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Abstract

In recent years, a large body of literature has been published on the management of CO, emissions. Despite the proposal of
several methods for their monetisation, a definitive method remains to be found. This paper reviews some of the commonly
adopted techniques and evaluates their pros and cons. The most reliable values for the years 2010-2020 have been determined
with the Avoidance Cost technique. Three different scenarios are analysed, each of them representing a different political
strategy regarding the reduction of CO, emissions. The values obtained are then applied to the case study of Italian highways,
demonstrating that the application of an aggressive emissions reduction policy would require an investment of about €17,000
million more than a conservative policy.

© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Program Committee.
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1. Introduction

Global warming is one of the main externalities in the transportation sector and the literature generally
concurs that greenhouse gases (GHGs) are the main cause of increasing temperatures (Sinha & Labi, 2007;
Black, 2010). Among all GHGs, CO, accounts for more than 75% of total emissions (IPCC, 2007), making it the
most relevant of the global warming gases.
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Atmospheric CO, concentrations currently stand at 390 million by volume (ppmv), which is above the
harmfulness threshold of 350 ppmv. At this concentration, CO, contributes to the consequences of climate
change, including droughts, floods, increase in sea levels, and loss of biodiversity (Hansen et al., 2008; TRB,
2008). The transportation sector plays a significant role, since emissions have grown by about 30% in the last
twenty years, the only sector to fail to provide a reduction in comparison to 1990 (EC, 2009).

To reduce these emissions, global warming consequences have to be internalised in overall transportation
costs by monetising their impact on the environment. This approach can also be included into a more
comprehensive assessment about the economical evaluation of all the external impacts of an infrastructure
through a Cost Benefit Analysis or a Multi Criteria Evaluation (IUAV TTL, 2010).

Section 2 of this paper describes several methods to determine a reliable unitary economic value for CO,
emissions and chooses reference values with respect to European shared targets. Section 3 applies these values to
the case study of transport on Italian highways. Some concluding remarks, including pros and cons of the
method, are in the final section of the paper.

2. Unitary economic value of CO, emissions

CO, emission costs can be internalised by adopting a monetisation technique. In this process, the gases
emitted are first quantified in terms of tonnes of carbon dioxide (tCO,). This value is then converted into a
monetary figure ($, £ or €) by multiplying the quantity of emissions by a unitary price.

The main problem of this process is to determine a fair unitary price. The techniques adopted to this aim are
normally placed into two categories: market-based prices (section 2.1) and prices that take into account future
expected variations (section 2.2). Each of these methods has several pros and cons, making it difficult to choose
the most reliable one. The following subchapters deal specifically with this aspect.

2.1. CO, Market-based prices

The traditional methods to determine the current market value of CO, are Carbon-trading Price and Tax
Price. The former is based on the "Cap-and-Trade" law. “Cap” is the maximum amount of CO, that can be
emitted without paying a fine; within this cap, companies receive emission allowances that they can sell to or buy
from one another if needed (“trade”). The second method is a fee on the carbon content of fuels or on the
estimated CO, emitted in the fuel combustion process. These two methods are conceptually very different
(Weitzman, 1974), since the variable taken into account to obtain the expected results are either ‘quantities’ in the
Cap-and-Trade method or ‘prices’ in the Tax method. Theoretically speaking (i.e., in a perfect-information
system), the results obtained by the two techniques are the same: if the regulator distributes the optimal number
of permits, their price will correspond to the optimum tax level, ending in no difference for the polluter (Baumol
and Oates, 1988).

In practice, however, the results can be very different, due to the imperfect information and laws that
regulate the economy. On the one hand, Carbon Tax can generate significant revenues for the government, which
it can then use to reduce distortionary taxes in the economy (Aldy et al., 2008). However, Carbon Tax suffers
from an important political handicap: it is an unpopular measure among citizens, and most times its introduction
is considered as an attempt to garner popularity in the electorate, rather than to determine a fair price. It follows
then that the risk of rejection of the tax is significant. Moreover, even if introduced, there is a significant risk to
underestimate the tax rate, thus producing very disparate and incomparable values (up to four orders of
magnitude). For example, Sumner et al. (2009) cite the $105.00/t CO, and $0.045/t CO, reference prices in
Sweden and California, respectively. Countries in which the tax has been rigorously introduced have great
economic disadvantages compared with countries where the tax has not either been introduced or introduced at
lower levels (Pearce, 1991). In the former case, production costs are obviously greater, thus contributing to
higher, less competitive consumer prices. Finally, social factors must also be considered: carbon taxes mostly
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impact lower income households, since they tend to spend more proportionally on carbon intensive activities
(Santos, 2010).

On the other hand, the application of Cap-and-Trade is largely limited by the technology; it can only be
adopted for stable sectors, such as industry and power plants, in which the quantification of emissions is
technically feasible. For other fields, such as transportation, buildings and agriculture, it is difficult to implement.
Moreover, due to the economic nature of the price, this system may lead to significant price fluctuations, which
increase the intrinsic uncertainty of the reference price. This price is particularly influenced by the pressure of
industry sector, which contributes to make it noticeably underestimated. Finally, 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).

As far as a strategic CO, economic evaluation is concerned, the focus on current emission values and the
lack of a long-term temporal horizon are insurmountable issues through these methods. These prices are thus
unsuitable unless very short temporal horizons are considered. It follows then that other prices should be found
for future forecasts.

2.2. CO, prices based on future consequences

To determine current and future economic values of CO,, more complex techniques have been adopted since
the 1990s: Damage Cost and Avoidance Cost can be considered as the two methods most employed (Maibach et
al., 2008).

Damage Cost assesses the future physical impacts of climate change and links them with the consequences
on the economy and society. It is based on a Cost Benefit Analysis (CBA) that determines the optimal policies to
adopt on the basis of the environmental, social and economic consequences expected, and then evaluates whether
the benefits are expected to exceed the costs. The aim is to establish the so-called Marginal Social Cost of Carbon
(MSCC), defined as the Net Present Value of climate change impacts over the next 100 years of one additional
tonne of CO, emitted in the atmosphere today (Watkiss et al., 2005). Damage Cost is quantified by adopting
specific Integrated Assessment Models (IAMs), such as DICE (Nordhaus, 1992), FUND (Kuik et al., 2008) and
PAGE (Hope, 2006).

Even if theoretically rigorous, this method suffers from several uncertainties that are endemic to all forecasts
and estimations. The process goes as follows: first, future CO, emission levels are estimated; secondly, a link
between emissions and atmospheric concentration is determined; thirdly, the GHG consequences to climate
change are assessed; and fourthly, the physical impacts of climate change are measured. On this basis, Clarkson
and Deyes (2002) highlight the two main aspects of uncertainty: scientific and economic. The former consists of
evaluating future CO, emission levels, determining a link between emissions and atmospheric concentration,
assessing the GHG consequences on climate change and finally measuring the physical impacts of climate
change. The latter is based on the quantification of a parameter called ‘Equity Weighting’ and the choice of the
discount rate used to monetise future emissions. It follows that uncertainty can be minimised, but not eliminated.

As a result of these uncertainties, studies that adopt the Damage Cost technique range from $19.00 to about
$900.00/t CO, (Litman, 2011). This obviously vast range does not help to define a singular reliable value.

Avoidance Cost (also known as Mitigation or Control Cost) quantifies the funds required to avoid an
increase of CO, levels, to reduce their emission, and to remove them from the atmosphere. Scientific uncertainty
is much lower in this case, since environmental effects are not directly included in the analysis. The method is
strictly related to the development of policy targets that aim at lowering emissions to a given percentage in a
fixed temporal horizon. In this sense, the determination of the CO, emission price is in large part a political issue,
related to the targets that a society wishes to attain. Therefore, in attributing a unitary CO, price, it is of the
utmost importance to state clearly the goals expected in terms of environmental results, in terms of relative
variation from current level (%), absolute CO, concentrations (ppmv) or temperature changes (°C).
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Operatively, Avoidance Cost is based on a cost-effectiveness analysis focussed on expressing the optimum
price to achieve the targets. Since it compares the costs of alternative ways of producing the same or similar
outputs, it can be considered a relative measure. In economic terms, the value represents the least expensive
option to achieve a required reduction level of greenhouse gas emissions. The optimum emission level is
determined as the intersection of the curves of Marginal Avoidance Cost (MAC) and Marginal Social Damage
(MSC). Emissions are at their optimum level when the incremental social costs of additional abatement (i.e.
reducing emissions by one tonne) are equal to the additional social benefits of avoided damage.

As with Damage Cost, the range of unitary values is broad, varying from €15.00/t CO, (CEC, 2007) to
€381.00/t CO, (Kuik et al., 2008). However, these differences can be explained in terms of the target and
temporal horizon chosen; Kuik et al. (2008) state that a targeted reduction of CO, concentration to 450 ppmv by
2025 would imply an aggressive policy, due to the shorter temporal horizon. The European Commission fixes the
same target for 2050, with a constant linear yearly increase of values. Also this trend is influenced by some
uncertainty (e.g., the future energy costs used in the technical and non-technical options to reduce CO, emissions
cannot be determined with certain knowledge), but the overall incidence is noticeable lower than in Damage Cost
(Litman, 2011).

2.3. Discussion of the chosen method

Given the previous analysis, Avoidance Cost method would seem to be a more effective in determining a fair
CO, unitary price, provided that targets, measures and policies are clearly stated. Therefore it is adopted as the
reference method in this paper. The temporal horizon is a ten-year period (up to 2020), according to the case
study presented in the following section 3. Rather than a single value, a range has been introduced, characterised
by the targets of different environmental policies. Three values are determined, namely, the lower, the medium
and the upper values.

The lower value is the product of a very conservative carbon policy: CO, emissions in 2020 would stabilise
at the level forecast by the ‘Kyoto Protocol’” (UN, 1998), which is an international environmental agreement
ratified by most of the world’s nations between 1997 and 2005. The original goal was to reduce the overall CO,
emissions of a nation by 5%, compared to 1990, but in Europe this reduction was increased to 8% from 2008 to
2012. The values range between €7.00/t CO, for the year 2010 (Maibach et al., 2008) and €20.00/t CO, for the
year 2020 (Nash, 2003; EC, 2005), growing proportionally in this range in this 10-year period.

The medium value is the result of a long-term policy suggested by EU up to the year 2050, which aims to
stabilise the Earth’s temperature at 2°C above pre-industrial age levels. To this end, the achievement of the
‘Europe 20-20-20’ targets (EU, 2012a) can be considered a medium-term goal. This policy implies a reduction in
CO, emissions of 20% below 1990 levels and the adoption of 20% of renewable energies by 2020. The values are
based on a European project (CEC, 2007), which has been developed under the direct supervision of EU. In the
year 2010, the central value is fixed at €19.00/t CO,, a cost that rises to €38.00/t CO, by the year 2020.

Finally, the upper value is part of a more ambitious policy, which aims at a 30% reduction of CO, by 2020
compared to 1990 levels. The values here proposed are €38.00/t CO, in the year 2010 and €93.00/t CO, in the
year 2020, based respectively on studies developed by Capros and Mantzos (2000) and Elzen et al. (2007). These
values are also coherent to those expressed by van Vuuren et al. (2006).

Table 1 summarises the CO, unitary values previously described.

These values are taken from different European studies and are limited to continental Europe only. If
compared to other absolute parameters, such as CO, concentrations or temperature increases, the reduction of
relative CO, emissions seems a more robust target, since it is neither affected by nor dependent upon the decision
of other states. In other words, Europe can achieve its goals independently from the decisions of non-European
countries. Hence, the complexity deriving from the global cooperation/competition strategies to obtain a common
goal can be avoided (Forgé et al., 2005).
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In next section these values are used to determine the economic impact of CO, emissions in transportation
field by evaluating the case study of road traffic on Italian highways.

Table 1: CO, prices (€/tCO,) adopted here in the period 2010-2020: lower, median and upper values.
CO, prices (€/tCO,): years 2010-2020

CO; LOWER CO; MEDIAN CO, UPPER
UNITARY PRICE UNITARY PRICE UNITARY PRICE
YEAR €1tCO, €1tCO, €1CO,
2010 7.00 19.00 38.00
2011 8.30 20.90 43.50
2012 9.60 22.80 49.00
2013 10.90 24.70 54.50
2014 12.20 26.60 60.00
2015 13.50 28.50 65.50
2016 14.80 30.40 71.00
2017 16.10 32.30 76.50
2018 17.40 34.20 82.00
2019 18.70 36.10 87.50
2020 20.00 38.00 93.00

3. Case-study: the costs of CO, emissions deriving from Italian highways in the period 2010-2020

As far as the evolution of CO, emissions is concerned, transportation is undoubtedly one of the most critical
sectors internationally. Emissions have been constantly increasing over the past 20 years (EU, 2009) and
forecasts seem to confirm this trend. Hence, the EU encourages a better balance of transport modes by limiting
the growth of the most pollution-causing and encouraging the development of the most sustainable, including the
rail and the maritime ones (EC, 2011). However some of the oligopoly and market problems that bound their
development make these systems not attractive enough (Fornasiero and Libardo, 2011).

On the contrary, road transport is very used and belongs to the more polluting systems (van Essen et al.,
2003). Among European countries, Italy has one of the highest percentages of road transport (about 70% for
goods and 90% for passengers; Cicerchia, 2004). According to the Italian Association of Motorway and Tunnel
Concessionaire Companies (Aiscat), the highway network in Italy is constantly expanding. Currently it is 6,650
km long, but a further 150 km are under construction and further 500 km have already been planned in the
coming years (Aiscat, 2010). This section attempts to provide a reliable measure of the damages related to
climate change that are produced by road vehicles by determining the cost of CO, emission deriving from the
Italian highways between 2010 and 2020.

From a theoretical perspective, the first step is to determine the annual national CO, emissions for the
transportation mode i. This value can be calculated as the product of the distance covered, the average
consumption of a standard vehicle and the overall amount of the vehicles considered (Nocera and Cavallaro,
2011). Then, the value obtained must be multiplied by the unitary economic price of CO,, as shown in formula

(1):
py =y -c; n)u;

Where: p; stands for the cost of CO, emissions for the transportation mode i in the year j;

)
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d;;is the distance covered from the transportation mode i in the year j;

c;; is the average fuel consumption of the standard vehicle of the transportation mode i in the year j;
n;;is the overall amount of vehicles in the transportation mode i in the year j;

u;is the unitary economic price of CO, emissions in the year j.

Operatively, AISCAT provides information about annual traffic circulation on the entire highway network.
Data are expressed as total amount of cars and heavy goods vehicles (HGVs) and as vehicle kilometres travelled
(VKT), that is, the sum of all kilometres travelled in a year on a highway by a given class of vehicles. Recalling
formula (1), VKT can be thought as the product of d; by n;. Data are available from 1980 to 2010. By the
adoption of a trend series, it is possible to extrapolate values and determine the amount of vehicles circulating
along Italian highway network up to 2020. Overall data thus obtained, expressed as billion VKT, are reported in
Table 2.

Table 2: Traffic on the Italian highway network between 1980-2020. Source: AISCAT, Annual Reports 1980-2010

TRAFFIC ALONG ITALIAN HIGHWAYS 1980-2020

Year Cars HGVs Year Cars HGVs
Billion VKT Billion VKT Billion VKT Billion VKT

1980 22.99 9.91 2001 55.82 17.23
1981 23.76 10.24 2002 57.32 17.81
1982 2491 10.29 2003 59.01 18.33
1983 25.26 10.23 2004 59.93 19.03
1984 26.79 10.56 2005 60.20 19.16
1985 28.34 8.10 2006 62.12 19.76
1986 30.68 8.44 2007 63.56 20.23
1987 3342 9.12 2008 62.27 19.81
1988 36.48 9.96 2009 64.55 18.36
1989 38.88 10.82 2010 64.50 18.77
1990 40.48 11.31 2011 69.50 20.67
1991 41.23 11.92 2012 70.98 21.23
1992 42.77 12.30 2013 72.41 21.81
1993 43.76 12.31 2014 73.80 22.39
1994 45.16 12.93 2015 75.09 22.98
1995 46.47 13.51 2016 76.34 23.58
1996 47.07 13.73 2017 77.55 24.01
1997 48.77 14.43 2018 78.77 24.42
1998 50.82 15.16 2019 80.04 24.83
1999 52.13 15.97 2020 81.40 25.25
2000 53.62 16.77 Note: normal type = historical data; bold type = forecast data

The specific annual emissions (c;) of a vehicle must then be determined. To this end, several tools have been
developed in recent years (Nocera et al., 2012). The “Handbook Emissions Factors for Road Transport” (Infras,
2004) is known to be one of the most suitable. In this book, the evaluation of the specific emissions is based on
vehicle type. For goods, the standard vehicle is a 14-20 tonne HGV powered by diesel (Euro 4), with an average
speed of 85 km/h. The emissions are the average of a journey with a full and empty load. The standard vehicle for
passengers is a 1.4-2 1 car powered by gasoline (Euro 4), with an average speed of about 110 km/h. No slope on
the highways is considered. Results are expressed in g/km (Table 3).
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Table 3: CO, unitary emissions (g/km) of cars and HGVs on highways. Source: Infras, 2004

CO, SPECIFIC EMISSIONS

YEAR CAR HGV
g/km g/km

2010 207.41 656.12
2011 205.69 658.24
2012 203.99 660.24
2013 202.18 662.14
2014 200.66 663.75
2015 199.26 665.16
2016 197.96 666.56
2017 196.77 667.83
2018 195.67 668.97
2019 194.66 669.96
2020 193.74 670.80

Referring to formula (1) and recalling that u; values were determined in Table 1, it is now possible to
quantify the economic values of CO, emissions adopting the lower, medium and upper values as the product of
data expressed in Tables 1, 2 and 3.

The external costs deriving from CO, emissions of cars alone in decade 2010-2020 are €2,238M, €4,706M
and €10,840M, if lower, medium or upper unitary CO, prices are considered. The costs deriving from HGVs
alone are €2,304M, €4,824M and €11,140M (Table 4).

Table 4: CO, economic value of car and HGV emissions on Italian highways for the period 2010 to 2020.

CO, ECONOMIC VALUE OF EMISSIONS ON ITALIAN HIGHWAYS

CARS HGVs
YEARS LOWER MEDIAN UPPER LOWER MEDIAN UPPER
€M €M €M €M €M €M
2010 93.65 254.19 508.37 86.21 233.99 467.98
2011 118.65 298.77 621.84 112.93 284.36 591.85
2012 139.00 330.13 709.50 134.56 319.59 686.83
2013 159.57 361.60 797.87 157.41 356.70 787.05
2014 180.67 393.92 888.54 181.31 395.31 891.69
2015 201.99 426.43 980.03 206.35 435.63 1,001.19
2016 223.67 459.42 1,073.00 232.62 47781 1,115.94
2017 245.68 492.88 1,167.35 258.16 517.92 1,226.65
2018 268.18 527.12 1,263.85 284.25 558.70 1,339.56
2019 291.36 562.47 1,363.32 311.08 600.53 1,455.58
2020 315.41 599.28 1,466.66 338.75 643.63 1,575.21
Total 2,237.84 4,706.22 10,840.35 2,303.63 4,824.17 11,139.53

The overall economic value of CO, emissions is then determined by summing of the outcomes of the method
above described for each vehicle and for each year belonging to the period of time considered, as expressed in
Table 5:
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Table 5: CO, economic value of emissions on Italian highways in the period 2010 to 2020. Overall data

CO, ECONOMIC VALUE OF EMISSIONS
ON ITALIAN HIGHWAYS FROM 2010 TO 2020

TYPE LOWER MEDIAN UPPER
€M €M €M

Chss 2,237.84 4,706.22 10,840.35

HGVs 2,303.63 4,824.17 11,139.53

Total 4,541.47 9,530.39 21,979.88

Table 5 summarises the economic impact deriving from CO, emissions on Italian highways in the period
2010 to 2020. As far as the lower value is considered, the overall costs of CO, emission are quantified at about
€4,500M. The value rises to about €9,500M for the median value and about €22,000M for the upper value. This
vast range (about Mio 17,500 €) is the economic difference in road transportation sector between a strongly
sustainable policy and a policy that aims only at limiting the more detrimental consequences of global warming,
but without facing them in a resolute way.

4. Conclusions

If the historical trend of road traffic use continues unabated, CO, emissions from the transport sector are
likely to grow substantially in the coming years. On the other hand, widespread use of alternative fuels, electric
batteries or fuel cells could lead to their reduction. These technical solutions seem however to demand
substantive economic costs and technology changes.

Possible alternatives to lower overall costs depend on the implementation of new carbon policies: European
governments wishing to achieve substantial CO, mitigation in the transport sector have at least three options: the
first would be the conservative option of adopting the Kyoto Protocol, that is, reducing emissions by 8%
compared with 1990 levels and taking the risk that the hazards of climate change become so apparent that
technological and political costs to achieve more substantial greenhouse gas emission reductions cannot be
avoided by society. The second would be to achieve the Europe 20-20-20 targets, that is, reducing CO, emissions
by at least 20% compared to 1990 values by shifting 20% of energy needs to renewable sources by 2020. Under
this policy, the most feasible opportunities for greenhouse gas mitigation in the transport sector are likely to lie in
efforts to achieve other policy objectives— including reducing automobile dependence, traffic congestion, energy
consumption and air pollution (Nocera, 2011), as well as reducing net subsidies to road users. These objectives
may best be addressed through combinations of measures, including regulations and user fees to internalise social
and environmental costs, and changes in access to public funding and infrastructure to shift priorities away from
cars and trucks, towards buses, rail and non-motorised transport. The third and final alternative is linked to a
radical 30% reduction with respect to 1990 CO, emissions. More stringent measures would be needed to achieve
a greater reduction: huge fuel taxes would likely lead to less traffic and some vehicle downsizing, but should be
accompanied by a reduction in speed limits and other fiscal and regulatory measures, along with the development
of new technologies or the re-examination of transport needs and society’s road use.

This paper has developed a method for the monetisation of carbon emissions on Italian highways in these
three hypothetical scenarios. The method is based on forecasts of future CO, emissions, derived from the
multiplication of future traffic demand, emissions, and total distance covered. The value obtained is further
multiplied by the unitary CO, cost, determined with the Avoidance Cost method, which seems to be the most
reliable technique if policy targets and measures are stated clearly.

Further refinements of the method described here could focus on three main areas: (i) a more complete survey on
the composition of the car and HGV fleet, which should lead to a more detailed quantification of overall
emissions; (ii) the determination of future traffic demand using different travel forecasting models: for instance,
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in a previous paper Libardo and Nocera (2008) have found a strong correlation between GDP and road
passenger/km; (iii) the further refinement of economic CO, unitary values from deeper analysis that takes into
account longer temporal horizons.

Our analysis has led to several interesting considerations. Firstly, the costs to mitigate carbon impacts in the
three scenarios described above are radically different: the economic impact of CO, highway emissions if the
Kyoto Protocol targets are embraced is approximately €4,540M; the figure is €9,530M if Europe assumes the 20-
20-20 targets; and, finally, adopting a more sustainable policy aiming at reducing CO, emissions by 30% would
incur a cost €21,980M (Table 5). As expected, the increased costs are not proportionally linear with CO,
reduction. Indeed, the achievement of ambitious objectives (30% CO, reduction) carries much higher costs.
According to EU (2012b), it must be considered that also the ‘Europe 20-20-20 policy makes the achievement of
the goal fixed by the IPCC scenario n° 1 possible: an increase of temperature in comparison with pre-industrial
age of only 2°C and a stabilisation of CO, at 350-400 ppmv (Barker, 2007).

Secondly, major emissions, and consequently major climate change costs, are expected from HGVs
(+€65.79M, +€117.96M and +€299.19M, if the lower, medium or upper unitary price are considered), even
though the overall amount of cars is considerable higher in comparison with HGVs (Table 3). Independent of the
aims of the policy adopted, these figures could be strongly reduced through appropriate measures for the
reduction of road traffic demand, including discouraging road transport use and shifting towards railways without
worsening the overall quality of transport. Preliminary forecasts would suggest that significant behavioral
changes would be needed to complement the gains achieved by future technological improvements and that
future carbon policies need to be globally-based with a strategic and coordinated framework of action prepared
by local planners based on the core principles of sustainable development.
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