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ABSTRACT 

The theme of this thesis is the impact of the transport sector on CO2 emissions and climate 
change. The thesis is based on a selection of seven peer-reviewed papers written during my 
three years of doctoral activities and published in international journals indexed in the Scopus 
database. The aim is to develop a replicable methodology able to help policy makers to 
understand the real carbon impact of transport policies, infrastructures, systems or measures 
and to include this aspect into their decisional process.  

To this aim, the thesis identifies a three-step process, based on the quantification of CO2 
emissions, their economic valuation and their inclusion into the most suitable form of 
mobility plan. For each of these phases, a specific methodology has been proposed. The 
quantification of the emissions is founded on an energy and CO2 balance between the do-
nothing option and alternative(s) with the new project, policy or measure. The economic 
valuation relies mainly on a statistical meta-analysis that has assessed about 700 studies, 
determining the most important variables that influence the final price. In addition, the 
potentialities of an alternative approach such as the Multiple Agent Multi Criteria Decision 
Making have been discussed. Finally, the CO2 inclusion into urban mobility plans adopts a 
cost benefit approach that assesses the carbon potentialities of alternative measures and 
selects the most efficient ones.  

This method has been tested on different case studies, including the realization of a new 
transnational high-speed railway, the introduction of different European transport policies and 
the adoption of different measures at the urban level. The vast degree of scientific and 
economic uncertainties that affects the assessment has suggested keeping the models and 
formulas as simple as possible, focussing on an accurate data collection and on-site 
measurements. The method is adaptable in other contexts, provided that reliable data is 
available. With such premises and adequate political efforts, it should be finally possible to 
remove transport CO2 emissions from the ancillary role currently assumed in mobility plans, 
making them one of the main variables that actively influence the decisions of policy makers. 
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1. INTRODUCTION: GREENHOUSE GASES AND TRANSPORT 

Greenhouse gases (GHGs) are responsible for the greenhouse effect, a phenomenon 

through which atmosphere absorbs the infrared radiation emitted by the planet's surface as a 

result of exposure to solar radiation, thus increasing the mean temperature of the planet. 

GHGs, which constitute about 0.05% of the dry atmosphere, include carbon dioxide (CO2), 

methane (CH4), nitrous oxides (N2O), ozone (O3) and fluorinated gases (F-gases). Carbon 

dioxide counts for more than 78% of total anthropogenic emissions (IPCC, 2014a) and is 

considered as the main indicator of climate change. CO2 is not considered detrimental if it 

does not exceed the threshold of 350 parts per million by volume (ppmv; Hansen et al., 2008). 

However, its concentration grew by 25% between 1850 and 2000, passing from 288 ppmv in 

1850 to 369.5 ppmv in 2000 (CDIAC, 2011), with a further exponential growth in the last 15 

years, which brought its value to 400 ppmv at the end of 2015 (NOAA/ESRL, 2015). At this 

concentration, CO2 contributes actively to global warming and to climate change, with 

relevant social, environmental and economic consequences (Watkiss et al., 2005). 

Despite some minority positions (“climate change counter-movement”), the international 

community largely agrees that human activities are actively responsible for climate change: 

the International Panel on Climate Change (IPCC), the most acknowledged international 

scientific body on GHG issues, defines climate change as unequivocal, and its causes as 

extremely likely linked to anthropogenic activities (IPCC, 2014b). Hence, a common 

international effort to deal with human emissions is unavoidable. 

The potential strategies to cope with global warming include two main approaches: 

adaptation and mitigation. Adaptation is a direct response to the negative consequences 

caused by climate change: for example, a coastal airport affected by the sea level rise can be 

rebuilt in a more appropriate location. Since the effects of climate change happen in the long-

term, adaptation implies an awareness about the issue and a wait-and-see strategy. This 

approach has some undoubtable advantages, as it solves practical issues and it does not 

require complex international agreements. However, it bases on an endemic lack of fairness 

towards those less developed countries that have contributed only marginally to GHG 

emissions and now pay the highest price (Dessler, 2012). Furthermore, adaptation is not an 

attempt to solve, but rather to minimize the social and economic impacts of global warming. 

For these reasons, adaptation is a valid support solution, but it is alone not decisive to address 

the issue of global warming. Mitigation is a more proactive strategy, which aims at preventing 

climate change and avoiding its consequences trough a reduction of GHG emissions and a 
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limitation of their concentration in the atmosphere. The recent Paris agreement (UN, 2015) is 

founded on this approach: 195 countries have elaborated a document, whose main aim is 

“holding the increase in the global average temperature to well below 2° C above pre-

industrial levels and pursuing efforts to limit the temperature increase to 1.5° C”. This 

proposal is the last step of a long political process of mitigation, which began in 1997 with the 

adoption of the Kyoto protocol (UN, 1998). 

Europe has been particularly sensitive to these environmental issues, not only limiting its 

commitment to GHG reduction fixed at the international level, but also elaborating its own 

continental strategy. The programme “20 20 20” (EU, 2012a) imposes a decrease of the 

emissions by 20% by 2020; recently it has been integrated with the “2030 initiative”, which 

aims at reducing the emissions by 40% within 2030 (EC, 2015). Results of these policies are 

encouraging: many sectors (e.g., agriculture, industry, buildings) have obtained relevant 

results, with an almost generalized reduction of GHG (EC, 2009). However, this reduction is 

not visible in transport, which is the only sector in countertrend: GHG emissions have 

increased by about 22% in comparison to 1990 levels (EU, 2014). Transport is responsible for 

24.3% of GHG emissions and it is the second emitting field after energy production. 

According to EU forecasts, the transport demand is expected to grow by 50% for freight 

transport and 35% for passengers by 2020 in comparison to 2000 levels (DGET, 2006). If not well 

managed, this growth could lead to a further increase in GHG emissions, which is incompatible 

with the European targets previously recalled and with the long-term expectations (year 2050), 

indicated in the White Paper of Transport (EC, 2011).  

The problems related to the reduction of GHG transport emissions are not only due to 

political and stakeholders’ interests. Indeed, they are also a consequence of scientific and 

technical issues that make the univocal adoption of a shared methodology difficult. This thesis 

provides a comprehensive framework to deal with GHG emissions and to allow policy makers 

to deal with this theme consciously. After this introduction, section 2 describes the main 

problems regarding the phases of quantification, evaluation and inclusion in mobility plans. 

Section 3, which consists of the seven scientific articles, proposes a possible solution to such 

issues. It is articulated as follows:  

 Quantification of GHG emissions: Maino F., Cavallaro F., 2015; Cavallaro F., Maino 

F., Morelli V., 2013.  

 Evaluation of GHG emissions: Nocera S., Cavallaro F., 2014a; Nocera S., Tonin 

S., Cavallaro F., 2015a; Nocera S., Murino M., Cavallaro F., 2014.  



Federico Cavallaro  Impacts and Evaluation of CO2 Emissions in Transport Planning 

7 

 Inclusion of GHG emissions into mobility plans: Nocera S., Cavallaro F., 2014b; 

Nocera S., Tonin S., Cavallaro F., 2015b.  

The main findings and the practical implications in terms of transport policy and mobility 

planning are synthetized in section 4. Finally, section 5 is devoted to the definition of the open 

questions and the next steps to refine the results obtained so far.  
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2. PROBLEMS IN DEALING WITH GHG EMISSIONS 

This section highlights the main problems in understanding the impacts of GHGs from 

transport and in proposing appropriate solutions. The issue has been discussed with accuracy 

since the beginning of the ‘90s. Clarkson and Deyes (2002) propose a general thematic 

distinction between scientific and economic uncertainties: the former make the quantification 

of the future emissions complex, the latter avoid the attribution of a fair unitary price to the 

unitary emissions. Natke and Ben-Haim (1996) suggest an alternative taxonomy, not 

specifically referred to GHGs, but applicable also to this context. It is based on the categories 

of “objective” and “subjective” uncertainties. The former are innate in humanity and are due 

to our limited knowledge; the latter are related to specific scientific and technological aspects, 

as well as to the ethical and political assumptions of the modeller and decision makers. Based 

on this classification, Salling et al. (2007) introduce the similar categories of epistemic and 

ontological uncertainties, trying to distinguish them according to the solutions that can be 

provided by modellers. This section takes into account the main aspects highlighted by these 

authors, but reformulate them according to the three phases of quantification, evaluation and 

inclusion in previously mentioned mobility plans. Figure 1 synthetizes the main aspects 

emerging from this classification. 

 

Figure 1: Main problems in dealing with GHG emissions in transport planning 

2.1. Quantification 

Quantification aims at determining the amount of GHGs emitted -or expected to be 

emitted, in case of predictions- and the consequent variation of their atmospheric 

concentration. This type of analysis can be performed in several contexts and with different 
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aims: at the local level, to understand the impact of specific measures on urban GHG 

emissions; at the regional level, to verify that transport policies produce positive results in an 

energy balance; along main (trans)national corridors, to assess the impact of passenger and 

freight transport policies. GHG quantification is particularly important for the realization of 

new infrastructures or transport systems (Nocera et al., 2012). In order to assess their carbon 

implications, the evaluator should make a comparison between the do-nothing option and the 

hypotheses that imply the new intervention in order to assess its carbon implications. 

Although the GHG potentiality of alternative transport systems has become a relevant 

transport issue, at the time this assessment of the literature was started, the information was 

not as vast as one could have expected. To serve as example, this section presents an 

overview of the assessments about rail infrastructures. Most of the study refers to CO2 

emissions, assuming this gas as representative for all GHGs. Von Rozycki et al. (2003) 

assessed the variation of CO2 emissions after the introduction of a new high-speed railway 

line between Hanover and Würzburg. Booz Allen Hamilton Ltd. (2007) compared the CO2 

emissions deriving from the London-Edinburgh and the London-Manchester high speed lines 

with the corresponding air connection over a period of 60 years. Tuchschmid (2009) proposed 

a method to quantify the emissions of several pollutant gases (including CO2) from the 

construction of new high-speed railway lines in Europe. The engineering company of the 

Italian State Railways (Italferr, 2010) calculated CO2 emissions generated by a new railway 

line between Rho and Gallarate (in Lombardy). The scale and the degree of accuracy of such 

studies are different, but every author highlights the technical and scientific difficulties of 

obtaining reliable results. Some of them present methodological issues shared with other 

research fields, while others are specifically related to transport problems. 

The list of methodological issues shared with other disciplines can be roughly synthetized 

in three main aspects. First, the accurate determination of the current levels of transport GHG 

emissions. This issue is common to all those fields based on dynamic or widespread sources 

(such as agriculture or building efficiency), while it has been already bypassed in stable 

sectors such as factories, power plants and installations, where quantifying emissions is 

possible thanks to measuring devices in the smoke stacks.  

Second, the correspondence between GHG emissions and concentration in the atmosphere. 

Theoretically, there is a carbon balance between atmosphere and land biosphere, rocks and 

oceans (Dessler, 2012). Through photosynthesis and respiration processes, the atmosphere 

exchanges about 100 GtC of CO2 yearly with the land biosphere. About 200 GtC are 
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transferred between the oceans and the atmosphere (100 GtC with the superficial part and 100 

GtC with the deep ocean), while rock exchange, through a process called chemical 

weathering, counts for about 0.1 GtC. In this framework, the quantity of carbon absorbed and 

returned by and to the atmosphere is in a condition of equilibrium. However, human activities 

have altered this balance, both with fossil fuel combustion (about 9.6 GtC were emitted in 

2012 at global level; CDIAC, 2014a) and with deforestation. Furthermore, the acidification of 

oceans can reduce their absorbing potential. Hence, it is difficult to determine the future 

percentage of sequestration granted by natural sources. On the other hand, in last years, 

several artificial processes have been devised to avoid the emissions of human GHG into the 

atmosphere: carbon capture and storage (CCS; Akbilgic et al., 2015), or, more ambitiously, 

solar radiation management and carbon cycle engineering. Even in this case, the effect of the 

development and implementation of such tools is not easily quantifiable, since they are still in 

an experimental phase and are not part of a long-term strategy.  

Third, the adoption of a unique unit of measure for all GHGs. The IPCC (1990) has 

proposed to adopt the Global Warming Potential (GWP), which is an attempt to convert all 

GHG emissions into CO2 equivalent (CO2eq). CO2eq indicates the concentration of CO2 that 

would cause the same level of radiative forcing as that caused by the GHGs over a period of 

100 years. For example, the GWPs of methane and nitrous oxide are, respectively, 21 and 

310: this means that one ton of methane and nitrous oxide are 21 and 310 times greater than 

one ton of CO2. GWP has become the reference method to transform non-CO2 emissions into 

a unique and comparable value. IPCC constantly monitors and updates the impact of GHGs 

and relative weights, through the regular publication of its technical reports. However, there is 

a huge debate about the conversion factors (O’Neill, 2000), mostly due to the different 

lifetime in the atmosphere of gasses (Jensen and Thelle, 2001): molecules of methane remain 

in the atmosphere for about 12 years, while CO2 remain for over 100 years. This affects the 

marginal damages of emissions, as GHG atmospheric concentration is expected to rise over 

time. As a consequence, the scientific community is still vividly debating about the most 

suitable discount rates. Recalling the classification of Salling et al. (2007), these issues are 

part of the epistemic uncertainties, which are not easily solvable: the community is aware of 

their presence, but with the current scientific knowledge, it is not possible to give a final 

response on how to deal with these aspects effectively. 

Most of the issues specifically related to the transport sector can be included in the 

ontological category. They are based on decisions taken by modellers and policy makers; 
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hence, they are more directly manageable. First, the selection of the most suitable method to 

calculate the specific emissions caused by the different types of vehicle. This means to fix the 

boundaries of the system under examination. In practice, this is function of the specific fuel 

and the phases included in the evaluation. The literature suggests different possibilities, which 

are function of the type of study to be realized (figure 2).  

 

Figure 2: Different approaches to the quantification of GHG emissions 

The most complete method is the Life-Cycle-Assessment (LCA; A3PS, 2015), which 

includes the entire life of an object, from the production to the final disposal and encompasses 

extracting and processing raw materials; manufacturing, transportation and distribution; use, 

re-use, maintenance; recycling, and final disposal. The Well-To-Wheel approach (WTW; 

Edwards et al., 2014) includes an assessment of the primary energy source, the energy 

required for its extraction, transformation, transportation, fuel production and characteristics 

of the vehicle using the fuel. This last phase can be calculated also independently, in the 

Tank-To-Wheel approach (TTW). TTW quantifies the unitary energy expended and the 

unitary pollutant substances emitted by a vehicle during its driving cycle. This is the method 

adopted by car manufacturers to certify the amount of pollutant substances nominally emitted 

by their vehicle fleet. Several factors concur in determining the final values: they can be 

included into the three categories of “vehicle conditions”, “vehicle route” and “operating 

conditions” (Vijayan et al., 2008). The first category consists of the technical characteristics 
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of the vehicle (model, year, class, and size), the fuel type, the accrued kilometres, and the 

maintenance. The second group contains the type of infrastructure, the gradient, the pavement 

condition, the number of passenger and the traffic condition. The last group includes all the 

parameters referred to the operation, including the average speed, the load, the driver 

behaviour, the environmental conditions, etc. Normally, the quantification of TTW emissions 

requires the adoption of specific models; an overview of the most important ones is provided 

in Cavallaro et al. (2013). 

To forecast future levels of GHG emissions, three main further scientific issues have to be 

considered: travel demand, modal choice and technological development/energy mix. Future 

travel demand is one of the main open issues in transport planning. It should allow an 

understanding of the number of users that are expected to travel along a new infrastructure or 

use a specific transport system. The methodological progress in this discipline is evident, 

mostly due to low-cost and high-speed computing (Ortúzar and Willumsen, 2011). 

Nevertheless, a rigorous ex-post analysis about the construction of new infrastructure 

(Flyvbjerg et al., 2005) has demonstrated not only that the accuracy in determining the future 

travel demand has not improved over the past 30 years, but also that road vehicle forecasts 

have become more inaccurate over time. Particularly, rail passenger forecasts are 

overestimated in 9 out of 10 cases, with an average overestimation of above 100%. Half of all 

road traffic forecasts are wrong by more than ±20%. Since the number of users and vehicles 

circulating is one of the most important variables, this relevant difference between expected 

and measured travel demand also has implications for the estimation of future GHG 

emissions.  

There are different ways to deal with future predictions (Vanston and Vanston, 2004): each 

of them is a compromise between accuracy and costs. Modellers should adopt the most 

adequate according to the aim of the research and the funds at disposition. Figure 3 presents a 

list of the possible approaches in transport planning, according to their characteristics. Among 

them, scenarios play a significant role for its ductility. A scenario is not a forecast of the 

future condition, but a “representation of visions/images of the future and courses of 

development organised in a systematic and consistent way” (EC, 2008). A scenario is based 

on given hypotheses, which are crossed with the initial situation, thus leading to the future 

sequences of events that the hypotheses imply. Many parallel scenarios are developable, being 

everyone the fulfilment of different initial hypotheses. Scenarios should not become part of 

the political rhetoric aimed at showing voters that something is being done; indeed, it should 



Federico Cavallaro  Impacts and Evaluation of CO2 Emissions in Transport Planning 

13 

be a control mechanism to assess the potential consequences deriving from the adoption of 

specific measures or actions (Flyvbjerg et al., 2005).  

 

Figure 3: Methods used in the prediction of the future. Source: Chatterjee and Gordon, 2006 

Other relevant technical issues are the future efficiency and technological improvement of 

vehicles, the use of alternative fuels and the composition of future energy mixes. King (2007) 

has stated that market ready technologies could reduce GHG emissions per new car by 30% 

within 5 to 10 years, with consequent economic fuel savings. Furthermore, alternative fuels, 

which today constitute only a market niche, could play a significant role in GHG reduction. 

Several alternatives are still available (Johnston et al., 2005): natural gas, methanol, ethanol, 

liquefied petroleum gas (LPG), biodiesel, electricity both plug-in and fuel cell, hydrogen, 

boron, Fischer-Tropsch fuel, p-series, electricity and solar fuel. Nowadays, the utilisation of 

such fuels is very different: some of them (e.g., methanol, natural gas, LPG) are already a 

valid alternative to fossil fuels, while others (e.g., boron, Fischer-Tropsch fuel, p-series, solar 

fuel) are more limited or still at an experimental phase, due to lack of infrastructures and high 

costs of production and distribution. The problem for the planner is two-fold: first, the planner 

has to determine the diffusion of such fuels in the future and, second, he has to understand 

their real incidence in terms of GHG emissions according to the method of quantification 

selected. Electricity is emblematic: if we consider only the TTW phase, GHG emissions of 

electric vehicles are zero; however, by considering the entire WTW process, the energy mix 

required to produce the electricity, which is the sum of different primary resources, also has to 

be analysed. For each of them, the evaluation has to include the provision (extraction and 

transport) of raw materials, the efficiency of energy production and its distribution.  

All the aspects mentioned in this section concur in determining a vast degree of uncertainty 

about the quantification of current and, mostly, future GHG emissions. Furthermore, the 

uncertainties previously described can overlap, thus increasing the inaccuracy significantly. 
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For these reasons, a stochastic approach, which provides results probabilistically, should be 

preferred in dealing with such issues. 

2.2. Economic valuation 

Black (2010) indicates global pollutants (i.e., GHGs) as one of the main characteristics of 

transport unsustainability and considers their fair evaluation as an unavoidable step in order to 

understand the real cost of transport. Literature proposes some alternatives to evaluate the 

GHG impact from transport. Scarpellini et al. (2013) suggest including them in a more 

comprehensive Multi Criteria Analysis (MCA): MCA allows considering criteria in their own 

unit of measure, hence disregarding monetization problems; furthermore, it permits the 

selection of parameters that stakeholders should consider and it may add qualitative criteria to 

the evaluation. Thus, CO2eq can be included in environmental analyses with other impacts, 

such as local and water pollution, noise, vibrations, land-use, accidents and congestions 

(Danielis, 2001). In this sense, MCA should grant a holistic view for the evaluation of 

external economic effects. However, it runs the risk of being affected by subjective biasing, 

such as in the choice of criteria (subjectivity, arbitrariness) and the assignment of weights 

(Browne and Ryan, 2011); therefore, particular attention should be paid to these two phases. 

An alternative to MCA could be the Cost Effectiveness Analysis (CEA). This method 

compares the costs of alternative approaches in producing the same (or similar) results, after 

the decision of the objective to be achieved. The result is a ranking of different solutions, 

which allows policy makers an evidence-based comparative analysis. However, CEA is by 

definition limited to the objective (in this case, GHG emissions) and cannot be extended to 

evaluate other aspects. Thus, to evaluate the GHG impacts deriving from transport, Sinha and 

Labi (2007) suggest the use of a Cost Benefit Analysis (CBA). CBA is largely adopted to 

analyse environmental policies of the transport sector, provided that a fair unitary price can be 

obtained (Turner, 2007). Monetizing GHG emissions means putting additional costs and 

benefits that are not directly expressed as expenditures and revenues onto the same monetary 

scale, in order to understand whether the costs overcome the benefits. The process converts 

the quantity determined in the quantification phase into monetary terms, by multiplying it by 

a unitary price. The cost of carbon dioxide is thus generally expressed in dollar ($), pound (£) 

or euro (€) per tCO2eq or ton of carbon (tC), assuming a conversion factor of 3.664 (CDIAC, 

2014b).  

The main problem of monetization lies in the attribution of an adequate unitary price; to 

this aim, different methods can be adopted. The prices determined by the market (carbon 
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trading), or by political decisions (carbon tax) should not be considered as representative 

because their value is largely affected by distortions. The carbon-trading price is founded on 

the "cap-and-trade" law (EU, 2012b). The maximum amount of CO2 that factories, power 

plants and installations can emit without paying is limited to a given value or “cap”. Within 

this cap, companies receive emission allowances, which they can sell to or buy from one 

another if needed (“trade”). The cap for a given future temporal horizon is determined at some 

point during the current period and is usually valid for five years, thus facilitating the initial 

decision to implement the system, but making it inherently unsuitable for long-term forecasts 

(Ellerman et al., 2008). Furthermore, there are other practical problems: carbon-trading 

system, as introduced in EU, suffered from high volatility and price fluctuations, which 

increase the intrinsic difficulty of setting a fair reference price. On the other hand, the carbon 

tax is paid based on the carbon content of fuels or on the estimated carbon emitted in the fuel 

combustion process (Santos et al., 2010). However, the difference of unitary prices between 

countries is very vast: in Sweden, for example, the carbon tax is 105$/tCO2, while in 

California a law proposal fixed it at 0.045$/tCO2 (Sumner et al., 2009). For this reason, 

carbon tax does not grant a fair estimation of GHG.  

Hence, alternative techniques are preferable. Two main ones are the damage costs and the 

avoidance costs methods (Clarkson and Deyes, 2002). Damage costs assesses the future 

physical impacts of climate change and link them with their effects on the economy and 

society. This method bases on a CBA that determines the optimal policies based on the 

expected environmental, social and economic consequences, and evaluates whether the 

benefits are likely to exceed the costs. Avoidance costs quantifies the money required to avoid 

an increase of GHG levels, to reduce such emissions and to remove GHG from the 

atmosphere. The method, based on a CEA, is strictly related to the development of policy 

targets that aim at lowering emissions for a fixed time horizon. Damage costs is expected to 

produce more reliable results, since it tries to link the economic consequences of increased 

emissions with the physical changes produced. This link is sought through the adoption of 

Integrated Assessment Models (IAMs). According to the macro-modules included in their 

computational phase, Ortiz and Markandya (2009) divide IAMs into three groups:  

 Fully Integrated Assessment Models, which include economic growth/dynamics 

(energy sector comprised), damage and climate modules;  

 Non-Computable General Equilibrium Models, which include only the climate and 

damage modules. Occasionally, they consist of an energy module as well but without 
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an economic optimization procedure and the adoption of scenarios provided by third 

parties; 

 Computable General Equilibrium Models, which focus the economic optimization 

procedure on a greater number of sectors but do not include a climate module. 

Nocera et al. (2015a) have analysed about 700 studies based on IAMs, finding an average 

unitary value of $276.49/tC (standard deviation 668.78); the range, expressed in 2010 US 

dollars, goes from $-10.00/tC to $7,243.73/tC, which means to cover six orders of magnitude. 

The reasons of this vast interval are multiple. The first one is the determination of the future 

GHG level of emissions, concentrations and temperatures. Normally, the values are based on 

different scenarios defined by the IPCC (2007) and are then further developed or specified by 

the modellers. The reference scenarios are normally four, defined “A1”, “A2”, “B1” and 

“B2”. “A” scenarios represent a world with a high rate of economic growth, while “B” 

denotes a less pronounced growth; those characterized by “1” imply a reduction of poverty 

and disparities, while “2” implies an unaltered condition between the rich and the poor. These 

economic differences also have consequences on other aspects: among them, the GHG 

emissions and the consequent increase in temperatures.  

Even by considering similar future concentrations, a large difference in final values can 

occur. This is due to which physical impacts modellers consider will be affected by the 

increase of GHG concentration. Potentially, such impacts are included into eight main groups 

(Watkiss et al., 2005; table 1): sea level rise, energy use, agricultural impacts, water supply, 

health impacts, ecosystems and biodiversity, extreme weather events and major events, each 

of these are then further characterized by specific phenomena. Each modeller can decide to 

consider only a portion of these impacts or all of them according to the aim and the scale of 

the assessment, with the risk of over- or underestimating certain aspects. For example, a 

relevant debate regards the inclusion of major events such as cyclones into the list of impacts 

and the understanding of the real consequences caused by global warming. Primarily, the 

question is to understand if a correlation between the two aspects exists, and later to assess the 

expected variation in frequency and intensity of the events (Knutson et al., 2010). This 

determines the inclusion or the exclusion of the damages deriving from this kind of event in 

the IAM. According to this, final economic values of GHG emissions could be largely 

different. 
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POTENTIAL IMPACTS OF CLIMATE CHANGE AT GLOBAL LEVEL 

MACRO-GROUP IMPACTS 
Sea level rise costs of additional protection measures 

 loss of dry land, wetland loss 
 increased likelihood of storm surges 
 landward intrusion of salt water, risk for coastal ecosystems 

social and economic effects for inhabitants of small islands and/or low-lying 
coastal areas 

Energy use migration based on socially contingent effects 
 summer increase due to air conditioning 
 winter decrease in demand for heating 

Agricultural impacts changes in temperature and rainfall 
 changes in cultivated areas and yields 
 choice of crops 
 development of new cultivars and other technical changes such as irrigation 

Water supply changes in rates of precipitation and evapotranspiration 
demand changes, affected by various climatic factors such as temperature and 
humidity 

 exacerbation of water shortages in water scarce areas 
Health impacts increase in summer heat stress 

 reduction in winter cold stress 
 extension of the area amenable to parasitic and vector borne diseases 
 socially contingent damage to health caused by 1, 2, 3, 4 
 threats in lower income populations, mostly in (sub)tropical countries 

Ecosystems and biodiversity alteration of ecological productivity and biodiversity 
 risk of extinction of some vulnerable species. 

risk for some isolated systems, including unique and valuable systems (e.g. 
coral reefs) 

 acidification of the oceans, impacts on marine ecosystems 
 impact on fluxes of gases between ocean and atmosphere 

Extreme weather events heat waves, drought, floods and potentially storms, 
 tropical cyclones and even super typhoons 
 climate variability 

Major events loss of the West Antarctic ice sheet and the Greenland ice sheet;  
 methane outbursts, instability or collapse of the Amazon Forest;  
 changes in the thermohaline circulation, Indian monsoon transformation;  
 change in stability of Saharan vegetation;  
 Tibetan albedo change 

Table 1: Potential impacts of climate change. Source: Nocera and Cavallaro, 2014a 

In addition to the physical and scientific aspects highlighted so far, there are relevant 

economic issues that contribute to the increase of uncertainty in the final unitary price of 

GHG emissions. In IAMs, the calculation of the economic damage is a function of the 

temperature variation raised by a coefficient. The choice of this coefficient (usually quadratic) 

noticeably affects the value of the damage: in PAGE, for example, passing from a quadratic 
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function to a cubic one determines a change of about 23% in final values (Dietz and Hope, 

2007). The geographic scale is another important aspect: the emissions of GHGs do not have 

the same economic impact on every country, because of both its physical conformation and 

for its economy. The national GDP and national willingness to pay to avoid the 

environmental, economic and social consequences differ significantly. The adoption of the 

equity weight (Fankhauser et al., 1997) is an attempt to include this ethical issue within the 

final value of GHG emissions. The equity weight (formula 1) is based on the assumption that 

countries with consumption rate above the world average receive a low weight and vice versa. 
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Where Dw is the global damage derived from GHG emissions; cw is the world average per 

capita consumption; ci is the average per capita consumption of a given nation i; ε is the 

elasticity of marginal utility; di is the damage derived from CO2 emissions in country i. The 

value to be assigned is not univocally accepted and constitutes one of the main points of 

discussion in the scientific literature: estimates can differ even by two orders of magnitude 

due to the equity weight (Anthoff et al., 2006). 

Modellers and decision makers have to consider not only the spatial dimension, but also 

the temporal issue: in environmental studies, this value coincides with the Social Rate of 

Time Preference (SRTP). It can be defined as “the rate at which individuals discount future 

consumption over present consumption, on the assumption of an unchanging level of 

consumption per capita over time” summed with “an additional element, if per capita 

consumption is expected to grow over time, reflecting the fact that these circumstances imply 

future consumption will be plentiful relative to the current position and thus have lower 

marginal utility” (HM Treasury, 2003). Higher discount rates mean a lower weight assigned 

to effects occurring in the future. This is a very critical aspect, which, since the beginning of 

the ‘90s, has led to a vivid debate within the scientific community about the choice of this 

value and its practical consequences. Very different positions can be found at the international 

level: Daly and Cobb (1994) consider discounting as a way to convert future large numbers 

into present small ones. The Stern Review (Stern, 2006), one of the most important and well-

known assessment of the potential of climate change, adopts a low discount rate (1.4%). On 

the contrary, Nordhaus, in using his own DICE model, suggests the adoption of a discount 

rate of about 4.3% (Goulder and Williams, 2012). As pointed out by Clarkson and Deyes 

(2002), an agreement on the correct formulation for the SRTP and the discount rate would be 

an improvement of the evaluation. Unfortunately, such agreement is not easy to find. A valid 
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approach is to perform a sensitivity analysis with values in the range 1% to 10%, which was 

the solution proposed by Cline (1992). 

The last technical aspect that affects the final price of GHG emissions is the nature of the 

effects included in the analysis. The conceptual distinction between adaptation and mitigation 

has been already discussed in the introduction. In IAMs, adaptation is a variable of the 

estimate function, which describes the efforts required to handle the consequences of climate 

change. It concerns complex behavioural, technological, and institutional adjustments at all 

levels of society. Some IAMs (e.g., DICE) do not contain structural components that 

represent adaptation explicitly, whereas other models (e.g., FUND) adopt it as a variable of 

the model (Tol, 2005).  

 

2.3. Inclusion in mobility plans 

After the quantification of CO2 emissions and the evaluation of their impacts, the last step 

of the methodology is the inclusion of results into an adequate form of transport plan. This 

aspect is particularly delicate and requires a preliminary discussion about the appropriate 

scale of intervention. Global warming is by definition a problem that affects the entire planet 

and should be addressed at a large scale. The international resolutions, protocols and EU 

strategies recalled in the introduction are conceived according to this criterion. However, such 

documents cannot face the issue through the implementation of effective measures, because 

they cannot consider all the local specificities and characteristics that make a general 

approach operative and in most cases are not mandatory. To address the issue appropriately, 

the UN meeting held in Durban (2011) clearly highlighted the contributions required from the 

local (urban) scale: cities manage very large funds, investments and public infrastructures 

(including transports), and are thus able to address the theme of global warming effectively. 

The development of appropriate local plans creates the opportunity to define policies and 

concrete measures that can be directly implemented. Incidentally, this is legitimated by data 

about CO2 emissions: according to Dodman (2009), urban emissions constitute roughly 80% 

of total emissions and because of the expansion of urban areas and the loss of natural spaces, 

this percentage is constantly growing. Transport is actively responsible for this critical 

condition and covers about 40% of the overall emissions (Glaeser and Kahn, 2010). Hence, 

the local level can operatively address the reduction of CO2 emissions from transport, under a 

common (inter)national framework. 



Federico Cavallaro  Impacts and Evaluation of CO2 Emissions in Transport Planning 

20 

In practice, such theoretical framework is rather different. At the local level, GHGs are 

often perceived as a global problem and politicians may prefer to mostly address issues 

related to the local scale in order to increase their consensus throughout their potential voters. 

This section presents an overview of the Italian situation, confirming the difficulties of 

dealing with this theme1. The Italian Ministry of Infrastructure and Transport (MIT) provides 

the general guidelines for the development of the national transport plan2. Because of the vast 

territorial scale and the differences of specific cities, the Ministry is responsible only for the 

main infrastructural networks and for other relevant aspects considered of general interest and 

which cannot be assigned to the lower levels. For example, this is the case of the recent 

approval of the national infrastructural plan on recharging points for electric vehicles (piano 

nazionale infrastrutturale per la ricarica dei veicoli alimentati ad energia elettrica, GU 

n.280, 2-12-2014); this project could contribute to a strategic redefinition of the role assigned 

to electricity among the national alternative fuels. 

Indeed, the implementation of concrete solutions is assigned to the local level, with the 

adoption of regional, provincial and local mobility plans. The competencies of each form of 

plans are different, but the main operative issues belong to the urban level. Here, the Italian 

legislation includes two main types of plan: the Piano Urbano del Traffico (Urban Traffic 

Plan, UTP) and the Piano Urbano della Mobilità (Urban Mobility Plan, UMP). UTP is 

constituted by a set of interventions aiming at improving urban road circulation of 

pedestrians, public and private vehicles. The plan is compulsory for all municipalities 

exceeding 30,000 inhabitants and for those municipalities characterized by a relevant seasonal 

flow of tourists. UTP is a programming instrument, valid for a short period (usually 2 years), 

which hypothesizes an unvaried infrastructural urban network. The aim of the plan is the 

satisfaction of four main objectives (MIT, 1992): improvement of circulation (here including 

both movement and parking); improvement of road safety and security; reduction of criteria 

pollutants and acoustic pollutants; energy saving (Cascetta and Montella, 1998). The 

improvement of these technical performances is expected to have positive results on other 

social and environmental aspects, including the reduction of GHG emissions. However, this is 

an indirect consequence. In some cases, GHG emissions are not even mentioned (e.g., the old 

UTP of Rome; MoR, 1999). This is not surprising: the temporal validity and the solutions 

                                                 
1 Readers interested to the European level may refer to Nocera and Cavallaro (2014b). 
2 In Italy the last comprehensive plan (“Piano Generale dei Trasporti e della Logistica”) was provided in 2001, 
while an updated version, but limited only to the freight transport and logistics has been provided in 2011 
(“Piano Nazionale della Logistica 2011-2020”). 
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proposed by the UTP do not place it as the most suitable type of plan to deal with long-term 

issues such as climate change.  

UMP is a more comprehensive form of plan, which aims at improving the mobility system 

of a city, not limiting its analysis only at the vehicular circulation. Covering a temporal 

horizon of at least 10 years, this plan is appropriate to deal with long-term transport aspects 

and includes GHG transport emissions. Municipalities can adopt a UMP only on a voluntary 

basis. This plan aims at integrating the urban interventions with European and national 

policies regarding the development of infrastructures, thus constituting a link between the 

upper mobility plans and the urban traffic plans previously described. The overall objectives 

of a UMP are clearly expressed by the National Law 340/2000: ensuring the accessibility of 

jobs and services to all; improving safety and security; reducing pollution, GHG emissions 

and energy consumption; increasing the efficiency and cost-effectiveness of the transportation 

of persons and goods; enhancing the attractiveness and quality of the urban environment. The 

framework is comprehensive and detailed; however, the practical implementation was not 

successful. The national fund necessary to implement the measures has never been operative 

and the contribution of MIT has been limited to the drafting of the plan. This has created a 

discrepancy between the planning and the operative phases, which in most cases remain at the 

stage of intentions and do not become part of a long-term strategy. Another relevant criticism 

concerns the integration between levels: the national guidelines focus on the realization of 

infrastructures in metropolitan areas, but ignore the connection to the national and regional 

level (ISFoRT, 2011). Finally, there are no procedures to integrate UMP with spatial plans 

and UTP. The result is an incomplete tool, which has to prioritize the interventions, thus 

losing its strategic approach. In this context, aspects related to environment and health 

(including CO2 emissions) have been considered ancillary and obtained indirectly by solving 

the problems of congestion and modal shift. The example of Rome (MoR, 2009) is 

emblematic: environmental considerations are primarily related to criteria pollutants, while 

GHGs are mentioned only briefly, in a scenario not even described in its basic assumptions.  

The issues regarding mobility and energy are faced not only by transport planning, but also 

by other disciplines. Regions have to compile a Bilancio Energetico Regionale (Energy 

Balance Sheet, EBS), which analyses the energy supply and demand, distinguishing the 

different sources and the quantity consumed in each civil sector: the macro-groups considered 

in this analysis are buildings, industry, agriculture and transport. This is the basis for the 

development of provincial and municipal energy plans, which have the task to set the 

interventions and decisions that regulate the energy production and consumption for the next 
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years. This can have relevant implications regarding the use of electric or alternative vehicles, 

because it can determine also the number and the location of the recharging points. 

Another alternative form of local plan (not legally mandatory) that deals with transport and 

CO2 emissions is the Sustainable Energy Action Plan (SEAP; Covenant of Mayors, 2010). 

SEAP is largely supported by the EU as an instrument present at the local level to achieve EU 

“20 20 20” targets. Italian cities have largely adopted this type of plan, facilitated by the 

(inter)national funds granted for its writing. SEAP includes different sectors of civil society, 

such as buildings, equipment/facilities, local electricity production, transport and local 

heating/cooling generation. The guidelines of SEAPs suggest calculating the adoption of the 

fuel sold at municipal or provincial level by petrol stations, as well as the electricity adopted 

for the circulation of trains and electric-powered means of transport. Through appropriate 

coefficients of transformation, it is possible to derive the CO2 emissions from the electricity 

and petrol used in a given locality, thus obtaining the baseline emission inventory (BEI). 

Subsequently, a set of transport measures has to be chosen, according to the reduction target 

fixed by the mobility plans. To this aim, each measure has to be accompanied by a description 

of the activities required for their complete adoption, the cost estimation, timing, energy 

savings and CO2 reductions, in order to make the choice as transparent as possible. However, 

these plans do not seem to be the appropriate solution to address the issue of transport 

emissions, because they focus only on the energetic aspects, leaving aside the other transport 

implications. Indeed, a mobility plan is very complex thematically and normally requires a 

holistic approach that includes the relevant values related to traffic circulation, transport 

modes, etc. CO2 emissions are one of these points, but cannot be the exclusive one. 

Furthermore, the relationship with traditional forms of transport planning is not clear and can 

create overlapping and even contradictions. 

To summarize, the Italian framework of transport planning offers several opportunities to 

deal with the theme of GHGs. Urban mobility plans seem to be the most suitable, due to their 

comprehensive nature. However, there is a significant discrepancy between the overall goals 

of a typical urban mobility plan (GHG reduction is considered among the main aims) and the 

effective policies adopted (there are no measures directly related to the reduction of carbon 

emissions). This does not necessarily mean that GHGs are ignored. It means that measures 

conceived for other purposes (e.g., reduction of traffic, increase in the use of public transport, 

fostering alternative means of transport, reduction of criteria pollutants) are expected to give a 

possible carbon gain as a secondary effect.  



Federico Cavallaro  Impacts and Evaluation of CO2 Emissions in Transport Planning 

23 

3. SOLUTIONS 

3.1. Quantification: CO2 balance 

The method proposed to solve the quantification problem is a balance: an analysis to assess 

the impact of a given project or activity over time, for the purpose of climate protection and 

the prevention of detrimental effects on human health. In this and the following sections 

(except for the parts where it is expressly indicated), CO2 is considered as representative of 

GHGs, thus reducing the uncertainties about conversions into CO2eq (as described in 2.1). The 

balance of the system X (formula 2) founds on a comparison between the do-nothing scenario 

(N) and one -or more- system(s) with the new project or measure (P).  

PNXBALCO )(2  (2) 

The balance is positive, with a consequent potential gain for the community, if CO2 

emissions produced by P are lower than the ones generated by N. On the contrary, if the 

balance is negative (with P>N), the new system leads to a rise in emissions. 

The balance is adoptable for each kind of transport intervention (e.g., realization of a new 

infrastructure, introduction of a new transport system, adoption of specific transport policies 

or measures). Referring to the evaluation of a new infrastructure, four macro-phases 

characterize P: design, construction, operation and decommissioning (Nocera et al., 2012). 

Considering that design, construction and decommissioning are not to be considered in do-

nothing, the terms contained in formula (2) can also be expressed by 3) and 4): 

PPPP DeOCDP   (3) 

NON   (4) 

Where: 

P are the total CO2 emissions related to the project analysed; DP, CP, OP, DeP are CO2 

emissions resulting, respectively, from the phases of design, construction, operation and 

decommissioning; ON are the total CO2 emissions resulting from the operative phase of the 

do-nothing scenario. 

For the sake of effectiveness, the emissions resulting from both the design and the 

decommissioning phases are negligible. The former is of scarce relevance because of their 

value well below the overall uncertainty (less than 0.03% in comparison with overall 

construction phase; Italferr, 2010). The latter concerns interventions that are supposed to have 
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a long life and therefore have a timeframe difficult to be included in the current evaluations; 

for main infrastructures, the expected operational phase is at least 50 years, with peaks of over 

100 years; (IPCC, 2014a). 

Assuming 1 as the first year of operation of the new infrastructure and n as the last year to 

be included in the balance, letting m be the year in which construction of the infrastructure is 

accomplished (with m≤n), formulas (3) and (4) can be written as (5) and (6). The choice of the 

time horizon 1-n must be well weighed, being based on several factors such as the expected 

lifetime of the infrastructure, the reliability of future forecasts, the objective of the 

assessment, the validity of the measures, etc. 
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The two articles proposed in this section explain in detail how to realize a CO2 balance 

deriving from the introduction of a new main infrastructure, thus limiting the analysis to a 

particular infrastructural measure. However, adequate adaptations allows an enlargement of 

the method to other types of intervention. The method is tested on a relevant case study at the 

European level: the high speed/high capacity (HS/HC) Brenner railway line. “Quantification 

of CO2 emissions deriving from the construction of a railway tunnel: the Brenner base 

tunnel” (Maino and Cavallaro, 2015) focusses on the phase of construction of a new 

infrastructure, by providing a methodology to calculate CO2 emissions during the different 

phases of excavation, production and application of building materials, operability of tunnels 

and construction sites. 

“A new method for forecasting CO2 operation emissions along an infrastructure corridor” 

(Cavallaro et al., 2013) focusses on the operational phase, illustrating how to perform a 

simulation of the current and future energy requirements (and the consequent CO2 emissions), 

to let the railway infrastructure and trains working properly. The method is based on road and 

rail simulations and compares the impact of one ton of freight transported for each of the two 

transport modes. This allows also knowing the quantity of freight necessary to compensate the 

CO2 emissions deriving from the construction of the new infrastructure, as calculated in 

Cavallaro et al. (2013).  
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3.1.1. Quantification of CO2 Emissions deriving from the Construction of a Railway 

Tunnel: the Brenner Base Tunnel 
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3.1.2. A new Method for forecasting CO2 Operation Emissions along an Infrastructure 

Corridor 
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3.2. Economic valuation: CO2 and GHG meta-analysis 

Section 2.2 has discussed the importance of a fair economic valuation of CO2 emissions 

and the related methodological difficulties. The articles presented in this section aim at 

reducing the scientific and economic uncertainties, by adopting alternative approaches.  

The article “A methodological framework for the economic evaluation of CO2 emissions 

from transport” (Nocera and Cavallaro, 2014a) contains a preliminary analysis of the methods 

available in the literature and their characteristics. The literature review reveals that avoidance 

costs are more reliable for short and medium term analyses and for practical purposes, 

because policy goals in terms of CO2 abatement are stated up to the same date at the 

international level, thus reducing the uncertainty about future emission levels. On the other 

hand, damage costs are preferred when it comes to long-term analyses and when a more 

robust scientific comparison with other environmental externalities has to be made. In 

continuity with the two case studies presented in 3.1, this double temporal horizon is adopted 

to assess the economic impacts of CO2 emissions that derive from the realization of the 

Brenner corridor.  

A vast uncertainty affects the adoption of the damage costs, which can determine a range 

of values up to six orders of magnitude (Nocera and Tonin, 2014). Many factors concur to 

determine such condition. A comprehensive meta-analysis could allow a correct 

understanding of the significant variables and provide values that are more reliable. A meta-

analysis can be defined as “a systematic method that uses statistical techniques for combining 

results from different studies to obtain a quantitative estimate of the overall effect of a 

particular intervention or variable on a defined outcome; it produces a stronger conclusion 

than can be provided by any individual study” (Segen, 2002). Fischer and Morgenstern (2003) 

and Kuik et al. (2008) provided useful preliminary information about meta-analyses of carbon 

estimations, emphasizing the need to explain the cost differences according to the choice of 

the selected variables. Tol (2008) tried to address this issue, by analysing several values 

derived from studies pertaining to the cost of carbon emissions. However, Tol’s work only 

assesses studies carried out with PAGE, FUND and DICE, while the list of the IAMs includes 

several other models, thus making the statistical analysis non-exhaustive (Ackerman, 2009). 

Even in the latest version of the database (Tol, 2013), where the sample was broadened, the 

same issue remained. 

In the article “The Economic Impact of Greenhouse Gas Abatement through a Meta-

Analysis: Valuation, Consequences and Implications in terms of Transport Policy” (Nocera et 
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al., 2015a) a comprehensive meta-analysis of GHG estimations has been provided, based on a 

wide number of observations (699) deriving from the literature. For each of them, the study 

provides information about the following main components: 

 General information: the name and year of the study, its nature and the economic 

value in 2010. 

 Scenario considered: type of model adopted, reference scenario, characteristics in 

terms of temperature increase, concentration, temporal horizon and geographic scale. 

 Economic impacts: GDP variation, discount rate, equity weights, damage function and 

other economic parameters that influence the final price. 

 Physical impacts considered, among the macro-groups proposed by Watkiss et al. 

(2005) and reported in Table 1. 

 Specifications: other relevant aspects. 

The meta-analytic regression model adopted in the model has the generic expression 
presented in formula 7): 

  iii uXbat 2010cosln  (7) 

 Where: the dependent variable is the natural log of cost emission; i is the number of 

observations, a is the constant term, b is the coefficient of the vector of explanatory variables 

X and u is a vector of residuals.  

This generic formula is further specified according to the variables considered in our 

model, thus obtaining the formula (8): 

 

adaptationppmvtempgeogsccomb
prtprevpeerypubewcgefiamt





22.0001.013.003.026.0
60.0_47.0006.040.069.009.160.92010cosln (8) 

Where: fiam, cge, ew, adaptation, are dummy variables denoting if the study uses, 

respectively a fully IAM, a Computable General Equilibrium3, equity weighting and 

adaptation. Peer_rev and geogsc are dummy variables for peer reviewed studies and studies 

assessing global impacts (1 = yes); ypub is the year of the publication of the study; prtp is the 

Pure Rate of Time Preference; comb indicates the number of macro groups considered in the 

damage function; temp and ppmv are the future temperature and concentration of GHGs.  

                                                 
3 See section 2.2.  
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This model is used in the article to evaluate the GHG potentialities of several European 

transport policies up to the year 2050, by providing for each of them a specific economic 

value. 

 

An alternative approach to determine the price of CO2 emissions is based on the Multiple 

Agent Multi Criteria Decision Making (MAMCDM). The article “On the Perspective of using 

Multiple Agent Multi Criteria Decision Making for determining a fair Value of Carbon 

Emissions in Transport Planning” (Nocera et al., 2014) describes this approach. MAMCDM 

is the combination of an evaluation method, the Multi Criteria Analysis, and the Multi Agent 

System, which models the interactions of agents (or groups of agents) in a given environment. 

Differently from the approaches previously described, this estimation process does not rely 

only on an ex-post mediation of different technical approaches. Indeed, the process results 

from a deeper analysis, which aims at understanding the different frames and redefining them 

through a shared approach. The carbon MAMCDM process is presented, with a first 

explicative example that illustrates the potentials of this model in determining a fair price for 

CO2 emissions. The method is conceptually very different in comparison with the technical 

valuation previously illustrated. It is founded on a procedure, which implies the dynamic 

human interactions and decisions taken before the production of a final value. Conceptually, 

this approach is strictly related to the frame reflection theory elaborated by Schön and Rein 

(1994): rather than proposing a univocal solution, the final value is the synthesis of different 

points of view, which takes into account the actors’ values and mental conception of the 

world. This is an alternative vision in line with social sciences, rather than the so-called “hard 

sciences”. 
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3.2.1. A Methodological Framework for the Economic Evaluation of CO2 Emissions from 

Transportation 
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3.2.2. The Economic Impact of Greenhouse Gas Abatement through a Meta-Analysis: 

Valuation, Consequences and Implications in terms of Transport Policy 
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3.2.3. On the Perspective of using Multiple Agent Multi Criteria Decision Making for 

determining a fair Value of Carbon Emissions in Transport Planning 
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3.3. Inclusion in mobility plans: the carbon efficiency 

Aware of the difficulties to find the most suitable form of plan to deal with CO2 emissions 

(and not only), the EU has proposed the introduction of the Sustainable Urban Mobility Plan 

(SUMP). SUMP builds on existing practices and includes integration, participation, and 

evaluation principles to satisfy the mobility needs of citizens (Wefering et al., 2014). It 

considers several objectives. Some of them are those expressed in a traditional traffic plan: to 

improve safety and security, the efficiency of the goods and passenger transport, to reduce air 

and noise pollution. Others are more difficult to quantify, such as the objective to enhance the 

attractiveness and quality of the urban environment and urban design for the benefits of 

citizens, the economy and society as a whole (Bührmann et al., 2013). In this sense, SUMP is 

not a technical development of a sectorial knowledge; rather, it is the result of a 

multidisciplinary and integrated process, which comprises status analysis, vision building, 

objective and target setting, policy and measure selection, active communication, monitoring 

and evaluation.  

 

Figure 4: The designing process of a SUMP. Source: Wefering et al., 2014 
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According to figure 4, activity 5.1 can consider the reduction of CO2 emissions as one of 

the priorities for urban mobility. Consequently, the identification of the most effective 

measures to reach this target have to be provided within action 6.1. However, when trying to 

create a SUMP only general guidelines are given, while there is a lack of technical solutions 

to address specific topics such as carbon reduction. These aspects are demanded to the phase 

of transport programming, which should determine the work to be performed in a specified 

period to accomplish the objectives set, with due regard given to the relative urgency of work 

(TRB, 1978). This method has to select cost-effective projects reflecting community needs 

and develop a multiyear investment strategy within budgetary constraints over the planning 

horizon previously defined. 

The two scientific articles that constitute this section are strictly connected. The article 

“The ancillary role of CO2 Reduction in Urban Transport Plans” (Nocera and Cavallaro, 

2014b) highlights the difficulties of some relevant European local transport and mobility 

plans to address the theme of CO2 emissions actively. At the same time, the article discusses 

the ambiguous role of SEAPs: on the one hand, they present an (over)simplified approach to 

consider the measures in relation with carbon issues; on the other hand, they cannot cover the 

complexity of an integrated transport approach. 

The article “Carbon Estimation and Urban Mobility Plans: Opportunities in a Context of 

Austerity” (Nocera et al., 2015b) tries to solve the carbon issue and urban mobility plans, by 

proposing a methodology to internalize the CO2 impacts of measures. This methodology bases 

on a three-step approach, which partially takes into account the methodologies described in 

3.1 and 3.2. First, a description of the measures to be included in the plan and their expected 

CO2 results is carried out. Second, the economic valuation of the benefits is assessed. Third, 

CO2 evaluations are included in a more comprehensive CBA that takes into account also other 

relevant transport issues and the choice of the most suitable measures is performed. The 

analysis refers to the periods of austerity, when considering carbon emissions as having a 

minor role can have critical consequences that could lead to wrong evaluations about the 

definition of priorities and the efficient allocation of money. The case study of the Italian city 

of Bologna, where a Municipal Structural Plan has been recently adopted, is presented. The 

methodology applied within this plan allows to calculate the costs of the measures, the carbon 

benefits and their efficiency, thus granting a comprehensive overview regarding the CO2 

aspects related to the transport measures. 
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3.3.1. The Ancillary Role of CO2 Reduction in Urban Transport Plans 
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3.3.2. Carbon Estimation and Urban Mobility Plans: Opportunities in a Context of 

Austerity 
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4. MAIN FINDINGS 

4.1. Quantification 

The quantification of CO2 emissions deriving from the introduction of new infrastructures, 

transport systems or the implementation of specific measures and policies is the sum of 

several and complex phases that concur in determining the final results. In section 3.1, the 

CO2 impact of a new transnational infrastructure (the Brenner HS/HC railway line) was 

assessed, considering, respectively, the construction and operational phases in all its analytical 

components.  

During the phase of construction, the production of the building materials represents the 

largest proportion, with about 85% of total CO2 emissions (68% is due to the cement 

production); 7% is produced both to ensure lighting, ventilation and cooling of tunnels and for 

the excavation operations (Maino and Cavallaro, 2015). Finally, the operation on the sites 

counts for 1%. In absolute terms, the overall amount of CO2 generated is about 2.28 Mt, a 

quantity only slightly higher than the emissions generated from road and rail traffic during the 

time span of one year along the Brenner stretch from Kufstein to Verona4. Results of this 

study allow understanding the most impacting actions during the construction phase, 

focussing on them to optimize the process and to reduce CO2 emissions.  

The main finding deriving from the analysis of the operational phase of BBT (Cavallaro et 

al. (2013), is the fundamental role of transport policies in granting a modal shift from road to 

rail and to obtain concrete results in terms of CO2 reduction. Only a balanced introduction of 

push- and pull-measures5 can guarantee positive results. Indeed, if transport policies continue 

to postpone their introduction, rail and, mostly, road traffic will further increase. CO2 

emissions are expected to grow accordingly. Counting only on technological development to 

reduce the carbon pressure has proved not to be effective to solve the issue (Dray et al., 2012). 

Under these assumptions, the realization of a new infrastructure such as a HS/HC railway line 

could even be detrimental, because it grants further transport capacity to the corridor. Results 

deriving from the scenarios created for freight transport and referred to the year 2030 confirm 

this statement: Trend (prosecution of the current transport policy) presents higher emissions 

than Do-nothing (about 1.1 Mt/year against 1.0 Mt/year). Hence, transport sustainability, 
                                                 

4 These values depend on the scenario and on the reference year considered. Referring to the 2015, total annual 
emissions are estimated between 1.5 and 2 Mt. 
5 Push-measures are imposed on travellers and freight operators in order to discourage the use of private 
transport. They can be divided into financial instruments (e.g. taxes, charges and tolls) and technical and 
regulatory constraints (e.g. orders and bans). Pull-measures are implemented to improve the attractiveness of 
existing alternatives, such as rail.  
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which is used at institutional level to justify the investment for this type of infrastructures, 

could not be supported by these figures. Indeed, this motivation holds, if –and only if- there is 

a contextual introduction of adequate and integrated policy measures (as developed in 

Consensus), which aims at shifting the freight from road to rail transport. In this case, CO2 

emissions can lower up to 0.85 Mt/year, thus granting a saving of about 0.2 Mt in comparison 

with Do-nothing and 0.3 Mt with Trend. Policy makers should consider these aspects, by 

granting an adequate support to rail transport, even before the opening of the new 

infrastructure. The trend of recent years at Brenner (UFT, 2013) reveals a constant decrease of 

tons transported by rail and a parallel increase in road transport, which makes the current 

condition more similar to Trend than Consensus. If the analysis is also extended to passenger 

transport (Nocera et al., 2012), the CO2 difference between the two scenarios is expected to 

increase, reaching 5.7 Mt for the years 2010-2035: all the conclusions previously drawn are 

even more valid in this case. 

 

4.2. Economic valuation 

Although the local community cannot directly measure the effects, just as occurs for other 

transport externalities (e.g., noise, congestion), a yearly saving of more than 0.3 Mt CO2 is a 

relevant social benefit. In Nocera and Cavallaro (2014a), the potential CO2 saving granted by 

the new HS/HC Brenner railway line has been evaluated in economic terms. Results, 

extended to the years 2010-2035, reveal a difference up to 559 M€ between Consensus and 

Trend. This amount evaluates the consequences deriving from the missed introduction of 

adequate transport policies that support the shift from road to rail.  

In Nocera et al. (2015a), this approach has been extended to all GHGs and to general 

transport measures, such as the introduction of more restrictive emission limits for rail, road, 

air and water transport modes. These measures are implementable at EU level and directly 

affect the transport policies and carbon reduction targets at continental level. A meta-

regression analysis has provided a reliable estimation of the unitary value. This is function of 

several variables that are decided by the modeller and are based on clear political choices. 

According to the case study presented, the price is included in a range that varies between 

$52.34/tCO2eq and $38.20/tCO2eq. Such values are rather high if compared with the European 

Union Emissions Trading Scheme (EU ETS; EU, 2012b) and with most of the carbon taxes 

applied at global level (except for Scandinavian States, where national governments support 

alternative energy sources through a high carbon tax). 
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This discrepancy should pose relevant questions about the most effective methods to 

mitigate the negative effects of climate change and the solutions adopted. For example, it 

should be avoided that carbon taxes may become a way to increase government revenues 

rather than constitute a fund to grant environmental benefits. On the other hand, the 

possibility that the carbon trade becomes a speculative market is also concrete: since the 

introduction of the EU ETS, in 2005, the prices have fluctuated between €30.00/tCO2 and 

€4.00/tCO2 (about $144.85/tC and $19.88/tC respectively; Strahan, 2013). For such reasons, 

these methods are not reliable to regulate a long-term strategy.  

Indeed, a policy-driven approach is necessary: climate change is a long-term common 

issue and should be treated as such, despite the typical alternation of political legislatures. 

This means that the targets about future emissions and about limitation of the temperature 

increase (i.e., the mitigation approach recalled in the introduction) should be fixed only once 

and should then be kept constant through the years; doing otherwise would imply a lack of 

structural commitment. The changes that can be made should regard the way to obtain such 

reduction, which means the choice of the measures; but the overall objective should not be put 

into discussion. The unexpected repeal of the carbon tax made by Australia in 2014 has given 

evidence of how concrete this risk is. Without leading to the same dramatic consequences, the 

0.045$/tCO2 proposed in California as a reference value for a carbon tax shows the distance 

between a fair evaluation of the damages produced by CO2 emissions and their coherent 

adoption in political decisions. The problem raised in 2.2 about equity weight and its fair 

adoption at global level still reveals a discrepancy between the theoretical framework and the 

practical implementation. MAMCDM has revealed good potentialities to make the decision a 

community-based and international-based process, thus avoiding the dangerous DEAD 

approach6, which has often led to the polarization of the positions rather than a convergence 

on shared results. The experience gathered during the years of the Kyoto Protocol, which was 

adopted in 1997 and only entered into force in 2005 (without USA and Australia, two of the 

most CO2-emitting countries) should be an important lesson to draw from in order to avoid 

similar partial results in the future. The recent signing of the Paris agreement (UN, 2015) is 

another chance to propose a joint strategy that could be based on a common evaluation of the 

CO2 mitigation strategy. 

 

                                                 
6 Acronym of Decision, Education, Announcement and Defense (Hartz-Karp, 2007). 
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4.3. Inclusion in mobility plans 

Transport planning is based on a multidimensional approach that needs a clear definition of 

the tasks and the responsibility at each level in order to avoid conflicts. Within the current 

framework, the long-term and strategic issues are discussed at an international level, while the 

operative solutions have been demanded to the local mobility plans. Historically, this latter 

type of plan has reflected the policy concerns of the time in which it was conceived. As 

highlighted in Nocera and Cavallaro (2014b), traditional transport plans have mostly been 

traffic-oriented, focussing on solving issues such as traffic flows, congestion and parking 

places. The recent conceptual shift from transport to mobility planning needs a widening of 

these objectives, by proposing short- and medium- terms actions inserted in a coherent long-

term strategy (Wefering et al., 2014). The current context allows the reduction of CO2 

emissions to become one of the priorities of the plan, and be achieved through measures 

primarily conceived for this aim. 

Following the same purpose, new forms of plan have been recently introduced, which 

flank and integrate the consolidated methodologies. These plans, whose SEAP is probably the 

most known, are based on a multidisciplinary approach in order to solve the specific issue of 

CO2 emissions. However, if not well coordinated, these plans can create critical overlapping, 

and even conflicts, with the traditional forms of mobility plan. Rather than a progressive 

specialization, the real challenge, rather than a progressive specialization, is to establish a 

correct and gradual integration of these disciplines into a comprehensive plan, which shall be 

able to address different issues and to manage the conflicts with a broader perspective. Some 

experiences (e.g. the London Plan; London Plan Team, 2011) confirm the difficulties, but also 

the potentialities of this approach. 

This integration is particularly important for spatial development and transport planning, 

two disciplines that are conceptually strictly connected, but in most cases separated 

operatively7. The research question is certainly not new (Wegener and Fürst, 1999) and in the 

past years, it has mostly focussed on the relationship between accessibility and spatial 

development (Bertolini et al., 2005). The development of land-use transport interaction 

(LUTI) models has provided concrete solutions in terms of integration between spatial 

development and infrastructures, mostly in America (Facchinetti, 2002): for instance, transit-

oriented development is a direct consequence of the integration of public transport network 

and town planning. The new challenge is to extend such integration not only to infrastructural 
                                                 

7 In Italy, for example, transport and spatial plans are two separate fields, covered from two different types of 
plans (Piano Urbano della Mobilità and Piano Regolatore Generale). 
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issues, but also to the broader concept of mobility defined in the SUMPs, which also includes 

CO2 emissions.  

Adequate and easy-to-use evaluation tools are necessary, so that policy makers can explain 

and share their decision in a clear and justifiable way. Nocera et al. (2015b) have defined a 

methodology to assess the potentialities of specific transport measures to reduce CO2. Applied 

to the case study of Bologna, this method has internalized the CO2 effectiveness of specific 

transport measures included in urban mobility plans, by quantifying their economic benefits 

and implementation costs. This tool presupposes a vision towards transport planning, which is 

in contrast with the austerity and the “wartime spirit approach” (Hinton and Redclift, 2009). 

Indeed, strategic transport planning can deliver positive returns to cities and countries, but 

they first need a sustainable retrofitting. Carbon assessment should be part of this evaluation 

and actively influence the shaping of future transport patterns. 
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5. CONCLUSIONS 

Uncertainty largely affects carbon policies; hence, it is a concept that has occurred very 

frequently in this thesis. Indeed, the evaluation of transport CO2 emissions is affected by 

several scientific and economic components (see section 2), which can determine up to six 

orders of magnitude in the estimation of the unitary value of carbon. With such a wide range, 

it is very difficult to provide an accurate evaluation of CO2 impacts and to intervene with 

appropriate solutions.  

How can these practical difficulties be handled? Provided that planners aim at obtaining 

right forecasts8, Flyvbjerg et al. (2003) have suggested that the most effective means for 

improving forecasting accuracy is not to improve models, but instead to adopt more realistic 

assumptions and systematically use empirically based assessments of risk. According to this 

vision, Salling and Banister (2010) developed a model constituted by a deterministic 

calculation module, which uses CBA to determine a project feasibility, and whose results are 

then elaborated through a stochastic process based on a Monte Carlo simulation. Similarly, 

the approach adopted in this thesis has tried to keep the models and formulas as simple as 

possible. When dealing with long-term forecasts, the concrete risk of producing elegant, but 

inefficient methodological subtleties should be avoided. Uncertainty remains a critical aspect 

also in analysing economic and feasibility studies. In such cases, the method of the reference 

class forecasting (Lovallo and Kahneman, 2003) could be helpful: it compares the outcome of 

a specific assessment in a statistical distribution from a group of reference projects. This 

conceptual approach is similar to that adopted in Nocera and Cavallaro (2014a) and Nocera et 

al. (2015a), which adopts a meta-analysis in order to find a reliable value of GHG emissions 

based on a big database of similar assessments. Despite these methodological assumptions 

and simplifications, much work on uncertainty still has to be made, in order to minimize the 

subjective component (Natke and Ben-Haim, 1996) by assessing it in a dedicated analysis.  

The issue of transport CO2 emissions can find potential interesting synergies with micro-

scale models (Hoogendorn and Bovy, 2001): indeed, it has recently been tested in specific 

road sectors such as the highways (Abou-Senna and Radwan, 2014). This thesis has adopted a 

macroscopic approach, since the analysis has focused on new transnational infrastructures, 

policies at the European level and urban measures, where the operation model was not the 

                                                 
8 The question is not trivial: due to the enormous economic interests and the political pressures, the tendency to 
use accurate results to justify the construction of a work, as well as the implementation of a measure, can be 
concrete. In this case, the question has to be inverted (Flyvbjerg et al., 2006): what others can do to impose on 
planners the checks and balances that would give planners the incentive to stop producing biased forecasts.  
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primary issue. However, when dealing with specific measures (e.g. a new pedestrian area or a 

limited traffic zone), these traffic management aspects become relevant: indeed, the 

specificities of the intervention play a crucial role, and a comparison among different 

proposals of the same solution could generate very different results. In such cases, a macro 

scale modelling can probably be complemented by alternative methods, which simulate 

detailed temporal and spatial aspects. The impacts of new measures can be verified by 

adopting simulation programmes, such as the Multi Agent Transport Simulation (MATSim; 

Balmer et al., 2008), which could be implemented with a specific climate change module 

specifically developed to this aim. A similar -even if simplified- attempt has been recently 

provided at mesoscopic scale by Zhou et al. (2015); some other software packages (e.g., PTV 

VisSim; Visual Solutions Inc, 2010) already include an emission module called EnViVer, but 

do not consider the phase of evaluation. A similar question was posed by the FP7 project ICT-

emissions (Samaras et al., 2012), which tried to investigate the micro scale impact of ICT 

technologies, focussing on single vehicles and drivers’ behaviour in response to specific 

solutions. In this case, the attempt was to obtain generalizable results valid also at the macro 

scale, but no final solutions were given. Interesting synergies could derive from the inclusion 

of the perspective developed in this thesis. 

The relationship between transport big data and CO2 emissions is another relevant aspect 

that may deserve some future investigation. Big data management is becoming a relevant 

topic in transport (ITF, 2015); however, specific studies regarding the potentialities for the 

reduction of CO2 emissions are still either missing or in a very initial phase. In this 

framework, it would be relevant to assess the implications of specific measures that could be 

handled through the management and the analysis of big data (e.g., by assessing the behaviour 

of drivers before and after the introduction of a specific measure such as eco-driving). 

Finally, a change of perspective, which assesses the impacts of climate change on transport 

and mobility, is also possible. Mills and Andrey (2002) identified three main categories: 

infrastructure, transport operations and transport demand/travel behaviour. Much research has 

been provided about the first aspect (Jaroszweski et al., 2010), while the two others have been 

less discussed. Especially the relationship between transport demand and climate change 

seems an interesting future research theme. In this case, we do not refer to weather changes 

and their implications on daily behaviour of travellers, but rather on the long run potential 

effects of global warming and the impact of seasonal patterns, such as the variation in the 

number of trips or changes in circulation behaviours. 

http://www.sciencedirect.com/science/article/pii/S0966692309001185
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As it can be established from the previous paragraphs, several important research questions 

are still ongoing, while others present an innovative nature. Further research is necessary to 

provide the appropriate answer to a complex issue such as CO2 emissions and transport. This 

is valid not only at the scientific level, but also at the policy level. The president of the United 

States of America, Mr. Barack Obama, declared recently, “No challenge poses a greater threat 

to future generations than climate change”. Transport planners, through the adoption of 

appropriate long-term strategies, can play an active role towards the resolution of this issue. 

The current ancillary role of CO2 emissions in mobility plans cannot be the appropriate 

solution. However, the rigid application of the principle that “once the carbon shadow price is 

high enough so that maximum feasible abatement is a welfare improvement, there is no 

additional meaning to an even higher price”, should be carefully considered. It may result in 

inefficient policies in terms of transport but not only, since money invested for this aim could 

be used elsewhere, getting higher benefits for the community. Policy makers have to provide 

a fair evaluation of social carbon consequences, so that it is possible to interpret the political 

choices in terms of capital allocation through the overall benefits achieved. The current thesis 

has contributed to the debate regarding these aspects, by proposing a three-step process based 

on quantification, evaluation and possible inclusion into mobility plans. This methodology 

allows considering the impact of transport choices for climate consequences, thus enlarging 

the set of criteria at disposition to the policy makers, in order for them to select the most 

effective policies and measures to be adopted.  
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