Alignment improvement scenario 

4,607.680 5.72% 240.466 

Toll motorway 1,673.475 6.16% 259.876 
Free motorway 1,578.117 6.56% 233.823 

Two-lane main road 942.567 1.50% 232.600 
Metropolitan motorway 404.519 9.80% 200.394 

 

5. Discussion and conclusions 

Reducing traffic emissions is a priority in transportation planning and infrastructure 

management in order to achieve a more sustainable transport system (Sims et al., 2014). 

The emissions assessment methodologies include the HERA bottom-up methodology 

(Sobrino et al., 2014) which combines an average speed consumption model adjusted 

with segment gradient and information on spatial distribution by road segment. Based on 
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the HERA methodology and the Spanish NRN case study, this paper contributes new 

procedures and policies for debate. 

- The advantages of geo-referenced databases and results. The study uses a GIS to 

create a platform to combine traffic and infrastructure databases in the HERA 

input database. This allows emissions to be graphically represented on a map. 

While many research efforts have taken advantage of the spatial environment of 

a GIS to integrate traffic models and emissions models and perform various 

aspects of transportation-related emission modelling (Bachman et al., 1996; 

Gualtieri and Tartaglia, 1998; Jensen et al., 2001; Mensink et al., 2000), these 

analyses have tended to combine emissions inventory methods and GIS to 

produce maps and files with geo-referenced emissions in a grid format 

(Gkatzoflias et al., 2013; JRC, 2011) using proxies (i.e. road density, population, 

and so on). The use of segment traffic flow data to allocate on-road emissions and 

their representation (vector) reduces the uncertainty associated with downscaling 

regional or state-level data to such high resolutions (Gurney et al., 2012; Kinnee 

et al., 2004). The current paper proposes a method to merge geo-referenced 

databases (traffic and infrastructure data) and obtain emissions maps using an 

emissions model. The total GHG emissions of the NRN for 2012 are shown by 

segment in Fig. 2. This segment-by-segment representation makes it easier to 

identify priority corridors.  

 

- Identification of priority corridors. To tackle climate change problems, it is 

especially important to establish a priority-ordered plan (Unal et al., 2004). 

Strategies can therefore be applied to the most polluting areas in order to obtain 

the highest savings. The paper proposes a new EPI index (Section 3) which sorts 

by priority all road segments or corridors with emissions problems. The EPI was 

obtained for the SRN and shown in Fig. 3. Seven corridors were recognised. These 

top seven corridors comprise 25% of the network and are responsible for 51% of 

the total GHG emissions of the NRN. The outcomes show that these inefficient 

corridors have a high rate of heavy vehicles, high speeds and steep gradients.  

 

- Designing operational and infrastructure strategies using HERA. Reducing road 

network emissions requires designing and implementing ad-hoc strategies. 

Emissions assessment methodologies so far have focused on the separate parts of 
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the road system: exclusively on road traffic and operation (Grant et al., 2013), or 

on the design, construction and maintenance phases, or on infrastructure (TAGG, 

2013). However, attention must be paid to the combined effect of the 

infrastructure and road traffic: for instance, the effect of road alignment on vehicle 

emissions (Park and Rakha, 2006) or the effect of maintenance works on traffic 

flow performance (Huang et al., 2009). Specifically, HERA is of particular 

interest for policies and strategies focused on alignment design, speed adjustment, 

traffic flow management, and fleet composition. It can be used both in the early 

planning and design stages and when the road is in operation. The study assesses 

different strategies in the most polluting Mediterranean corridor. The outcomes 

show that the integration of speed adjustment (both in light and heavy-duty 

vehicles) and alignment improvements would result in savings of 5.42% 

compared to the reference scenario. The most effective strategy is speed 

enforcement for light vehicles, which could decrease emissions intensity by an 

average of 10gCO2eq/veh-km, with a speed reduction of 10km/h. Another 

important measure would be to improve road alignment in hilly areas.  

 

In conclusion, the paper highlights the capabilities of the HERA methodology for 

managing emissions in both the planning and operating phases. The Emissions Priority 

Index (EPI) allows hot spots to be easily identified so that priority actions can be designed 

for these areas. Further research will involve an exploratory analysis of the most 

influential factors on the carbon footprint of road traffic. The emissions database for the 

NRN could also be used to obtain an energy efficiency level (similar to level of service 

in traffic) in order to measure the efficiency of the road based on a given traffic flow and 

alignment characteristics. Another particularly relevant aspect is the introduction of this 

method into a decision support system for measuring the territorial impact of road 

transport infrastructure (Ortega et al., 2014), in order to consider all impacts in the 

environmental assessment (Arce and Gullón, 2000; Arce et al. 2010). Finally, a further 

improvement to HERA would be an interface between HERA and traffic simulation 

models (Zegeye et al., 2013) to link traffic and forecast GHG emissions.  

 

 

 

142 
 



Acknowledgements 
The authors would like to thank Pablo Pérez de Villar for providing data from Spanish 

road inventory and Luis Gonzaga García for his helpful comments on the use of GIS tools. 

N. Sobrino wishes to thank the Universidad Politecnica de Madrid (UPM) for the research 

fellowship that allow her to develop this research work.  

 
 
References 
 
Arce, R. and Gullón, N., 2000. The application of Strategic Environmental Assessment 
to sustainability assessment of infrastructure development. Environmental Impact 
Assessment Review, 20(3), pp.393–402. 

Arce Ruíz, R.M., Ortega Pérez, E. and Otero Pastor, I., 2010. Los sistemas de información 
geográfica aplicados a la evaluación ambiental en la planificación de las infraestructuras 
de transporte. Ciudad y territorio. Estudios territoriales, 42(165-16), pp.513–528. 

Bachman, W., Sarasua, W. and Guensler, R., 1996. Geographic Information System 
Framework for Modeling Mobile-Source Emissions. Transportation Research Record: 
Journal of the Transportation Research Board, 1551, pp.123–132. 

Banister, D., Anderton, K., Bonilla, D., Givoni, M. and Schwanen, T., 2011. 
Transportation and the Environment. Annual Review of Environment and Resources, 
36(1), pp.247–270. 

Bellasio, R., Bianconi, R., Corda, G. and Cucca, P., 2007. Emission inventory for the road 
transport sector in Sardinia (Italy). Atmospheric Environment, 41(4), pp.677–691. 

Borrego, C., Tchepel, O., Barros, N. and Miranda, A.I., 2000. Impact of road traffic 
emissions on air quality of the Lisbon region. Atmospheric Environment, 34(27), 
pp.4683–4690. 

Cicero-Fernández, P., Long, J.R. and Winer, A.M., 1997. Effects of grades and other 
loads on on-road emissions of hydrocarbons and carbon monoxide. Journal of the Air & 
Waste Management Association (1995), 47(8), pp.898–904. 

Communication from the Commission to the Council, the European Parliament, the 
European Economic and Social Committee and the Committee of the Regions. Energy 
2020 a strategy for competitive, sustainable and secure energy. COM(2010) 639 final. 
[online] Available at: <http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2010:0639:FIN:EN:PDF>. 

Cook, R., Touma, J.S., Beidler, A. and Strum, M., 2006. Preparing highway emissions 
inventories for urban scale modeling: A case study in Philadelphia. Transportation 
Research Part D: Transport and Environment, 11(6), pp.396–407. 

EEA, 2014. Why did greenhouse gas emissions decrease in the EU between 1990 and 
2012?. Available at: <http://www.eea.europa.eu/publications/why-are-greenhouse-

143 
 



gases-decreasing> [Accessed 25 Sep. 2014]. 

Eurostat, 2014. Greenhouse gas emissions by sector. [Database] Available at: 
<http://epp.eurostat.ec.europa.eu/portal/page/portal/environment/data/main_tables> 
[Accessed 16 Jun. 2014]. 

Gkatzoflias, D., Mellios, G. and Samaras, Z., 2013. Development of a web GIS 
application for emissions inventory spatial allocation based on open source software 
tools. Computers & Geosciences, 52, pp.21–33. 

Grant, M., Hartley, W.S., Milam, R., Walters, J., O’Route, L., Brickett, L. and Suter, S., 
2013. Handbook For Estimating Transportation Greenhouse Gases for Integration into 
the Planning Process. Technical Report. [online] CreateSpace Independent Publishing 
Platform. Available at: 
<https://www.fhwa.dot.gov/environment/climate_change/mitigation/resources_and_pub
lications/ghg_handbook/ghghandbook.pdf> [Accessed 14 Feb. 2014]. 

Gualtieri, G. and Tartaglia, M., 1998. Predicting urban traffic air pollution: A gis 
framework. Transportation Research Part D: Transport and Environment, 3(5), pp.329–
336. 

Gurney, K.R., Razlivanov, I., Song, Y., Zhou, Y., Benes, B. and Abdul-Massih, M., 2012. 
Quantification of Fossil Fuel CO2 Emissions on the Building/Street Scale for a Large 
U.S. City. Environmental Science & Technology, 46(21), pp.12194–12202. 

Hernandez, S., Sobrino, N. and Monzon, A., 2013. Carbon footprint of light vehicles: 
road gradient effect. In: I Jornada sobre Vehículos y Transportes: I+D+i en la UPM. 
Fundación General de la Universidad Politécnica de Madrid. 

Huang, Y., Bird, R. and Bell, M., 2009. A comparative study of the emissions by road 
maintenance works and the disrupted traffic using life cycle assessment and micro-
simulation. Transportation Research Part D: Transport and Environment, 14(3), pp.197–
204. 

IDAE, 2003. Spanish Strategy of Energy Saving and Efficiency 2004-2012 E4. Madrid. 
Available at: 
<http://www.idae.es/uploads/documentos/documentos_XXXX_EstrategiaAyEE_E4_20
03_6e709456.pdf> [Accessed 16 Jan. 2014]. 

IDAE, 2011. Second Action Plan of Spanish Strategy of Energy Saving and Efficiency 
2011-2010. Madrid. Available at: 
<http://www.idae.es/uploads/documentos/documentos_11905_PAEE_2011_2020._A20
11_A_a1e6383b.pdf> [Accessed 16 Jan. 2014]. 

Jensen, S.S., Berkowicz, R., Sten Hansen, H. and Hertel, O., 2001. A Danish decision-
support GIS tool for management of urban air quality and human exposures. 
Transportation Research Part D: Transport and Environment, 6(4), pp.229–241. 

JRC, 2011. Emissions Database for Global Atmospheric Research (EDGAR). [online] 
EDGAR. Available at: <http://edgar.jrc.ec.europa.eu/> [Accessed 16 May 2014]. 

Kamal, M.A.S., Mukai, M., Murata, J. and Kawabe, T., 2011. Ecological Vehicle Control 

144 
 



on Roads With Up-Down Slopes. IEEE Transactions on Intelligent Transportation 
Systems, 12(3), pp.783–794. 

Kinnee, E.J., Touma, J.S., Mason, R., Thurman, J., Beidler, A., Bailey, C. and Cook, R., 
2004. Allocation of onroad mobile emissions to road segments for air toxics modeling in 
an urban area. Transportation Research Part D: Transport and Environment, 9(2), 
pp.139–150. 

Law No. 21/2013 of December 9, 2013 of Environmental Assessment. BOE, 296, 1, 
98151. 

Mensink, C., De Vlieger, I. and Nys, J., 2000. An urban transport emission model for the 
Antwerp area. Atmospheric Environment, 34(27), pp.4595–4602. 

MF, 2010. SRN Spanish road network inventory. Available at: 
<http://www.fomento.gob.es/MFOM/LANG_CASTELLANO/DIRECCIONES_GENE
RALES/CARRETERAS/NORMATIVA_TECNICA/INVCARRETERAS/> [Accessed 
2 Oct. 2014]. 

MF, 2013. Spanish Traffic Map 2012. Available at: 
<http://www.fomento.es/MFOM/LANG_CASTELLANO/DIRECCIONES_GENERAL
ES/CARRETERAS/TRAFICO_VELOCIDADES/MAPAS/>. 

MINETUR, 2011. Plan for Enhancement of Energy Saving and Efficiency. Available at: 
<http://www.astrid-online.com/Dossier--d1/Spagna---
M/PPTPlanIntensificacinAhorroEnergetico.pdf> [Accessed 25 May 2014]. 

Monzon, A., Sobrino, N. and Hernandez, S., 2012. Energy- and Environmentally 
Efficient Road Management: The Case of the Spanish Motorway Network. Procedia - 
Social and Behavioral Sciences, 48, pp.287–296. 

Ortega, E., Otero, I. and Mancebo, S., 2014. TITIM GIS-tool: A GIS-based decision 
support system for measuring the territorial impact of transport infrastructures. Expert 
Systems with Applications, 41(16), pp.7641–7652. 

Park, S. and Rakha, H., 2006. Energy and Environmental Impacts of Roadway Grades. 
Transportation Research Record: Journal of the Transportation Research Board, 1987, 
pp.148–160. 

Ruiz-Padillo, A., Torija, A.J., Ramos-Ridao, Á. and Ruiz, D.P., 2014. A methodology for 
classification by priority for action: Selecting road stretches for network noise action 
plans. Transportation Research Part D: Transport and Environment, 29, pp.66–78. 

Sbayti, H., El-Fadel, M. and Kaysi, I., 2002. Effect of roadway network aggregation 
levels on modeling of traffic-induced emission inventories in Beirut. Transportation 
Research Part D: Transport and Environment, 7(3), pp.163–173. 

Sims, R., Schaeffer, R., Creutzig, F., Cruz-Nuñez, X., D’Agosto, M., Dimitriu, D., 
Figueroa, M.J., Fulton, L., Kobayashi, S., Lah, O., McKinnon, A., Newman, P., Ouyang, 
M., Schauer, J.J., Sperling, D. and Tiwari, G., 2014. Transport. In: : Climate Change 
2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, 

145 
 



United Kingdom and New York, NY, USA: Cambridge University Press. 

Sobrino, N. and Monzon, A., 2014. The impact of the economic crisis and policy actions 
on GHG emissions from road transport in Spain. Energy Policy, 74, pp.486–498. 

Sobrino, N., Monzon, A. and Hernandez, S., 2014. Reduced Carbon and Energy Footprint 
in Highway Operations: The Highway Energy Assessment (HERA) Methodology. 
Networks and Spatial Economics, pp.1–20. 

TAGG, 2013. Greenhouse gas assessment workbook for road projects. [online] 
Transportation Authorities Greenhouse Group, p.120. Available at: 
<http://www.rms.nsw.gov.au/documents/about/environment/greenhouse-gas-
assessment-workbook-road-projects.pdf> [Accessed 2 Sep. 2014]. 

Unal, A., Frey, H.C. and Rouphail, N.M., 2004. Quantification of highway vehicle 
emissions hot spots based upon on-board measurements. Journal of the Air & Waste 
Management Association (1995), 54(2), pp.130–140. 

Vanhulsel, M., Degraeuwe, B., Beckx, C., Vankerkom, J. and De Vlieger, I., 2014. Road 
transportation emission inventories and projections – Case study of Belgium: 
Methodology and pitfalls. Transportation Research Part D: Transport and Environment, 
27, pp.41–45. 

Zegeye, S.K., De Schutter, B., Hellendoorn, J., Breunesse, E.A. and Hegyi, A., 2013. 
Integrated macroscopic traffic flow, emission, and fuel consumption model for control 
purposes. Transportation Research Part C: Emerging Technologies, 31, pp.158–171. 

 

Annex A  Carbon Footprint Intensity  

 
Figure A.1 Emissions Intensity of SRN –HERAGis network- by link 

146 
 



Chapter 6 – CONCLUSIONS AND FUTURE RESEARCH 
 

6.  CONCLUSIONS AND FUTURE 
RESEARCH 

This section summarizes the compliance with objectives, main conclusions and 

further research that could follow up.  

6.1 Fulfilment of research objectives 
As previously explained in Chapter 1, the main objective of this thesis was to provide 

knowledge and tools for analysing policies designed to decarbonise road traffic. The 

research comprised of two main scopes: 

• To identify drivers and analyse policies which influence the evolution of road 

traffic emissions, with a special focus at the urban level. 

• To develop an energy and a GHG emissions assessment methodology to 

design strategies towards the decarbonisation of interurban traffic. 

Therefore, the assessment methodology should evaluate the impacts of both 

operation strategies and infrastructure projects. 

 

In order to complete the tasks at hand, different methodologies were proposed 

for each level of analysis and validated in Spain. Papers were developed with a 

common structure: introduction and objectives, methodology and data, application 

to the Spanish case study, discussion and policy recommendation.  

 

Regarding the first objective, investigation of the changes of road transport GHG 

emissions and main drivers affecting the trends in Spain, two methods were 

proposed and applied to the case of Spain. 

 

a) The first study (Chapter 2) presented a methodological framework to 

analyse the main factors influencing changes in the GHG emissions from 

road transport. Drivers which influence GHG emissions were identified, 

including three main groups: traffic activity, fuel economy and 

socioeconomic drivers. Analysis of these drivers were conducted by using 
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index decomposition techniques. The Modified Laspeyres Index (MLI) 

was chosen for its consistency in periods where large changes occur. The 

method was applied to the Spanish road transport network for the 1990-

2010 period (which includes the start of the economic crisis).  

 

b) The second and third studies (Chapter 3) proposed a methodology for 

evaluating GHG emissions of urban daily mobility and comparing them 

across time by using National Household Travel Surveys (NHTS). The 

method for estimating emissions was associated with each journey and 

each surveyed individual. The methodology was applied to the case of 

Spain and Belgium, creating a benchmarking analysis. The average urban 

daily emissions per passenger and the use of different modes (car versus 

public transport) were analysed to understand their impacts on climate 

change. The benchmarking of the two countries showed the potential of 

that method of analysis to better understand the effects of different 

policies on mobility and emissions trends. 

 

Concerning the second objective –focused on interurban road traffic- two studies 

were developed. The first described the methodology assessment and the second 

applied it to the entire road network of a country.  

 

c) In Chapter 4, a methodology was developed to assess the energy and GHG 

emissions of different highways and traffic flow scenarios and their 

comparison, the HERA (Highway EneRgy Assessment) methodology. 

HERA was validated through the comparison of the model’s results with 

on-board measurements. It provided a more comprehensive method for 

estimating the GHG emissions of particular highway segments under 

specific traffic conditions.  

 

d) Chapter 5 described a comprehensive methodology for identifying 

priority road segments and corridors with high level of GHG emissions. 

The goal was to prioritise and to design actions of a road network. This 
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chapter discussed the capabilities of HERA methodology for managing 

the emissions, both in planning and operating the road network. The 

HERA energy and emissions assessment methodology was used to 

estimate interurban traffic emissions. The Emissions Priority Index (EPI) 

was developed and used to assess alternative strategies.  

By using HERA methodology not only emissions scenarios for different 

traffic conditions, design conditions or management policies can be 

estimated, but also emissions of road traffic can be mapped and sorted to 

identify areas that need attention and call for appropriate abatement 

operational and infrastructure strategies.   

6.2 Conclusions and research findings 
The following is a summary of the findings and contributions obtained from this 

research. The main goal is to join the conclusions obtained from the previous papers 

in the transport planning and operational perspective. The conclusions and findings 

are divided into three areas: methodological, results for the case study of Spain, and 

policy recommendations.  

6.2.1 Methodological findings and achievements 

Given the wide use of different methodologies and scale of analysis, the following 

conclusions describe the contributions to the methodological approaches when the 

energy and GHG emissions of road transport are under review.   

 

- Selection of methodologies. Policy framework aims to turn from carbon-

intensive to low-carbon sector under the sustainable framework (Givoni & 

Banister, 2013). This thesis proposed that when selecting an analysis 

methodology, it should be able to examine different trends (emissions, 

mobility patterns, road transport activity, etc.) in an accurate and reliable 

way. During the last twenty years, energy consumption and emissions from 

road transport have evolved differently. For example in the case of Spain, 

before the economic crisis, road transport was too carbon dependent and the 

increase of energy consumption and GHG emissions were identified both at 

national and urban levels (Chapters 2 and 3). But from 2007 to the present, 
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the economic crisis has led to a reduction of transport activity and energy 

intensity. Consequently, methodologies should provide complete 

understanding of the mobility and road transport systems and their 

progress.     

 

- Data availability. The selection of a procedure to analyse emission of road 

transport is highly dependent on data availability (Section 1.5). When 

addressing GHG emissions in planning, designing, operational stages, it 

should be taken into account the existing data and if they can be used to 

analyse emissions impacts. The current dissertation is an example of using 

and adapting different data for different point of views of road transport. 

When data is not available, estimation procedures could be used.  

o For instance, data from travel surveys are one of the most important 

sources for policy making and planning all over the world. 

Information on the overall transport demand by a region or country 

as well as trip details are used to quantify everyday mobility patterns 

of a population. Such data are also used to assess the environmental 

impacts of transport if data is collected or suitable methodologies are 

applied to estimate those impacts (Stead, 1999; Nicolas & David, 

2009). In Chapter 3, the thesis examined GHG emissions of urban daily 

mobility by using available NHTS and emission estimation 

methodology based on emissions factors for each mode of transport. 

Carbon dioxide emissions per passenger (Qt) were calculated by 

multiplying the average emissions factor for each aggregated 

transport mode and year i (EFi) by the trip distance (Dt) as follows:  
 

𝑄𝑄𝑡𝑡  (𝑔𝑔𝑔𝑔𝑔𝑔2) = 𝐸𝐸𝐸𝐸𝑖𝑖(
𝑔𝑔𝑔𝑔𝑔𝑔2

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝−𝑘𝑘𝑖𝑖𝑘𝑘𝑘𝑘𝑘𝑘𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝
) × 𝐷𝐷𝑡𝑡(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝 − 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝)  (E 6.1) 

 

The proposed methodology can benchmark countries if proper 

harmonization techniques are applied. Additionally, the applied 

methodology could be also used in other surveys such as the long-

distance travel survey (to analyse the long-distance patterns of a 
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population) or the freight survey around a country (to analyse the 

freight movements and its impacts to climate change).  

o Furthermore, it is often not possible to distinguish between fleet 

composition and the real circulating fleet when estimating GHG 

emissions of road network.  The calibration of a traffic emissions 

model for a specific country or region requires characterizing the 

circulating fleet composition. To that end, in Chapter 4, circulating 

fleet for a given year in the case of highway network in Spain was 

obtained by applying a methodology based on correction factors. The 

correction factors consider that the number of highway kilometres 

travelled in highways decreases with the vehicle’s age (Buron, 

Aparicio, Izquierdo, et al., 2005). The procedure was registered as 

database for 2009 year (Sobrino, Hernandez & Monzon, 2013). 

Nevertheless, the real circulating fleet composition could be obtained 

by other sources (for example by video-cameras), if available, such as 

the circulating fleet composition study of Madrid city (see F2I2 (2014) 

for the Madrid city case study).  

 

- Identification of key factors. The analysis of GHG emissions from road 

transport are usually estimated based on the amount of fuel consumed by 

vehicles. Nevertheless, this is more complex, since fuel consumption are 

affected by a variety of factors (Figure 1.9). Hence, before the analysis it is 

necessary to identify which are the most influencing factors in each case 

when analysing GHG emissions. Through the current dissertation, different 

key factors were identified depending on the scale of analysis and the 

methodology to apply (summary in Table 6.1). On the one hand, in the case 

of GHG emissions analysis at national level, factors influencing road 

transport emissions were: energy efficiency, fuel consumption mix, 

kilometres driven in road, vehicle ownership, population, employed 

population and GDP. They were included in fuel economy, traffic activity and 

socioeconomic factors (Chapter 2). At urban level, the level of emissions per 

individual trip mostly depended on the total distance travelled, the transport 
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mode and the occupancy of mode or load factor. (Chapter 3). On the other 

hand, when defining a bottom-up consumption model for interurban traffic, 

distance travelled and average speed were the main factors, but other factors 

should also be taken into account, i.e. road gradient effect and vehicle fleet 

composition (Chapter 4). In conclusion, key factors identification is the first 

step to defining an analysis procedure.  

Table 6.1 Summary of main factors affecting emissions by level of analysis 
Top-down Bottom-up 

Total national Urban daily mobility Interurban traffic 
Total GHG emission of road Emissions per individual 

trips 

Emissions per segments 

Fuel efficiency Activity Vehicle fleet composition 

 Fuel consumption mix Total distance driven Traffic volume by vehicle  

 Energy efficiency Efficiency of transport mode category 

Traffic activity Transport mode Speed by vehicle  
Total distance driven Occupancy of mode  category 

Vehicle ownership  Road gradient  

Socioeconomic development   
Population   
Employment   
GDP   

 

- Decomposition techniques. Available national statistics serve to analyse the 

evolution factors and emissions under the review period. The combination 

of these factors into a decomposition methodology show the main drivers 

influencing GHG emissions. In Chapter 2, Modified Laspeyres Index (MLI) 

(Mishina, Taniguchi & Muromachi, 2011) was chosen for its consistency in 

periods where large changes occur (i.e. changes in behaviour technology or 

the economy) as well as for its capacity to incorporate drivers which 

represent relationships between the underlying factors. The outcomes of the 

decomposition methodology showed that it was consistent, even over long 

periods with big changes in road network and sensitive to measures to 

reduce climate change impacts.  
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The dissertation demonstrated how decomposition of the emissions 

evolution into affecting factors was important for developing policies and 

strategies that strive towards more low-carbon mobility. It found that apart 

from activity and fuel economy factors, socioeconomic development was an 

important factor in the evolution of GHG emissions of road transport. The 

general equation used to calculate the amount Qt of GHG emissions in year t 

(tons of CO2-eq) from road transport was the following:   
 

𝑄𝑄𝑡𝑡 = 𝑄𝑄𝑡𝑡
𝐸𝐸𝑔𝑔𝑡𝑡

× 𝐸𝐸𝑔𝑔𝑡𝑡
𝑇𝑇𝑡𝑡

× 𝑇𝑇𝑡𝑡
𝑉𝑉𝑉𝑉𝑡𝑡

× 𝑉𝑉𝑉𝑉𝑡𝑡
𝑃𝑃𝑡𝑡

× 𝑃𝑃𝑡𝑡
𝐸𝐸𝑃𝑃𝑡𝑡

× 𝐸𝐸𝑃𝑃𝑡𝑡
𝐺𝐺𝐺𝐺𝑃𝑃𝑡𝑡

× 𝐺𝐺𝐷𝐷𝐺𝐺𝑡𝑡      (E 6.2) 

 

where ECt is the total energy consumption from road transport for year t; Tt, 

the total distance driven by vehicles in year t; VFt, the number of motor 

vehicles for year t; Pt, the population in year t; EPt, the employed population 

in year t; and GDPt, the Gross Domestic Product in year t. This equation was 

also rewritten as: 
 

𝑄𝑄𝑡𝑡 = 𝑔𝑔𝑡𝑡 × 𝐸𝐸𝑡𝑡 × 𝑈𝑈𝑡𝑡 × 𝑀𝑀𝑡𝑡 × 𝐽𝐽𝑡𝑡 × 𝑊𝑊𝑡𝑡 × 𝐺𝐺𝐷𝐷𝐺𝐺𝑡𝑡     (E 6.3) 
 

where Ct is the carbon intensity of road transport; Et, the energy intensity of 

road transport; Ut, the use intensity; Mt, motorization rate; Jt, the job 

intensity; Wt, the workers income intensity; GDPt; the gross domestic 

products. They were the main drivers, in the conducted decomposition, 

influencing GHG emissions.  

 

In conclusion, the dissertation suggested that decomposition analysis should 

constitute the first step when analysing emissions from road transport in 

order to identify key drivers and design policies at national level.  
 

- Emission modelling. Emissions assessment methodologies from the bottom-

up perspective requires vehicular emission modelling. This includes 

modelling emissions from the source, i.e. the vehicle. Emissions and 

consumption factors are compiled in different available databases based on 

laboratory measurement. For the case of Europe, COPERT –COmputer 
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Programme to calculate Emissions from Road Transport- provides emissions 

factor based on average speed and vehicle category (Gkatzoflias, Kouridis, 

Ntziachristos, et al., 2007). There exist different modelling approaches that 

assess emissions from road traffic as showed in Table 1, Chapter 4. Most of 

the bottom-up methodologies are referred to as urban scale and assessment 

methodologies of regional or national scale are based on top-down 

approaches. Nevertheless, high capacity road network planning and 

management need the appropriate tools to model emissions. To this end, the 

dissertation developed the consumption model, HERA, for interurban traffic 

which has the following elements: 

o An average speed consumption model –based on COPERT emissions 

factors- adjusted with road gradient (as a correction factor) on light 

vehicles, which is something new.  

The consumption model procedure included: i) collection of 

consumption factors by vehicle type and speed range from COPERT 

database; ii) establishment of fuel consumption curves based on 

speed for each vehicle type; iii) customisation of the consumption 

curve of each vehicle type to the U-equation (see Chapter 4); iv) and 

adapting HERA to a specific highway case study by characterising the 

circulating vehicle fleet composition. The outcomes were one average 

consumption function by each vehicle category (passenger car, light-

duty vehicle, motorcycle, rigid truck, articulated truck and bus).  

The consumption function used was: 
 

𝐸𝐸𝑔𝑔𝑖𝑖 �
𝑔𝑔𝑔𝑔𝑔𝑔𝑝𝑝𝑘𝑘
𝑣𝑣𝑝𝑝ℎ−𝑘𝑘𝑘𝑘

� = ∑ 𝑘𝑘 �𝑝𝑝0,𝑖𝑖 + (𝑝𝑝1,𝑖𝑖
𝑉𝑉𝑖𝑖

) + (𝑝𝑝2,𝑖𝑖 × 𝑉𝑉𝑖𝑖) + �𝑝𝑝3,𝑖𝑖 × 𝑉𝑉𝑖𝑖2�� × 𝑅𝑅𝐺𝐺𝐸𝐸𝑖𝑖  (E 6.4) 

 

Where FCi is the fuel consumption factor of the vehicle category i; 

a0,i;a,1,i;a2,i;a3,i are calibrated parameters that depend on the vehicle 

category i, Vi is the average speed of the vehicle (expressed in 

kilometres per hour) and RGFi is the road correction factor for light 

vehicles. Hence, the model adjustment with the road gradient effect 

was an added value in the consumption model.  
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o It is a segment-by-segment procedure. The HERA consumption model 

is suitable for every country or region and for every specific highway 

segment or network.  

o In Chapter 4, HERA methodology was validated by comparing the 

estimated CO2 emissions values to a set of observed data from the on-

board measurements (collected on three different routes with a 

gasoline light-duty vehicle) for the case of Spain. It was shown that it 

estimates the vehicle’s emissions with sufficient accuracy. The high 

linear correlation (r=0.97) in the comparison reflects a strong 

relationship between the predicted and measured values. This is due 

to the gradient correction factor that was included in the consumption 

model. On-board measurements were taken in routes with high 

gradients. So, the introduction of the gradient correction factor in 

HERA model is related with better emissions estimation for road 

stretches with different gradients.   

 

- Emission assessment methodologies and scenario building. The HERA 

assessment methodology proposed a procedure to assess energy and GHG 

emissions of highway network based on link level estimation. This segment 

approach is useful in order to better design and assess policies –during the 

planning, design, operational phases- and focused on achieving significant 

reduction in energy consumption and GHG emissions during the operational 

phases. Thus, different policies and strategies can be proposed and tested in 

order to achieve energy efficiency and carbonless objectives in road 

transport. The assessment is based on the comparison of the GHG emissions 

for different scenarios –in which different strategies are applied- with the 

reference to a base year. Applied strategies using the HERA assessment 

methodology were included in Chapters 4 and 5.  

Additionally, in Chapter 5 applied a procedure to integrate geo-referenced 

databases with the aim of obtaining GHG emissions maps at segment level. 

This segment-by-segment approach and its representation facilitated on the 
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identification of segments with high emissions levels. So, the thesis included 

also the integration of GIS in transportation emissions modelling.  

 

- Priority index approach. It is especially important to overcome climate 

change problems by establishing priority-ordered planning. In this respect, 

actions are taken in problematic areas or population with the aim of 

obtaining the highest benefits. Chapter 5 proposed an Emissions Priority 

Index (EPI) to sort, by priority, the road segments or corridors having 

emissions problems. The EPI is estimated by taking into account the traffic 

flow characteristics and operating conditions in the segment. So, EPI is 

obtained by combining the following two indicators:  

o Total emissions per segment (expressed as CO2eq) were the annual 

emissions produced by the actual traffic flow, obtained from HERA 

methodology.  

o Emissions intensity per segment (CO2eq/veh-km) served to identify 

the most polluting segment based on their operations, obtained from 

HERA methodology.  

The application of EPI to the National Road Network (NRN) of Spain showed 

its usefulness to identify high emissions corridors and designed priority 

actions.  

6.2.2 Research results for the case study of Spain 

All the proposed methodological developments and analysis were applied to the 

case study of Spain, and exceptionally one of them to benchmark Spain and Belgium. 

So, the following conclusions include a summary of main results for Spain and have 

structured according to the four elements of the thesis. 

 

1. At national level, from the analysis of GHG emissions of road transport from 

1990 to 2010 was found that:   

a. The greatest challenge in Spain is decoupling road transport climate 

change impacts and economic growth. The analysis showed that road 

transport system was carbon and energy inefficient during times of 
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economic expansion. Socioeconomic development was the main 

factor in the high energy demand and GHG emissions of Spanish 

transport in the period before the economic crisis. This contrast with 

results at European level.  EEA (2014) showed that from 2005 to the 

start of the economic crisis in 2008, emissions of road transport 

decreased with increasing GDP, showing that emissions can decrease 

with a growing economy. So, there was an apparent decoupling of 

emissions and GDP, but this statement varies widely across member 

states such as Spain. Therefore, the more the country relies on fossil 

fuels, and particularly the more-intensity fuels, the more difficult it is 

to decouple GHG emissions and economic growth, which is what 

happened in Spain.  

b. The period 1990 to 1997 was governed by the rapid motorization in 

Spain with an annual growth of 4% in the number of vehicles per 

inhabitant. This led to an increase of GHG emissions, together with the 

deterioration of carbon intensity, which was influenced by the 

gasoline consumption.  

c. From 1997 to 2002 there was a continuous growth of GHG emissions 

from road transport led by economic growth, motorization, and road 

use. On the other hand, during this period the percentage of diesel 

vehicles in the total fleet grew in Spain after the application of the 

fiscal incentive for the purchase of diesel vehicles and lower taxation. 

Nevertheless, this policy produced a negative influence on GHG 

emissions, causing rebound effect by greatly increasing road use 

(Mendiluce, Pérez-Arriaga & Ocaña, 2010).  

d. The GHG emissions reached their peak in 2007. From 2002 to 2007 

the rapid economic growth and the economic wealth increased road 

transport activity and produced a decrease in energy efficiency of 

road traffic, and consequently a rise in GHG emissions. In fact, the 

energy efficiency was deteriorated by the purchase of vehicles with 

greater engine capacity and the rise of the motorization rate 

(decreasing occupation rate). 
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e. The final analysis period –corresponding to the starting of the 

economic crisis- was characterized by a large decrease of GHG 

emissions in road transport, reaching the 2002 levels. From 2007 to 

2010, the most powerful drivers influencing the reduction were: the 

reduction of road activity caused by the reduction of employment rate 

and income per capita; and the energy and carbon efficiency due to 

the increased demand of biofuels.  

f. In conclusion, this dissertation identified the main factors affecting 

the increase of road traffic emissions in Spain. They were economic 

growth, motorization rate, dieselization effect and mileage increase. 

Otherwise, the economic crisis positively affected to energy efficiency 

and carbon efficiency of Spanish road transportation. People have 

adapted their behaviour to their real mobility needs and moving more 

efficiently.  

2. Spanish daily mobility trends and their impacts to climate change. The analysis 

of urban daily mobility from the climate change side has led to the following 

conclusions.  

a. From 2000 to 2006, there was an increase in daily trips and daily 

distance travelled and consequently increased GHG emissions in cities 

due to transport. This is in line with the above conclusions for the 

same period at national level, corresponding to an increase in road 

transport activity in general. The share of private car use in daily 

mobility increased by 9.2% in number of trips and by 25.1% in travel 

time with respect to 2000 levels. Private vehicles were the main 

contributors to the growth of total emissions associated with daily 

mobility, helped by the urban sprawl.  

b. When comparing Spanish and Belgian daily mobility there were very 

distinct mobility trends and consequently emissions. Unless CO2 

emissions per passenger in Belgium were even more than 50% higher 

than in Spain in 2000, Belgian travellers has reduced its emissions 

from 2000 to 2010 mainly due to: (i) an increased use of public 

transport, (ii) faint reduction of travel distance in motorized modes, 
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and (iii) a decrease in the number of daily trips. Spanish travellers 

have raised daily emissions due to: (i) increase of private vehicle use, 

(ii) less trips on public transport, and (iii) longer travel distances, 

even though walking and cycling represent a higher share of daily 

mobility.  

c. In conclusion, the thesis showed that different transport and land use 

planning policies have produced diverse emissions trends. For 

instance, the encouragement of modal shift towards public transport 

produced a decreased in emissions per passenger in Belgium. This is 

in line with the results of recent forecasting studies which examine 

how more investments in transit and non-motorized modes would 

positively affect urban passenger transport emissions and mobility 

(Replogle & Fulton, 2014). On the other hand, urban sprawl and 

motorization led to an increase in emissions in Spain. Land use 

policies are also an important part of the strategies towards low-

carbon urban mobility (Cervero & Murakami, 2010; Ma, Liu, & Chai, 

2015).  

 

3. The traffic emissions of the National Road Network (NRN) of Spain. The HERA 

model was used to estimate the traffic emissions of the 26,020 kilometres of 

the NRN of Spain. HERA model was calibrated for the year 2012 using the 

circulating fleet composition calculated in this research. The main results and 

conclusions were the following: 

a. In 2012, the NRN emitted around 28 million tons of CO2eq whose 

more than half corresponding to free motorways. Comparing this 

figure to the entire Spanish road transport network –which includes 

regional and local road networks- (MAGRAMA, 2012), NRN emissions 

represented 37.65% of the total entire Spanish road transport.  

b. More than half of the emissions were produced in motorways, which 

correspond to the high proportion of heavy vehicles and the high 

speeds of light vehicles.  
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c. Additionally, motorways had the highest emissions intensity when it 

is compared with other road types such as toll roads, two-lane main 

roads or metropolitan highways.  

d. The results showed the strong influence of some corridors on 

emissions. This led to classify the corridors according their emissions 

and carbon intensity.  

 

4. Corridors identification and strategies analysis. The seven identified corridors 

for NRN of Spain in Chapter 5 contributed to 51% of total emissions of the 

NRN (14,283 KtCO2eq) in 2012, when they only accounted for the 25% of the 

length of the road network. The outcomes showed that inefficient corridors 

correspond to those which have high rates of heavy vehicles, high speeds and 

steep gradient (Chapter 5). This means that higher emissions reductions 

could be obtained by acting on these priority corridors.  

a. The most pollutant corridor was the Mediterranean one that had the 

highest volume of traffic. Different strategies (alignment design, 

speed adjustment, traffic flow management, or fleet composition) 

were proposed and analysed through scenario comparison. The speed 

management scenario was the most environmental-effective single 

option. The application of speed enforcement in light vehicles by -

10km/h resulted in annual emission savings of 3.54% over the total 

corridor. The findings also showed that proper network design –

consisting of modifying hilly areas- was a key element when 

improving the carbon efficiency of the road. Furthermore, the 

integration of all the proposed strategies (speed reduction, heavy 

vehicle management and alignment scenario) resulted in emissions 

savings of 5.72% with respect to the reference scenario.  

b. Additionally, in Chapter 4, the case study—AP-66 toll motorway in 

northern Spain (hilly area)—was included in this analysis. In this 

particular case, emission savings amounted to 13.7% when better 

alignment scenario is applied with respect to the reference scenario.  
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A summary of the above conclusions is presented in the following Table 6.2. It 

includes the most influential factors for each level of analysis which has led to an 

increase or decrease emissions in Spain.  

Table 6.2 Summary of most influential factors of Spanish road transport emissions by level of 
analysis 

Top-down Bottom-up 
National road transport 

emissions 
Urban daily emissions per 

traveller 
Interurban traffic 

emissions 
Increasing emissions due  Increasing emissions due Influencing factors 

-Economic growth -Car dependency -Speed 
-Vehicle ownership 
-Road use 

-Urban sprawl 
-Low investment in transit 

-Road horizontal alignment 

-Fiscal policies: diesel  -Traffic management in 
motorways 

Reducing emissions, crisis, due Reducing emissions due  

-Reduce road activity & 
unemployment 

*For Belgium  

Modal shift to transit 
 

-Energy efficiency measures Crisis impacts  
-Low carbon fuels: biofuels   

 

6.2.3 Policy recommendations  

Some policy recommendations, which could be used as considerations in the 

decarbonisation process of road transport, have arisen.  

1. Specific to Spain. Three levels of policy recommendations according to the 

area coverage:  

a. At the national level, policy recommendations would include (a) 

returning to policies which encourage the purchase of smaller, more 

efficient vehicles in order to obtain a more energy-efficient vehicle 

fleet. In this case, fiscal policies such as the purchase of efficient 

vehicles should be carefully controlled with other measures in order 

to avoid rebound effect similar to what happen with the dieselization 

effect; (b) increasing the use of other transport modes and reducing 

car dependency through modal shift measures; and (c) encouraging 
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efficient traffic management and infrastructure design, and making 

use of ICT for speed and traffic flow management. 

b. At the urban level, we have found different strategies towards low-

carbon urban mobility. Modal shift in cities may play a role in the 

process of stabilizing emissions (Replogle & Fulton, 2014). However, 

it is also necessary other policies such as: managing transport 

capacity (increasing occupancy rate), vehicle’s technological 

improvements (such as the introduction of electric vehicles) or land 

use policies (to reduce the distance travelled). 

c. In the case of interurban traffic, low carbon strategies for interurban 

traffic should include speed enforcement, but attention should also be 

paid to improving the alignment of roads in hilly areas and heavy 

vehicles management. However, when designing an action plan for 

interurban traffic, selecting and detecting priority corridors or road 

segments is highly recommended. Thus, planners and managers 

would need to decide for each particular case the most appropriate 

low carbon actions to address road traffic emissions problems.  

 

In conclusion, a variety of different strategies were proposed to reduce 

carbon dioxide and other greenhouse gases from road mobility, which need to be 

closely examined in terms of cost-effectiveness and implementation feasibility. In 

fact, decision-makers will face many uncertainties when selecting the proposed 

strategies, i.e. full cost and benefits of each or various strategies. Although this thesis 

does not include a cost-effectiveness analysis of the strategies, the following Table 

6.3 summarize the strategies and includes the time require to see their effect 

(FHWA, 1998; Cambridge Systematics, 2009). Based on the analysis level, the table 

is ordered by time frame: how quickly these strategies are deployed, and when they 

will take effect. For instance, for national road transport, efficient traffic 

management based on the use of ITS has faster efficiency effects than the move 

towards smaller and more efficient vehicles, which need technology development 

and fiscal measures to be put into practice.  
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Table 6.3 Summary of recommended strategies by their analysis level and time effect 

ANALYSIS 
LEVEL PROPOSED MEASURE TIMING 

NATIONAL ROAD 
TRANSPORT 

Efficient traffic management - ITS Short-term effect 
Efficient infrastructure design Short/Mid-term effect 
Modal shift Mid-term effect 

Purchase of smaller and more efficient vehicles Mid/Long-term effect 

Control fiscal policies- to avoid rebound effect Mid/Long-term effect 

PASSENGER 
URBAN ROAD 
TRANSPORT 

Management transport capacity (occupancy…) Short/Mid-term effect 
Modal shift Mid-term effect 
Vehicle's technological improvements Long-term effect 
Land use policies Long-term effect 

INTERURBAN 
ROAD TRAFFIC 

Speed enforcement Short-term effect 
Improvement of infrastructure design Short/Mid-term effect 
Management of heavy-duty vehicles Short-term effect 

 

 

2. For road transport in general; transport activity, economic activity and 

carbon emissions have been traditionally correlated (Banister & Stead, 

2003). The thesis suggested the following policy recommendations:  

 

a. Continue decoupling economic growth and transport activity, in order 

to control environmental impacts. The dissertation concluded 

transport intensity needs to be improved for environmental reasons 

such as doing more with less as a means of reducing emissions, 

promoting economic growth without increasing transport volumes, 

energy use, and associated emissions.  

b. Reducing the carbon content of fuels and increasing vehicle efficiency; 

modal shift towards more efficient forms of transport; using the 

network more efficiently and reducing the amount of travel. This 

means:  

i. improve technology (vehicle and fuel) 

ii. reduction of road activity (by reducing number of kilometres 

travelled by transport vehicles, or shifting to more efficient 

modes of transport).  
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iii. road system management (speed, smoothness of traffic flow, 

vehicle operations, road design..). 

c. Focusing on interurban traffic, more efforts in the design of strategies 

based on managing road system and improving the infrastructure are 

key in transport planning. Additionally, this should include the 

identification of high emissions parts of the network, in order to act in 

the most pollutant and obtaining the highest savings.  
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6.3 Future research  
This research has identified a number of issues which could be the object of future 

research. The following areas should be pursued to expand the current research: 

 

 On decomposition index and emission of road transport analysis: 

o Future research is required to carry out a sensitivity analysis of different 

changes in the drivers of the MLI decomposition analysis.  

o Include other affecting factors (in the future). 

o The proposed MLI analysis and drivers can be used to assess and compare 

the case of different countries.  

 

 On the analysis of NHTS and climate change impacts: 

o Future research can also include the development of a tool for urban trips 

emissions estimation of travellers. This tool can include updated databases 

with emissions factors aggregated by transport mode for a given year; 

adapted for each different context as to ADEME software (ADEME, 2009). 

Main factors to have into account in the development of such tool are: good 

data quality; harmonized methodologies; national/local levels of 

interactions; benchmarking; and transparency. 

o By using NHTS and the proposed methodologies to estimate emissions, it 

could be conducted forecasting analysis to explore an alternative urban 

mobility future (modal shift, vehicle technology, etc.) and its potential 

impacts on energy and emissions. The forecasting analysis could be based on 

Replogle & Fulton (2014) recent analysis.  

o One drawback of analysing climate change impacts of daily mobility was the 

unavailability of recent NHTS to know how economic crisis has impacted 

daily mobility and travellers’ emissions. Further research should be 

conducted for the upcoming NHTS of Spain. Such research would complete 

the long vision similar to the analysis of GHG emissions from road transport 

of Chapter 2. Furthermore, the use of big data for mobility analysis is a reality 

(ITF, 2013). Therefore, future research should focus on how to obtain trip 

emissions data from big data sources.  
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o Additionally, apart from daily mobility, NHTS for long distance travel (MF, 

2001, 2007) could be used in order to estimate emissions and to analyse the 

main factors affecting the trend of long distance mobility in Spain.  

o Similar to the methodological approach for estimating daily trips emission, it 

could be analysed the climate change impacts of freight movements by using 

the National Freight Road Transport Survey (MF, 2014). 

o Finally, and following the idea of acting on the most pollutant parts (Brand & 

Boardman, 2008; Ko, Park, Lim, et al., 2011), it could be identified the most 

pollutant population, in order to design ad hoc low-carbon policies.  

 

 On the modelling framework for emissions of interurban traffic. 

o HERA provides the basis for future emission model’s improvements. One 

of them would be to include road gradient effects in vehicles’ emissions. 

A more detailed analysis of the effect of the gradient in vehicles’ 

emissions could be based on real measurement campaigns. As a result, 

the correction factor of HERA consumption model will have wider 

applications. Additionally, it could also be necessary to take into account 

other effects such as road pavement, or road maintenance (Huang, Bird & 

Bell, 2009; Lepert & Brillet, 2009).  

o Further research could comprise the revision of specific input data in 

HERA for Spain. For example, the revision of the methodology to obtain 

the circulating fleet composition in order to adapt HERA to a specific case 

study. This could be updated based on the technical vehicular inspection 

survey as DGT is collecting (Gómez, 2014). The proposed methodology 

has limitations, i.e. in crisis period when drivers tend to use old cars.  

o In order to obtain a robust emissions modelling framework, further 

research would comprise of the effort to joint HERA model for interurban 

road to an emissions’ model for urban areas, similar to COPERTMicro 

(Samaras, Ntziachristos & Samaras, 2014). Thereby, it could obtain a 

country-wide road transport inventory following a bottom-up approach 

as Ntziachristos & Samaras (2013) proposed—to model all the road 

network of a country. 
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o Future research would also include the interaction between the outputs 

of traffic model with the input data from HERA model. HERA is a bottom-

up model, hence, it is able to calculate emissions for each road segment, 

taking into account the circulating fleet composition. So, it is used at a 

segment-by-segment level and is designed to calculate energy 

consumption and GHG emissions. Therefore, the activity data should be 

given for each day and for every road segment. The required inputs are 

provided by macroscopic traffic models.  

o HERA could be used for ex-ante evaluation of policy measures or road 

transport plans such as: Cost-Benefits Analysis (CBAs), Environmental 

Impact Assessments (EIAs) or Strategic Environmental Assessments 

(SEAs) (Arce & Gullón, 2000; Arce, Ortega & Otero, 2010; Ortega, Otero & 

Mancebo, 2014). As HERA facilitates GHG emissions of road traffic, apart 

from the environmental impact study, it could be used to analyse cost 

efficiency (direct costs per emissions savings) and social efficiency 

(investment costs, operational costs and energy costs; per emissions 

savings) of different measures. This means, the complete sustainable 

assessment of low-carbon measures.   

 

 On road network emissions and low-carbon management strategies.  

o Further development of HERA could provide specific emissions 

assessment for different type roads under different driving conditions. 

Therefore, obtaining an energy and carbon efficiency indicator for each 

road category may help to a more sustainable management of traffic. This 

could be obtained by using the emissions database of the NRN of Spain 

from the Chapter 5. The database contains energy consumption and GHG 

emissions per segment with different characteristics (4,500 segments). 

Energy or carbon efficiency levels (similar to the level of service 

designations in traffic) would be designed to measure the efficiency of 

the road based on a given traffic flow and alignment characteristics (for 

instance, by using statistical multivariate analysis).  
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o Finally, the impacts of low-carbon road strategies could be designed and 

analysed to the most pollutant corridors in Spain, and not only one as in 

Chapter 5. Savings and overconsumption would be compared to the 

energy efficiency policies approved by the Spanish government in order 

to check their consistency.  
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7. GLOSSARY AND ABBREVATIONS 

7.1 GLOSSARY 
Carbon footprint 

A measure of the emissions of a defined population, system or activity, considering 

all relevant sources, sinks and storage within the spatial and temporal boundary of 

the population, system or activity of interest. It is calculated as carbon dioxide 

equivalent (CO2eq) using the relevant 100-year global warming potential (GWP 

100). The CO2 equivalent (CO2eq) enables the representation of a range of GHGs in 

a consistent and relatable manner. Whilst not without criticism, it is widely accepted 

and utilized by policy makers (Wright et al. 2011). 

 
Carbon intensity 

The amount of emissions of carbon dioxide equivalent (CO2eq) released per unit of 

another variable such as GDP, output energy use, or transport (Allwood et al. 2014).  

 
Climate change  

A change in the state of the climate that can be identified (e.g., by using statistical 

tests) by changes in the mean and/or the variability of its properties and that 

persists for an extended period, typically decades or longer. Climate change may be 

due to natural internal processes or external forcing, or to persistent anthropogenic 

changes in the composition of the atmosphere or in land use (IPCC, 2012).  

 
Ecological footprint 

A measure of biologically productive land and sea area required to meet the needs 

of human consumption on the Earth (Wright et al. 2011) 

 
Energy efficiency 

The ratio of useful energy output of a system, conversion process, or activity to its 

energy input (Allwood et al. 2014).  

 
Energy intensity 

The ratio of energy use to economic or physical output (Allwood et al. 2014).  
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Environmental effectiveness 

A policy is environmentally effective to the extent by which it achieves its expected 

environmental target (e.g., GHG emission reduction) (Allwood et al. 2014).  

Global warming 

Global warming refers to the gradual increase, observed or projected, in global 

surface temperature, as one of the consequences of radioactive forcing caused by 

anthropogenic emissions (Allwood et al. 2014).  

 

Global Warming Potential 

Global Warming Potential (GWP) is a measure of the extent to which a given GHG 

contributes to global warming, representing the integrated radiative forcing over a 

specified time period (e.g., 100 years) against reference emissions of CO2. For 

example, CH4 has a GWP of 25 (i.e., 25-times that of the reference CO2) (IPCC, 2012). 

 

Greenhouse effect 

Greenhouse gases effectively absorb thermal infrared radiation, emitted y the 

Earth’s surface, by the atmosphere itself due to the same gases, and by clouds. 

Atmospheric radiation is emitted to all sides, including downward to the Earth’s 

surface. Thus, greenhouse gases trap heat within the surface-troposphere system. 

This is called the greenhouse effect. Thermal infrared radiation in the troposphere 

is strongly coupled to the temperature of the atmosphere at the altitude at which it 

is emitted. In the troposphere, the temperature generally decreases with height. 

Effectively, infrared radiation emitted to space originates from an altitude with a 

temperature of, on average, -19ºC, in balance with the net incoming solar radiation, 

whereas the Earth’s surface is kept at a much higher temperature of, on average, 

14ºC. An increase in the concentration of greenhouse gases leads to an increased 

infrared opacity of the atmosphere and therefore to an effective radiation into space 

from a higher altitude at a lower temperature. This causes a radioactive forcing that 

leads to an enhancement of the greenhouse effect, the so-called enhanced 

greenhouse effect (IPCC, 2012).  
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Greenhouse gas (GHG) 

Greenhouse gases are those gaseous constituents of the atmosphere, both natural 

and anthropogenic, which absorb and emit radiation at specific wavelengths within 

the spectrum of thermal infrared radiation emitted by the Earth’s surface, by the 

atmosphere itself, and by clouds. This property causes the greenhouse effect. Water 

vapour (H2O), carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), and ozone 

(O3) are the primary greenhouse gases in the Earth’s atmosphere. Moreover, there 

are a number of entirely human-made greenhouse gases in the atmosphere, such as 

the halocarbons and other chlorine –and bromine-containing substances. Besides 

CO2, N2O, and CH4, the Kyoto Protocol (UN, 1998) deals with the greenhouse gases 

sulphur hexafluoride (SF6), hydrofluorocarbons (HFCs), and perfluorocarbons 

(PFCs) (IPCC, 2012).  

 

Hot spot 

Any area or place of known danger, instability, activity, etc. An area of great activity 

of a specific type (for instance, economic hot spots, violence hot spots, footprint hot 

spots…).  

  

Impacts 

Effects on natural and human systems. In this thesis, the term “impacts” is used to 

refer to the effects on natural and human systems of physical events, and of climate 

change (IPCC, 2012).  

 

Mitigation  

It is human intervention to reduce the source or enhance the sinks of greenhouse 

gases (IPCC, 2012).  

 

Rebound effect 

Phenomena whereby the reduction in energy consumption or emissions (relative to 

a baseline) associated with the implementation of mitigation measures in a 

jurisdiction is offset to some degree through induced changes in consumption, 

production, and prices within the same jurisdiction. The rebound effect is most 
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typically ascribed to technological energy efficiency improvements (Allwood et al. 

2014).  

 

Sensitivity analysis 

Sensitivity analysis with respect to quantitative analysis assesses how changing 

assumptions alters the outcomes (Allwood et al. 2014).  

 

Sustainable development 

Development that meets the needs of the present without compromising the ability 

of future generations to meet their own needs (WCED, 1987).  
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7.2 ABBREVATIONS AND ACRONYMS 
AADT  Average Annual Daily Traffic 

AASHTO The American Association of State Highway and Transportation 

Officials 

ADEME Agence de l’Environnement et de la Maîtrise de l’Energie 

  Environment and Energy Management Agency, France 

ARTEMIS Assessment and Reliability of Transport Emission Models and 

Inventory Systems 

BELDAM Enquête national sur la mobilité des Belges 

  BElgian DAily Mobility, 20101 

CARB  California Air Resource Board 

CBA  Cost Benefit Analysis 

CMEM  Comprehensive Modal Emission Model 

CNE  Comisión Nacional de la Energía, España 

  National Energy Commission, Spain 

COM  Commission of the European Communities 

COPERT COmputer Programme to calculate Emissions from Road Transport 

CORINAIR CORe INventory of AIR emissions 

DFT  Department for Transport (UK) 

DGT  Dirección General de Tráfico, España 

  General Directorate of Traffic, Spain 

DI  Divisa Index  

E4  Estrategia de Ahorro y Eficiencia Energética de España 

Spanish Strategy of Energy Saving and Efficiency 

EC  European Commission 

ECCP  European Climate Change Programme 

EEA  European Environment Agency 

EF  Emissions Factor 

EI  Emissions Intensity 

EIA  Environmental Impact Assessment 

1 MOBEL and BELDAM, are the two National Household Travel Surveys of Belgium (2000 and 2010, respectively).  
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EMEP  Cooperative Programme for Monitoring and Evaluation of the Long 

Range Transmission of Air Pollutants in Europe 

EMITRANS Methodology to compute emission projections from road transport 

EPI  Emissions Priority Index 

ERFT  European Road Freight Transport survey 

ESD  Effort Sharing Decision  

ETS  Emissions Trading System 

EU  European Union 

EUROSTAT Statistical office of the European Union 

FHWA  Federal Highway Administration, US 

GDP  Gross Domestic Product 

GHG  Greenhouse Gas 

GIS  Geographical Information System 

HBEFA  Handbook Emission Factors for Road Transport 

HDV  Heavy-Duty Vehicles 

HERA  Highway EneRgy Assessment  

ICT  Information, Communication, Technologies 

ID  Index Decomposition 

IDAE  Instituto para la Diversificación y Ahorro de la Energía, España 

  Institute for Energy Diversification and Energy Saving, Spain  

IEA  International Energy Agency 

IMF  International Monetary Fund 

INE  Instituto Nacional de Estadística, España 

  National Statistics Institute, Spain 

IPCC  Intergovernmental Panel on Climate Change 

ITF  International Transport Forum 

ITS  Intelligent Transport Systems 

JRC  Joint Research Centre, EC.  

LDMI  Logarithmic Mean Divisa Index 

LI  Laspeyres Index 

MAGRAMA Ministerio de Agricultura, Alimentación y Medio Ambiente, España 

  Ministry of Agriculture, Food and Environment, Spain 
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MEASURE Mobile Emissions Assessment System for Urban and Regional 

Evaluation 

MEET  Methodologies to Estimate Emissions from Transport 

MF  Ministerio de Fomento, España 

  Ministry of Development, Spain 

MINETUR Ministerio de Industria, Energía y Turismo, España 

  Ministry of Industry, Energy and Tourism, Spain 

MLI  Modified Laspeyres Index 

MOBEL  Enquête national sur la mobilité des Belges 

  Belgian Daily Mobility, 2000 

MOBILE Vehicle Emission Modeling Software, United States2 

MOVES Motor Vehicles Emission Simulator, United States 

MOVILIA Encuesta de movilidad de las personas residentes en España 

  Survey of the mobility of Spanish residents 

NAP  National Allocation Plan 

NHTS  National Household Travel Survey 

NRN  National Road Network 

NRTS  National Road Traffic Survey 

NTS  National Travel Survey 

OCCC  Oficina Catalana del Canvi Climàtic 

  Catalan Office of Climate Change  

OECC  Oficina Española de Cambio Climático 

Spanish Climate Change Office 

OECD  Organisation for Economic Co-operation and Development 

PEIT  Plan Estratégico de Infraestructuras y Transporte, España 

  Strategic Infrastructures and Transport Plan, Spain  

RGF  Road Gradient Factor 

RLI  Refined Laspeyres Index 

SEA  Strategic Environmental Assessment  

SPSS  Statistical Package for the Social Sciences 

2 MOBILE has been replaced by MOVES  
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UN  United Nations 

UNFCCC United Nations Framework Convention on Climate Change 

UPM  Universidad Politécnica de Madrid 

  Technical University of Madrid 

US  United States 

US EPA United States, Environmental Protection Agency 

TE  Total Emissions 

TEE  Traffic Energy and Emission model 

TREMOVE Economic transport and emissions model 

VERSIT+ Road traffic emission model 

VeTESS Vehicle Transient Emission Simulation Software 

VMT  Vehicles Miles Travelled 

WBCSD World Business Council for Sustainable Development 

WCED  World Commission on Environment and Development 
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