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a b s t r a c t
The planning of freight transportation activities creates beneﬁts as well as costs. Among
those costs, some of them, namely externalities, fall on other people/society that have no
direct relevance to the operations of transportation. Such externalities are accrued
expenses which should be addressed by actual pricing policies to enable an efﬁcient and
sustainable freight transportation system. This paper reviews externalities in quantitative
terms, and then provides pricing studies of these costs per unit of freight transported along
with the most recent estimations. The associated negative externalities are structured by
transportation mode (road, rail, maritime, and air).
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Transportation deals with carrying goods and/or passengers using one or multiple modes of transport. A conventional
focus on planning the associated activities, in particular for the former namely freight transportation, is to reduce expenses
and, consequently, increase proﬁtability by considering internal transportation costs, e.g., fuel costs, drivers’ wages (see, e.g.,
Greene and Wegener, 1997; Forkenbrock, 1999, 2001). With an ever growing concern about the environment by governments, markets, and other private entities worldwide, organizations have started to realize the importance of the environmental and social impacts (e.g., air pollution, noise, and congestion) associated with transportation on other parties or the
society as a whole. Such impact is termed as ‘externalities’, where ‘other parties’ are entities that did not choose to incur the
impact. In 2008, the total external costs of transport in EU-27 (EU’s 27 states plus Norway and Switzerland) amount to more
than 5–6% of the total GDP (Van Essen et al., 2011). Kinnock (1995) provides a rough estimation of the external costs of transportation: proportional ﬁgures of 0.4%, 0.2%, 1.5% and 2% are applied to the total costs of air pollution, noise, accidents and
congestion, respectively.
While it is acknowledged that passenger transportation plays a no-less signiﬁcant role than freight transportation in externalities (Van Essen et al., 2011), the choice of transportation modes varies signiﬁcantly in individual circumstances (e.g., travel
distance, travel purpose, time and location constraints, local transportation infrastructure). The purpose of the paper is to promote awareness and understanding of transportation external costs from the perspective of business rather than individuals
(e.g., passengers) as the latter to a greater extent involves the context and subjective decisions. Thus, the rest of the study
mainly focuses on freight transportation. Where papers describing general transportation are included, the referred external
⇑ Corresponding author.
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costs are considered of direct relevance to freight transportation. Estimating the external costs of freight transportation can be
used for several purposes: to guide for the design of more economically efﬁcient pricing systems; to facilitate the allocation of
research and development funds for mitigating the largest external costs; to support cost-beneﬁt analysis of optimal investment in transportation modes and infrastructure1; and to aid historical or comparative analyses.
Externalities incur beneﬁts as well as costs, termed as positive externalities and negative externalities. This paper
addresses the latter. The most prominent negative externalities of relevance to transportation contain emissions (air pollution and greenhouse gases (GHGs)), noise, water pollution, congestion and accidents (see, e.g., Levinson et al., 1998;
Spellerberg, 1998; Santos et al., 2010). Moreover, Land use (or infrastructure) is an increasing source of concern, due to
the negative effects (e.g., visual intrusion) on the environment (Blum, 1998). Air pollution includes particulate matter
(i.e., small particles of dust, soot, and organic matter suspended in the atmosphere), carbon monoxide (i.e., colorless, odorless, poisonous gas produced when carbon-containing fuel is not burned completely), ozone which is formed when emissions of nitrogen oxides (NOx) and volatile organic compounds (VOCs) chemically react in the presence of sunlight, and
hazardous air pollutants, also referred to as air toxics (i.e., chemicals emitted into the atmosphere that cause or are suspected
to cause cancer or other severe health effects). The emissions of GHGs is probably the most well-known and studied externality of transportation due to its global effects. Transportation related noise can cause health problems, which is mostly
considered to be nuisance for those that have to deal with it. Water pollution is resulting from spills, leakages and accidental
or deliberate disposal of cargo material or other materials used in the transportation process. Congestion costs mainly arise
due to the fact that the travel time of other transportation users increases. Accident costs refer to the emergency services
attending the accidents, delay of trafﬁc, and the costs to the victim’s family in pain and suffering. Examples of land use effects
include the visual intrusion of transportation on the landscape, and the destruction of habitats and species loss due to transport infrastructure.
To the best of our knowledge, the deﬁnitions of externalities in freight transportation have been limited to the abovementioned ones (i.e., emissions, noise, congestion, accidents, water pollution and land use) in the literature. However, there
are other important externalities that require further attentions in academia as well as practice, such as the effects due to the
production of vehicles and transport infrastructure (i.e., energy production, vehicle production, maintenance and disposal,
infrastructure construction). In this paper, we have not covered the later group since the aim of the paper is to review
the most widely discussed externalities in the literature and there is yet sufﬁcient scientiﬁc evidence in the latter group.
The maturity in this matter is still needed to ﬁll the academic void left over by the researchers. A few initiatives (see, e.g.,
Maibach et al., 2008; Korzhenevych et al., 2014) have already emerged to provide a full assessment of externalities, but this
was not enough to make a comparison like in other well discussed externalities.
Among prior studies investigating externalities of transportation (see, e.g., Miller and Moffet, 1993; Mauch and
Rothengatter, 1995; IBI Group, 1995; Spellerberg, 1998; Ranaiefar and Regan, 2011), a predominate stream encloses initiatives to reduce emissions (e.g., carbon dioxide) from transportation by, for example, minimizing ‘empty kilometers’ (see, e.g.,
Demir et al., 2014b) or using ‘greener’ transportation modes (e.g., trains/barges compared with cars or trucks) (see, e.g.,
Forkenbrock, 2001; Black et al., 2003; Lawson, 2007; Zimmer and Schmied, 2008). While a few studies have paid attention
to other externalities, the focus is limited on road transportation (see, e.g., Forkenbrock, 1999; Lindberg, 2002). This is not
surprising as road is the dominant mode of inland transportation. However, transportation services involve various transportation modes – road, rail, maritime, air and pipeline, where externalities that arise are dramatically different (Maibach
et al., 2008). Despite the increasing attention to transportation related externalities in the literature, actions to mitigate
the externalities in practice do not seem as promising as expected due to the lack of alignment between the economic concern and environmental impact. Should the external costs of freight transportation be effectively internalized and paid, decisions and activities can be shifted from economic-led to the balance between economic and environmental concerns.
In the last decade, the body of knowledge on the reduction of externalities from freight transportation has grown notably,
where most of the studies are case or context speciﬁc. This paper aims to provide a state-of-the-art review of the models and
the pricing studies for externalities incurred by transportation and logistics covering different transportation modes. The
scientiﬁc contribution of this study is threefold: (i) to review negative externalities that have been addressed in the freight
transportation literature; (ii) to present and compare a proper mathematical modelling of each externalities, where possible;
and (iii) to review the scientiﬁc literature on the internalization of the externalities. The remainder of this paper is organized
as follows. Section 2 presents a review methodology for the literature study. Section 3 discusses the externalities of freight
transportation followed by the modelling of externalities in Section 4. Section 5 investigates the pricing of the negative
externalities. Conclusions and future research directions are stated in Section 6.

2. Review methodology
This review focuses on the freight transportation literature that addresses the negative externalities. The negative externalities are studied mainly based on the work of Maibach et al. (2008) and Brons and Christidis (2012) who examine
1
In order to have a full assessment (Rodrigue et al., 2013) of transportation modes, a life-cycle of the transportation asset and infrastructure should be
considered. However, it is not easy to consider the life-cycle of every input to the transportation system. These include: pre-production, construction,
utilization, refurbishing, destruction, and disposal. Ignoring the life-cycle of all inputs may lead less reliable results.
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externalities in two categories. These are environmental impacts and socio-economic impacts. The environmental impacts
include air quality, climate change and noise whereas the socio-economic impacts include congestion and accidents. We
have followed the same structure but mainly focused on the emissions (air quality and climate change), noise pollution, accidents and congestion. The following research questions are considered:
RQ 1:
RQ 2:
RQ 3:
RQ 4:

What negative externalities have been addressed in the freight transportation literature?
How are they of relevance to different transportation modes?
How are externalities for each transportation mode measured in the literature?
How should research on negative externalities in the ﬁeld of freight transportation evolve?

Papers published in major journals in the domain of transportation (e.g., Transportation Research Part A-E, European Journal
of Operational Research, Journal of Transport and Supply Chain Management, Journal of Transport Economics and Policy, Journal of
the Transportation Research Board, Research in Transportation Economics, Transportation Planning and Technology, Journal of
Transport Geography, Energy Policy, European Journal of Transport and Infrastructure, Transport Policy, Journal of
Transportation Economics, and Journal of Transportation and Statistics) were initially the main source of selection. Those identiﬁed of relevance by title, key words, abstracts were carefully read to access the true relevance. References used in those
relevant papers were investigated, where further relevant sources (e.g., overlooked papers, edited books, and technical
reports) were identiﬁed. To our surprise, the topic especially the modeling and the pricing of negative externalities appear
of more focus in technical reports granted by the European Union, the United States, and some private organizations. The
ﬁnal database, of which all items are used in this review, contains 39 journal papers, 64 technical reports and 16 the other
types of studies (e.g., conference proceedings). As clustered on a yearly basis, one of the sources was published prior to 1980,
2 were in the 1981–1990 period, 24 were in the 1991–2000 period, and 92 were after year 2000.
3. The negative externalities of freight transportation
Research interest in externalities of freight transportation has continuously expanded in the last decade due to the
increasing impacts on economy, environment, climate, and society. Dozens of negative externalities of relevance to freight
transportation are described in the literature (see, e.g., OECD, 1997; EEA, 2010; McAuley, 2010; Ranaiefar and Regan, 2011;
Brons and Christidis, 2012); this section categorizes the most important externalities of freight transportation in seven
groups as shown in Fig. 1.
Fig. 1 presents an overview of the negative externalities of freight transportation. Each group of externalities is brieﬂy
discussed in the rest of the sections: whilst GHGs, water pollution, and land use mostly incur external costs to the environment and climate, others such as air pollution, noise, congestion, accidents impose harms to human life and generate unnecessary costs to economy.
Air pollution
Emissions can be categorized based on the impacts on local (<500 km in diameter), regional (>500 km in diameter) and
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Fig. 1. The negative externalities of freight transportation.
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global scales (terrestrial globe), and affect people, vegetation, global climate and materials. Local pollution harms human
health, and causes material damage to buildings and vegetation (OECD, 1997). In particular, the local pollutants have been
largely discussed, where it is emphasized that the source of the corresponding emissions includes a wide range of
particulate matter (PM) in different sizes and compositions as well as gaseous air pollutants (McAuley, 2010). Fine particles
may pose more severe health risks, due to the fact that they are easily inhaled and penetrate deeper into the lung
(PSRC, 2010). Gaseous air pollutants are also associated with a number of health issues, such as asthma in children and other
respiratory diseases, heart disease, cancer, and increased rates of premature death in adults (Ang-Olson and Ostria, 2005).
Pollutants are harmful in terms of their direct damage to environment and health (called conservative pollutants) as well
as some of those being precursors to other detrimental pollutants (secondary pollutants) (McAuley, 2010). Carbon
monoxide (CO) is considered to be a conservative pollutant when present in high concentrations (Lawson, 2007).
These high concentrations may be found around congested roads or in cities. High concentrations are more likely to occur
when there is little wind to disperse the emissions. CO reduces bloods oxygen-carrying capability; this can lead to acute
effects (e.g., headaches) or chronic effects, such as, increasing the risk of heart disease (Lawson, 2007). VOCs and NOx can
potentially increase the risks of respiratory and heart disease and damage plants, waterways and ecosystems (PSRC,
2010). Besides the direct harms of CO, VOCs and NOx as conservative pollutants, they are precursors to ozone (O3) formation (the formation of smog in cities) (Placet et al., 2000) and indirect contributors to global warming. Sulphur oxides
(SOx) cause breathing problems and acid rain. Regional impacts derive from acidiﬁcation and ground level ozone.
GHGs emissions are well-known at a global level. They are classically excluded from air pollutants and discussed in a
separate section because their direct harms to health are still debatable. Other pollutants emitted by transportation
include toluene, benzene, polynuclear hydrocarbons, hydrogen sulphide, dioxin, etc. (OECD, 1997) of which the impacts
are yet to be known.
Greenhouse gasses
GHGs are the most studied externality of freight transportation. They cause atmospheric changes and climate disruptions
which are harmful to the natural and built environments, and pose health risks. GHGs are not classiﬁed as a pollutant in
the classical sense. However, the United States Environmental Protection Agency (EPA) recognized that GHGs pose a danger to human health and welfare in 2009. GHGs absorb and emit radiations within the thermal infra-red range in the
atmosphere, and signiﬁcantly raise the Earth’s temperature. The primary transportation-related man-made greenhouse
gases in the Earth’s atmosphere are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3 ), etc. As CO2
is the dominant man-made GHG, the impacts of other gases can also be calculated based on carbon dioxide equivalent
(CO2e). The impact of emissions on climate change is assessed by a comparison between the actual temperature changes
in the last 100 years and those that are provided in the models with or without human inﬂuence. It is found that the
actual temperature changes are very similar to those provided by the model in which the human inﬂuence is taken into
account (IPCC, 2007). In particular, the Intergovernmental Panel on Climate Change has estimated that 13.1% of the GHGs
emissions is caused by the transportation sector. As of December 2014, the level of GHGs is estimated to be equal to
398.78 (ppm), and is still increasing (ESRL, 2014).
Noise pollution
The transportation-related noise pollution is mostly considered to be a nuisance for people that have to deal with it frequently. When the noises are severe or the durations of the noises are long enough, health problems (e.g., stress, sleep
disturbance, cardiovascular disease, and short or long-term hearing loss) occur (Andersson, 2005; Van Essen et al., 2011).
Measuring the noise pollution is not straightforward. Noise can be measured in A-weighted decibels (dBA, dB(A) or dB(a))
in terms of their volumes. Besides the volume of the noise, other factors (e.g., pitch, frequency, duration and variability)
should also be considered. Lower levels of noise (i.e., below 60 dBA) can be acceptable in a short-time duration, but harms
to human health may occur as the duration increases. Noises in moderate levels (61–85 dBA) may increase the risks of
cardiovascular diseases and result in nervous stress reactions. Noises above 85 dBA could cause severe hearing damages.
Transportation noises can also affect sleep quality, particularly for those who live in high trafﬁc areas (e.g., highways).
Additionally, people who live near transportation hubs (e.g., rail stations and airports) could be disturbed constantly.
The negative impacts of noise on human health could also generate various costs, such as medical costs, costs of productivity losses, and the costs of increased mortality.
Due to the non-linear characteristics of noise pollution, the monetary estimation is rather complex (Martini et al., 2013a).
There are two main methods for estimating noise pollution costs, namely hedonic price methods and contingent valuation methods (Lu and Morrell, 2006). The former considers location, attributes of the neighbourhood and community, as
well as environmental quality; it has been widely developed and applied by policy makers as unique price estimations for
noise impacts can be obtained (Lu and Morrell, 2006; Martini et al., 2013b). The latter is based on surveying people’s willingness to pay for speciﬁc improvements; while the estimation is more sensitive to changes, it is argued susceptible to
biases (Navrud and Mungatana, 1994).
Water pollution
Freight transportation has both direct and indirect impacts on water quality (OECD, 1997). Shipping causes discharge of
ballast water from marine vessels. If ballast is not segregated from cargo, it results in oil pollution to seas and coastal
waters. Shipping is also a source of oil and chemical spills at ports and in coastal waters. Spills refer to leakages, accidental
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or deliberate disposal of cargo materials or other materials (lubricants, fuel, etc.) used in the transportation process
(Lawson, 2007). The quality of water can also be affected by air pollution (e.g., acid rain). Whilst the problems of
water pollution get more severe as shipping activities increase, they are not as easy to measure as air pollution where
‘ton-kilometer’ of freight is applied.
Congestion
Congestion happens in transportation networks when entities compete individually for a limited capacity. Congestion
causes increased travel times, operating costs, and unreliability in travel activities (Banﬁ et al., 2000). The direct impact
of congestion, as a freight transportation externality, refers to increased travel times to other entities in the transportation
system. Congestion could also indirectly result in increased fuel costs, air pollution, noise pollution and stress levels.
Accidents
When talking about accidents, one generally thinks of damages to people, vehicles, freight, and infrastructure which
directly incur in accidents. These damages are not the concern of this study given the scope of external impacts of freight
transportation. Examples of externalities of accidents include the costs of emergency services attending the accidents,
delay of trafﬁc, and the costs to the victims family in pain and suffering (McAuley, 2010). Moreover, oil spills have obvious
impacts on ecosystems and wildlife. Some of the truck accidents, train derailments, or gas pipeline accidents may release
toxic or ﬂammable chemicals which are harmful to human life and ecosystem.
Land use
Transportation planning decisions inﬂuence land use (or infrastructure) directly, by affecting the amount of land used for
transport facilities, and indirectly, by affecting the locations and designs of infrastructure development (Litman, 2004).
Examples of the corresponding external costs associated with freight transportation include replacing habitat with roads,
rails, or other transportation infrastructure, the visual intrusion of transportation on the landscape, high trafﬁc volumes
that limit people to cross roads, and species loss caused by highways (OECD, 1997; Lawson, 2007).
4. Modeling of the negative externalities
This section is structured by transportation mode. For each mode, a brief overview of the transportation mode is provided
and followed by the modeling of its negative impacts. The transportation modes covered in this section include road, rail,
maritime, and air transportation. The relevance of externalities to each transportation mode have been studied by Mauch
and Rothengatter (1995), IBI Group (1995), Van Essen and Maibach (2007), and EEA (2011). Table 1 presents a summary
of these studies with evaluation of the impact levels of individual externalities on each transportation mode based on the
monetary values provided in the studies.
Table 1 shows that most of the transportation modes are attached with air pollution and GHGs, although the amount of
the pollution varies signiﬁcantly. Road transportation generally has the biggest impact on environment except the sector of
water pollution which actually has some indirect relevance to air pollution. Rail and maritime transportation have some
similarities to road transportation but these modes can be categorized more environmentally friendly and less health threatening. The environmental risks posed by pipelines are accidents, air pollutant emissions, greenhouse gases, and land use
that threats to the environment. Although pipeline is quite interesting, it is out of the scope of the paper due to limited studies reported in the literature. In the following subsections, an example of mathematical formulation that includes the
fundamental (minimum requirements on the use of) explanatory variables for each type of externalities is provided. The
focus of the simplicity in the examples is to encourage implementations, where more comprehensive models can be built
upon as appropriate. Moreover, a tabulated comparison of the models is included at the end of each subsection. A good
understanding of these models along with adequate use of operational research techniques facilitates more accurate counts
of externalities in freight transportation planning (Demir et al., 2014a).
4.1. Road freight transportation
Freight transportation is the backbone of the economy, and road transportation has a strategic role in this framework.
Road enables reliable and speedy freight transportation, where goods can be supplied to warehouses and retailers in a timely
Table 1
Relevance of the negative externalities per transportation mode.
Negative externalities

Road transportation

Rail transportation

Maritime transportation

Air transportation

Pipeline transportation

Air pollution
Greenhouse gases
Noise pollution
Water pollution
Congestion
Accidents
Land use

⁄⁄⁄
⁄⁄⁄
⁄⁄⁄
⁄
⁄⁄⁄
⁄⁄
⁄⁄

⁄⁄
⁄⁄
⁄⁄
⁄
⁄
⁄
⁄⁄

⁄⁄
⁄⁄
⁄⁄
⁄⁄⁄
⁄
⁄
⁄

⁄⁄
⁄⁄
⁄⁄
⁄
⁄
⁄
⁄

⁄
⁄
⁄
⁄
⁄
⁄
⁄

⁄: Low ⁄⁄: Medium ⁄⁄⁄: High.
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fashion. In the last decade, a shift towards road transport has been recorded in European Union (EU). In 2011, road transportation made up over half of freight movements in most of the member states of EU (EC, 2013). Approximately 14,933
million tonnes of freight were transported by road in the EU-28 (EU’s 28 states). A comparison between road and other
modes of transportation shows that, in 2010, the quantities of freight transported by road in the EU-28 equaled approximately nine times of the amount transported by the other modes of transportation. Mathematical formulations for each
externalities related to road transportation are discussed below.
4.1.1. Air pollution and greenhouse gases
Air pollution and GHGs have been extensively studied as road transportation externalities for two main reasons: (i)
research on air pollution conﬁrms that road transportation is by far the most polluting freight transportation mode for all
pollutants (with the exception of PM) (see, e.g., EEA, 2011; EPA, 2013); (ii) the most of the emissions can be predicted fairly
accurate provided that the amount of energy consumption is known (Demir et al., 2011, 2014a), which makes the modeling
of such externalities quite straightforward. Computer programme to calculate emissions from road transportation (COPERT) is
one of the most well-known emission model funded by the EU (Ntziachristos and Samaras, 2000; Gkatzoﬂias et al., 2012).
The model estimates emissions for a range of vehicles by engine classiﬁcation and vehicle type, which driven by a database of
emissions covering vehicle class, engine technology and speed. Air pollution and GHGs produced by vehicles in different
categories and weights are estimated by a number of regression functions. An example of emission function (in gram per
kilometer) with different load and gradient factor is given by

ERo ðv ; DÞ ¼ ðe þ ða expðb v ÞÞ þ ðc expðd v ÞÞÞ  D;

ð1Þ

where a to e are the coefﬁcients depending on type of vehicle, type of fuel, payload and road gradient). Moreover, v is vehicle
speed (km/h) and D is the traveling distance (km). Table 2 shows a set of output (gram per kilometer) for a 20–26 ton rigid
truck running on Euro-5 diesel.
The COPERT also considers the payload and road gradient besides vehicle speed. The cost of air pollution and GHGs can be
calculated as the multiplication of unit cost of externalities and the amount of emissions produced (per ton-kilometer).
4.1.2. Noise pollution
Noise pollution in road transportation is mainly caused by the sound of the vehicle engine and the sound of rolling. The
impact of noise depends on the time of the day. For example, noise during the night obviously causes sleep disturbance
which makes the damage of noise higher than that is in the day time. Information required for the calculation of noise pollution includes vehicle type, payload, speed, road gradient, road surface and impact duration. A historical review on trafﬁc
noise models can be found in Quartieri et al. (2009).
IMAGINE2 provides a noise emissions model for road vehicles in terms of a sound power level (in dBA) which is an expression of the relative loudness of sounds in air as perceived by the human ear (Kephalopoulos et al., 2012). Both propulsion and
rolling noises are estimated by the model. The sound level emitted by the sources as a function of the each octave band i (for
practical reasons the audible frequency range can be separated into unequal segments called octaves) and the vehicle speed v
can be calculated as

LRo ði; v Þ ¼ 10 logð10Lr ði;v Þ=10 þ 10Lp ði;v Þ=10 Þ;

ð2Þ

where Lr ði; v Þ is the rolling noise and can be calculated as Lr ði; v Þ ¼ Ar ðiÞ þ Br ðiÞ logðv =v ref Þ þ DLr ði; v Þ; Lp ði; v Þ is the propulsion noise and can be calculated as Lp ði; v Þ ¼ Ap ðiÞ þ Bp ðiÞððv  v ref Þ=v ref Þ þ DLp ði; v Þ. Moreover, Ar ; Br ; Ap and Bp are the coefﬁcients and can be found in Table 3. Finally, v ref is the reference speed (i.e., v ref ¼ 70 km/h).
A number of corrections may be needed to account for the effects of meteorology, driving, and road surface and tyres on
the sound power level once a rough estimate (a ﬂat (non-sloped) road, an air temperature of 20  C, a dry road surface) has
been produced. DLr ði; v Þ is the sum of corrections to be applied to the rolling noise and DLp ði; v Þ is the sum of corrections to
be applied to the propulsion noise. Detailed explanation on these corrections can be found in Kephalopoulos et al. (2012).
Using the IMAGINE model, the noise emission of trafﬁc ﬂows can also be estimated. The directional sound power per
meter per frequency band of the source and vehicle speed are calculated as

L0Ro ði; v Þ ¼ LRo ði; v Þ þ 10 logðQ=ð1000v ÞÞ;

ð3Þ

where Q is the steady trafﬁc ﬂow of vehicles.
4.1.3. Congestion
Congestion is a very serious phenomenon in road transportation and it can be measured as the sum of recurrent and nonrecurrent delay in a trafﬁc network (Skabardonis et al., 2003). The ﬁrst category depends on the ﬂuctuations in demand and
the physical capacity of the road. The second category depends on the nature of the incident, such as breakdowns, and accidents. Congestion costs can be calculated with the free ﬂow travel time which depends on the distance and the time spent in
congestion period. Free ﬂow time can be determined through the use of a travel time function. Its value depends on the
2

IMAGINE: Improved Methods for the Assessment of the Generic Impact of Noise in the Environment (Peeters and Blokland, 2007).
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Table 2
Emissions (gram per kilometer) obtained with COPERT.
Payload (%)

Gradient (%)

CO

NOx

PM

CO2 e

0
0
0
50
50
50
100
100
100

0
2
+2
0
2
+2
0
2
+2

0.095
0.069
0.129
0.105
0.056
0.160
0.111
0.049
0.165

1.847
0.761
3.152
2.250
0.713
4.14
2.573
0.746
4.791

0.0226
0.017
0.028
0.024
0.014
0.03
0.024
0.013
0.032

719
319
1164
866
292
1584
1014
308
2005

Table 3
Set of data and output of IMAGINE’ noise model for two different speed levels.
Octave band (Hz)

Ar

Br

Ap

Bp

Lr ði; v Þ (dBA)
Lp ði; v Þ (dBA)
(v ¼ 60 km/h)

LRo ði; v Þ (dBA)

Lr ði; v Þ (dBA)
Lp ði; v Þ (dBA)
(v ¼ 80 km/h)

LRo ði; v Þ (dBA)

63
125
250
500
1,000
2,000
4,000
8,000

87.0
91.7
94.1
100.7
100.8
94.3
87.1
82.5

30.0
33.5
31.3
25.4
31.8
37.1
38.6
40.6

104.4
100.6
101.7
101.0
100.1
95.9
91.3
85.3

0.0
3.0
4.6
5.0
5.0
5.0
5.0
5.0

85.0
89.5
92.0
99.0
98.7
91.8
84.5
79.8

104.4
101.3
102.7
103.6
102.9
97.9
92.7
86.9

91.0
95.3
97.9
104.9
104.5
97.4
89.9
84.8

104.6
102.3
104.0
107.3
106.8
100.7
94.5
89.0

104.4
101.0
102.4
101.7
100.8
96.6
92.0
86.0

104.4
101.3
102.7
103.6
102.9
97.9
92.7
86.9

distance, trafﬁc volume, and roadway capacity. Numerous reasons can be responsible for delay on transportation infrastructure, such as, road works, accidents, driving behavior, and high ﬂow/capacity ratios. Consequently, vehicles have to move
slower than expected, and users need more time than they would have without the obstacles. From an economic point of
view, time losses can be expressed in monetary terms. In addition, congestion presumably causes more air pollution, fuel
consumption, and accidents.
We now present the formula introduced by Kirwan et al. (1995) and discussed in Proost and Dender (1999) to measure
the congestion for a set of different vehicle types at peak and off-peak periods. The exponential congestion function (in minutes) can be written as

ti ¼

60

v

¼ a þ b expðcqi Þ;

ð4Þ

where t i the total time needed to drive one km by a truck in period i (peak and off-peak), qi is the number of passenger cars
per hour in period i. Moreover, a; b and c are the model-speciﬁc congestion parameters. The marginal external cost of congestion of an additional vehicle kilometer can be calculated as

MECC qi ¼

@ ti
 xi  VOT i ;
qi

ð5Þ

where xi is the total number of vehicles kilometer in period i and VOT is the value of the time (cost unit per hour) in period i.
Other formulations of congestion can be found in (e.g., Lam and Small, 2001; Meng et al., 2012; Uchida, 2014).
4.1.4. Accidents
Accidents are those social costs of an unfortunate incident that occurs unexpectedly. The most important accident cost
categories are material damages, administrative costs, medical costs, production losses, delay, and the so called risk value
as a proxy to estimate pain, grief, and suffering caused by trafﬁc accidents in monetary values. A model by Lindberg
(2002) to estimate the number of accidents A is presented as below.

A ¼ Qr;

ð6Þ

where Q is the trafﬁc volume and r is the accident risk for an freight user. The external costs of accidents can be also calculated as follows in (Márquez and Cantillo, 2013).

EC acc ¼ Qrðð1  SÞða þ bÞ þ cÞÞ;

ð7Þ

where S is the share of total accident costs that fall on freight vehicle users, a is the risk based on an individuals willingness to
pay (WTP), b is the WTP of the individuals relatives and friends, and c is the system external costs related to medical costs
and the social security system. A different approach to estimate the accidents of freight transportation can be found in
McAuley (2010).
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4.1.5. A summary of models for road transportation
A overview of models for calculating the negative external costs is given in this section. Table 4 shows studies with modeling of the negative externalities for road transportation with their inclusion of the types of externalities. In addition, the
modeling approach in each study is assessed by the complexity of data requirement, and the continuous improvement,
where a three-point scale analysis is employed. The complexity of data requirement deﬁnes the number of explanatory variables required in the estimation of externalities. For example, a ‘low’ complexity level indicates the involvement of less than
three explanatory variables, a ‘medium’ level covers four to six variables, and a model using more than six parameters is
referred to a ‘high’ complexity in data requirement. The continuous improvement describes the frequency of revisions in
time; the higher the score, the more reliable the model is assumed. A study with 2–3 iterations is considered a ‘medium’level
of continuous improvement, which differentiates the lower and upper levels.
The assessment of the modeling approaches is shown in the last two columns of Table 4. Air pollution and GHGs are largely focused in the literature. This is expected because the factors affecting these emissions are widely known. Noise pollution, congestion, and accidents are also well addressed in the literature but not as extensively as studies of emissions. There
is no study found for water pollution as it is not directly related to the road transportation. Studies on modeling land use
seem very limited.

4.2. Rail freight transportation
This section reviews models of externalities in rail freight transportation. A freight train is a combination of freight wagons hauled by one or more locomotives on a railway, transporting cargo between the origin and the destination as part of the
transportation chain. A freight train can be categorized into electric or diesel locomotives: the former is powered by electricity from overhead lines; and the latter is a type of railway locomotive in which the prime mover is a diesel engine. Different
locomotives could result in signiﬁcantly different external costs.
Rail is a more efﬁcient transportation mode than road in terms of ton-kilometers hauled per unit of energy consumed.
However, a shipment by rail is not as ﬂexible as road transportation, which results in a great proportion of freight being
hauled by trucks in the world. In 2010, EU-28’s freight transportation by rail amounted to 1589 million tons (EC, 2013).

Table 4
Studies with modeling of the negative externalities for road transportation.
Research
DOT (1988)
Mun (1994)
Mayeres et al. (1996)
Greenwood and Bennett (1996)
Hickman et al. (1999)
Delucchi and Hsu (1998)
Wang (1999)
Joumard (1999)
Proost and Dender (1999)
Banﬁ et al. (2000)
Cappiello et al. (2002)
Samaras et al. (2002)
Nash et al. (2003)
Small and Chu (2003)
EPA (2003)
Delucchi (2003)
Black et al. (2003)
Barth et al. (2005)
Bickel et al. (2005)
Smit et al. (2007)
ISSRC (2008)
Hausberger et al. (2009)
Boulter and McCrae (2009)
EPA (2012)
NTM Road (2010)
Kouridis et al. (2010)
Breemersch et al. (2010)
Knörr et al. (2011)
CARB (2011)
Hausberger et al. (2012)
Gkatzoﬂias et al. (2012)
NAEI (2012)
⁄: Low ⁄⁄: Medium ⁄⁄⁄: High.

AP

GHGs

NP
p
p

p

p
p

CN

AC

p
p
p

p

p
p

p
p

p
p

p

p

p

p
p
p
p
p
p
p
p

p
p

p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

p
p

p
p
p

p
p
p

p

The complexity of data requirement

The continuous improvement

⁄⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄
⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄

⁄
⁄
⁄
⁄
⁄
⁄
⁄⁄⁄
⁄
⁄
⁄
⁄⁄
⁄⁄
⁄⁄
⁄
⁄
⁄
⁄⁄
⁄⁄
⁄
⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄
⁄
⁄⁄⁄
⁄⁄⁄
⁄⁄⁄
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4.2.1. Air pollution and greenhouse gases
The procedure of calculating air pollution and GHGs depends on whether the train is diesel or electric powered. For trains
with diesel power, the emissions can be estimated on the basis of the amount of diesel fuel consumed or the type of engine.
For electric trains, there are no signiﬁcant emissions from the train itself. The emissions arises from the source of electricity
energy. Emissions can be calculated based on the energy that the train has consumed. Moreover, CO2 and SO2 are solely
related to the amount of fuel consumed, while other pollutants depend on the engine condition, operating point and driving
characteristics. The energy consumption of a train can be calculated by a function of gross train weight. However, there are
also other factors that have an impact on energy consumption, such as train speed, aerodynamic characteristics of the locomotives, driving pattern, and the number of stops (Boulter and McCrae, 2009).
The primary energy consumption can be calculated as Epri ¼ Etr =gpri where Etr is the energy consumption rate for moving a
train and gpri is the efﬁciency rate (Boulter and McCrae, 2009). The energy consumption rate (Etr ) represents the energy delivered at the wheels. Etr is generally counted as a function (i.e., Etr ¼ ðF a þ F g þ F r þ F acc Þv ) of four driving resistances, including
aerodynamic resistance, gradient resistance, rolling resistance, and acceleration resistance. An aerodynamic resistance is
dependent on the frontal area of the train and locomotives, its shape, and its speed; it can be calculated as
F a ¼ 1=2C a Af pv 2 , where C a is the air resistance coefﬁcient, Af is the frontal area (m2 ), p is the air density (km/m3) and v is
the speed (m/s). The gradient resistance is determined by the weight of the train, and the size of the gradient to which
the train is exposed; it can be calculated as F g ¼ mg sin a, where a is the gradient. The rolling resistance is a function of
the total mass of the train, and the rolling resistance coefﬁcient can be calculated as F r ¼ f r mg, where f r is the rolling resistance coefﬁcient, m is the total mass of the train (kg), and g is the gravitational constant. The acceleration resistance is calculated as F acc ¼ ma, where a is the acceleration. The rolling and aerodynamic resistances are related to equipment design,
varying from train to train. The gradient and acceleration resistances are only dependent on the total mass of the train.
Knowing the speed and acceleration ﬁgures, it is possible to calculate the energy consumption for a given driving condition. Energy consumption and emissions for any driving cycle can be computed by dividing the operation into a matrix of
speeds and accelerations and summing up the energy consumptions for the individual conditions, weighted by the
frequency.

Etot ¼

NX
mode

Ei ðtÞf i ðtÞ;

ð8Þ

i¼1

where N mode is the total number of driving levels and f i ðtÞ is the frequency for each level. Using the data from Samaras et al.
(2002), of the Netherlands, Table 5 provides emissions factor (in kilogram/gigajoule) for diesel and electrical engine trains.
We note that the means of generating the electricity used to power electric train depends on burning fossil fuels or coal, both
of which produce a large amount of emissions.
4.2.2. Noise
Rail transport causes noise mainly due to traction noise and rolling noise (EC, 2003). There is also a difference between
daytime and night with regard to the impact. The required information for the calculation of noise costs includes type of
train, speed, length of train, kind of brakes, quality of track, kind of sleepers, and duration.
A noise model by Kephalopoulos et al. (2012) to measure railway trafﬁc noise in terms of a sound power level (in dBA) is
presented below. The rail noise includes rolling, impact, squeal, traction, aerodynamic, source and other effects. The sound
level emitted by one source can be calculated as

LRa ðw; uÞ ¼ L0 þ DLv er þ DLhor ;

ð9Þ

where DLv er is the vertical directivity correction function of w, and DLv er is the horizontal directivity correction function of u.
L0 is the directional sound power level of the speciﬁc noise of a single vehicle in the directions w and u. The noise emission of
trafﬁc ﬂow can also be calculated. The directional sound power per meter per frequency band of the source is calculated as

LRa0 ðw; uÞ ¼ LRa ðw; uÞ þ 10 logðQ=ð1000v ÞÞ;
where Q is the average number of vehicles per hour, and

ð10Þ

v is the train speed.

Table 5
Set of sample data for rail emissions.
Emissions

Diesel-powered engine

Electric-powered engine

CO2 e
CO
NOx
HC
SO2
PM

0.032
0.25
1.32
0.06
0.075
0.075

0.024
0.027
0.631
0.02
1.44
0.069
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4.2.3. A summary of models for rail transportation
A summary of models for rail externalities are given in this section. Table 6 presents the relevant studies and their coverage of the externalities. For each study, the proposed model is assessed for the complexity of data requirement, and the continuous improvement.
As can be seen from the table, there is relatively limited work on the negative externalities for rail transportation compared with road transportation. To our knowledge, congestion and accidents in rail transportation are yet effectively modelled in the literature.

4.3. Maritime freight transportation
Maritime transportation can be over any distance by ship or barge through oceans, lakes, canals or rivers; it is commonly
described as shipping. Freight can be moved in boxes, cases, pallets, and barrels. For the maritime mode, researchers have
made clear distinctions between types of vessels, where different weight categories are used for different types. Vessels
are classiﬁed differently in the literature, but common examples include the tanker and the bulk carrier. Some articles also
deﬁne the types of cargo (e.g., liquid or dry).

4.3.1. Air pollution and greenhouse gases
Maritime transportation is the most emission-efﬁcient mode as it can carry enormous amounts of goods per ship. The
CO2 e emissions from ships mainly originate from the use of fuel. Unlike rail and road vehicles, there is no/little trafﬁc
involved in shipping, which means that there will be (practically) no losses of fuel due to speed ﬂuctuations. The external
cost for air pollution is also very low due to the fact that maritime transportation occurs off-shore, far away from populated
areas. The seaborne transportation only accounts for global air pollution. However, there is also freight transportation using
inland waterways, where the costs incurred due to health problems on local and regional scales should be considered.
The international maritime organization proposed a model to calculate maritime transportation pollutants based on
engine power of both the main engine and auxiliary engines (Knörr et al., 2011). The auxiliary engines provide power to electrical instruments as well as loading and discharging gears (Knörr et al., 2011). For the mail engine, the total energy of the
required engine power in kW h/tkm (Ptkm ) is calculated as

Ptkm ¼

MEMCR  MEload
;
Vi  c  u

ð11Þ

where MEMCR is the main engine maximum continuous rating, MEload is the main engine load factor, V i is the speed of the
vessel at load i; c is the vessel’s nominal capacity, and u is the utilization factor (Knörr et al., 2011). To compute the pollutants, it is essential to have the vessel speciﬁc fuel consumption (Vfc) per tonne-km which is calculated as

Vfc ¼ Ptkm  sfc;

ð12Þ

where sfc stands for the speciﬁc fuel consumption factors which can be obtained from the manufacturers of the engines.
A simpler means of estimating pollutants is to use emission factors based on fuel consumption. This results in quantities
of pollutants which can then be converted to money by using cost factors for each pollutant. As discussed in Knörr et al.
(2011), a set of emissions data (in gram/ton-kilometer) is given in Table 7.

Table 6
Studies with modeling of the negative externalities for rail transportation.
Research
Cato (1976)
Jørgensen and Sorenson (1997)
Hickman et al. (1999)
Joumard (1999)
Samaras et al. (2002)
Parajuli et al. (2003)
Black et al. (2003)
Delucchi (2003)
NTM Rail (2008)
Boulter and McCrae (2009)
Kim and Van Wee (2009)
Kim (2010)
Papson et al. (2011)
Knörr et al. (2011)
Persson and Zanganeh (2012)
⁄: Low ⁄⁄: Medium ⁄⁄⁄: High.

AP
p
p
p
p
p
p
p
p

p

GHGs
p
p
p
p
p
p
p
p
p
p
p
p
p
p

NP
p

p
p

The complexity of data requirement

The continuous improvement

⁄⁄
⁄⁄⁄
⁄
⁄⁄
⁄⁄
⁄
⁄
⁄⁄
⁄⁄
⁄
⁄⁄
⁄⁄⁄
⁄⁄
⁄⁄⁄
⁄⁄

⁄
⁄⁄
⁄
⁄
⁄⁄
⁄⁄
⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄⁄
⁄
⁄⁄
⁄⁄
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Table 7
Set of sample data for maritime emissions.
Emissions

Container vessel
(6 t per TEU)

Container vessel
(14.5 t per TEU)

CO2
NOx
HC
SOx
PM

28.24
0.72
0.0288
0.17
0.0639

11.68
0.30
0.0119
0.17
0.0265

4.3.2. A summary for models for maritime transportation
A summary of studies that model maritime freight transportation externalities is presented in Table 8. Apart from emissions, the external costs of noise pollution is another sector that has been investigated but with little focus. As we know,
ships are at open sea most of the time that no one can hear them. Even in the harbors, the sounds of the ships are not of
particular signiﬁcance. Waterborne transportation generally has little impact on congestion which occasionally occurs when
bridges have to be raised to let vehicles pass.
4.4. Air freight transportation
External costs for air transport can hardly be generalized as they largely depend on the type of the airplane and the airﬁeld. Studies tend to give different results as they are based on different airports.
4.4.1. Air pollution and greenhouse gases
While air transportation is literally the fastest way to move freight from A to B, it comes at the price of relatively high fuel
consumptions; it is therefore the least fuel-efﬁcient mode. The external costs for the emission of greenhouse gasses appear
substantial compared with the limited cargo capacity. Although most of the emissions are at high altitude mainly contributing to global effects, air pollution also has a local effect around airports due to the large amount of air trafﬁc coming to and
going from the airports.
Emissions of aircraft originate from the fuel burnt in the main aircraft engines as well as the engines powering the auxiliary power units. CO2 ; NOx , and CO are emitted in the greatest quantities per tonne of fuel consumed, while other emissions include methane CH4 , by-product gases, and trace amounts of metals. The fuel use and emissions also depends on
the fuel type, aircraft type, engine type, engine load and ﬂying altitude. Operations of aircraft are usually divided into the
landing and take off cycle (LTO), and the cruise phase. The former includes all aircraft activities such as taxi-in and out,
take-off, climb-out, and approach and landing, and the latter contains all activities that take place at altitudes above
3000 feet. Watterson et al. (2004) provide a model to estimate the emissions of pollutant p from a particular Landing/
Take-off (LTO) cycle m of operation:

EAir ðm; pÞ ¼ N  TðmÞ  Fðt m Þ  Ia;p ðt m Þ;

ð13Þ

where N is the number of engines, TðmÞ is the time in mode m (sec), Fðtm Þ is the weighted average fuel ﬂow for an engine, and
Ip ðtm Þ is the weighted average emission factor of pollutant p. For the cruise mode, the emission for the ﬂight distance d and
pollution p can be calculated as EAir ðd; pÞ ¼ mg;p  d þ cg;p , where mg;p is the slope of regression and cg;p is the intercept of
regression. A set of emissions data provided by Winther et al. (2010) is given in Table 9.
4.4.2. Noise
Air transportation noises are mainly generated from the sounds produced by the engines of aircrafts. While road and rail
noises have impacts throughout the whole country, noises caused by air transportation are centralized around the airports.
ECAC (1997) developed a noise model for an individual aeroplane movement in terms of a sound power level (in dBA). For
a selected point (x; y), the sound level emitted by one source can be calculated as

Lðx; yÞ ¼ Lðn; dÞ þ ^ðb; lÞ þ DL þ Dv þ Dt ;

ð14Þ

where Lðn; dÞ is the noise data based on the distance d, the thrust n; ^ðb; lÞ is the correction factor of attenuation of sound, DL
is the correction factor to consider the take-off noise. Dv and Dt are the correction factors for the speed changes and direction
changes of an aeroplane, respectively.
4.4.3. A summary for air transportation
The studies that model the external costs of air transportation are summarized in Table 10 with the coverage of externalities and the competence of the modelling approach. As shown in the table, emissions have been typically the focus of
study.
We present Table 13 in Appendix A to provide a better understanding of the models in terms of emission quantities.
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Table 8
Studies with modeling of the negative externalities for maritime transportation.
Research

AP
p
p
p
p
p
p
p

Hickman et al. (1999)
Joumard (1999)
Samaras et al. (2002)
Georgakaki et al. (2002)
Black et al. (2003)
Endresen et al. (2003)
NTM Sea (2008)
Corbett et al. (2009)
Boulter and McCrae (2009)
Comer et al. (2010)
Fitzgerald et al. (2011)
Lindstad et al. (2011)
Knörr et al. (2011)

GHGs
p
p
p
p
p
p
p
p
p
p
p
p
p

p
p
p
p

NP

p
p

The complexity of data requirement

The continuous improvement

⁄
⁄⁄
⁄⁄
⁄⁄
⁄
⁄⁄
⁄⁄
⁄⁄
⁄
⁄⁄⁄
⁄
⁄⁄⁄
⁄⁄⁄

⁄
⁄
⁄⁄
⁄
⁄⁄
⁄
⁄⁄
⁄
⁄
⁄
⁄
⁄
⁄⁄

⁄: Low ⁄⁄: Medium ⁄⁄⁄: High.
Table 9
Set of sample data for maritime emissions.
Emissions

CO2
NOx
CO
SO2
NMVOCs

Domestic

International

LTO (kg/LTO)

Cruise (kg/ton)

LTO (kg/LTO)

Cruise (kg/ton)

2680
10.2
8.1
0.8
2.6

3150
11
7
1
0.7

7900
41
50
2.5
15

3150
17
5
1
2.7

Table 10
Studies with modeling of the negative externalities for air transportation.
Research
Hickman et al. (1999)
Joumard (1999)
Samaras et al. (2002)
Black et al. (2003)
NTM Air (2008)
Gualandi and Mantecchini (2008)
Boulter and McCrae (2009)
Knörr et al. (2011)
Howitt et al. (2011)

AP
p
p
p
p
p

GHGs
p
p
p
p
p

p
p

p
p
p

NP

p
p
p

The complexity of data requirement

The continuous improvement

⁄⁄
⁄⁄
⁄
⁄⁄
⁄
⁄
⁄⁄
⁄
⁄⁄

⁄
⁄
⁄⁄
⁄⁄
⁄⁄
⁄
⁄⁄
⁄⁄
⁄⁄

⁄: Low ⁄⁄: Medium ⁄⁄⁄: High.

5. Pricing of the negative externalities
As discussed in the previous sections, many environmental, social and health problems result from negative externalities.
If the movement of freight has a negative externality to human life or to the environment, then the cost to society is greater
than the cost that is paid, for example, by consumer. The costs of negative externalities should be internalized in a way so
that they can be measured and controlled. Internalization means including the company’s social costs in the company’s private costs (Piecyk et al., 2010). In other words, externalities should be paid by companies that generate them; this may be
realized by government, market or private organizations. The rest of this section reviews studies that address internalization
of negative externalities in the ﬁeld of freight transportation.
We also note that there are several studies looking at individual air pollutants such as NOx and SOx , and provide monetary values for these pollutants (see, e.g., Dings et al., 2002; Schipper, 2004; Lu and Morrell, 2006; Givoni and Rietveld, 2010).
However, we aim to give an overall view of monetary values for each externalities.

5.1. Studies on the pricing of externalities
Internalizing the external costs of transportation is complex and requires a large amount of data, which explains the fact
that no single study is comprehensive enough to incorporate all the models, estimates, externalities, and transportation
modes. Some studies seek for a generic set of cost factors that can be used for the same types of externalities while others
focus on more speciﬁc and detailed cost estimates varying in vehicle/engine types, countries, etc. Whilst speciﬁc cost factors
may enable more accurate estimations than a generic set does, it has a much higher requirement on data availability and
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involves more complex calculations. The rest of the section presents a number of key studies addressing the pricing of the
negative externalities in freight transportation. Table 11 summarizes the externalities and transportation modes covered in
each of the studies.
 ECORYS (2004) estimates various externality costs associated with different transportation modes for the Marco Polo II
project which is initiated by the European Commission with an aim to reduce road congestion and pollution. The idea
is to encourage companies to use greener modes of transportation than road for freight movement if possible. A Marco
Polo calculator, which prices the environmental/social impacts (e.g., air pollution, global warming, noise, accidents, congestion, and infrastructure) of four transforation modes road, rail, inland water ways, and short sea shipping, is provided
for companies to assess alternative solutions. The cost indices (in €/tkm) used in the calculator are based on marginal cost
estimates resulting from earlier research (e.g., UNITE,3 RECORDIT4). One can ﬁnd that inland waterway and short sea transport (together counted as maritime) have the smallest overall index value (e.g., 0.01 €/tkm and 0.009 €/tkm respectively)
which is the sum of the individual environmental/social index values of relevance.
 Maibach et al. (2008) investigates the existing scientiﬁc and practitioner’s knowledge on externalities in the
Internalisation Measures and Policies for All external Cost of Transport (IMPACT) project commissioned by the European
Commission. A handbook on estimation of external costs in the transport sector is produced by combining a variety of
studies done by acknowledged ﬁrms/institutes; this enables a comprehensive and reliable set of external cost ﬁgures.
Examples of the studies include UNITE, HEATCO,5 and GRACE6 which are part of European research programs intending
to determine uniﬁed costs for transportation. The handbook provides as detailed information as, for example, externality cost
indices for different types of vehicles and fuels in road transportation, congestion costs depending on VOT, emissions of air
transportation varying in ﬂight distance categories. In addition, case studies are provided in the handbook for details of using
such information.
 McAuley (2010) analyzes the external costs of inter-capital freight transportation in Australia. Given the focus of intercapital freight, it is not surprising that only road and rail transportation modes are discussed in the study. Costs of externalities (e.g., accidents, GHGs, noise, and congestion) associated with each of transportation modes are presented in
ranges (e.g., the maximum and minimum unit costs). A number of examples estimating the costs of inter-capital fright
shipping externalities between major cities (e.g., Sydney, Brisbane, Melbourne, and Perth) in Australia are presented.
The paper concludes that inter-capital road freight has much lower externality costs than the average level of road freight
due to the better conditions of the inter-capital roads.
 Delucchi and McCubbin (2010) study the external costs for the United States. All modes of transportation are included,
and the corresponding externalities are priced for both freight and passenger transportation. However, estimates are
not available for all the cost categories (e.g., freight transportation in air and maritime modes). It is argued that there
are fewer estimates for freight transportation than for passenger transportation due to the lack of information and concerns. The presented estimates are largely based on the cost ﬁgures available in scientiﬁc articles. Occasionally, the
authors provide their own estimates.
 Swarts et al. (2012) discuss the calculation of externality costs for South Africa. The article covers the external costs for
accidents, air pollution, congestion, noise, and land use for road and rail transportation. The top-down and bottom-up
approaches provided by Maibach et al. (2008) have been largely applied in the study, and the estimate of the individual
externality cost are presented in details. However, only limited vehicle types and two transportation modes are discussed
due to the speciﬁc context of the country and the availability of data.
 VTPI (2013) has recently reviewed prior studies on general transportation costs, including those focusing on freight costs.
Among 18 cost categories discussed in the study, several (e.g., accidents, congestion, air pollution, climate change) are
relevant to the identiﬁed main externalities. A total of 37 articles are reviewed ranging from 1975 to 2012. The most
‘quantiﬁed’ externality is accidents covered by 30 articles, whereas land use is the least ‘quantiﬁed’ cost category with
only six articles. Given the wide scope of the review, a major focus is on road and rail modes.
 Korzhenevych et al. (2014) made an updated version of the handbook by Maibach et al. (2008) with an aim to incorporate
more recent scientiﬁc studies and best practices. Key areas of the update include: new databases on noise, accidents, and
emission factors; new and updated internalization models; improved estimates of input values of the models; recent
research outputs on the environmental/social impacts; the account of existing taxes and charges; and more case studies.
The additional literature between 2008 and 2014 did not reveal many new sources that could be recommended as best
practice for estimating external congestion costs for rail, air, or maritime transportation. Hence, a more focus is on the
road transportation sector which is in line with the fact the road mode occurs the majority of the external costs. The
updated handbook also provides the costs estimates of other environmental impact based on the up- and downstream
processes. This includes the external costs (e.g., pollution) of energy production, vehicle production/maintenance/disposal, and infrastructure construction/maintenance/disposal. Additionally, marginal infrastructure costs are provided
in the handbook.
3
4
5
6

UNIﬁcation of accounts and marginal costs for Transport Efﬁciency (Nash et al., 2003).
Real Cost Reduction of Door-to-door Intermodal Transport (Black et al., 2003).
Developing Harmonised European Approaches for Transport Costing and Project Assessment (Bickel et al., 2005).
Generalization of Research on Accounts and Cost Estimation (Nash et al., 2008).
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Table 11
Externality costs in the literature.
Reference
ECORYS (2004)
Maibach et al. (2008)
McAuley (2010)
Delucchi and McCubbin (2010)
Swarts et al. (2012)
VTPI (2013)
Korzhenevych et al. (2014)

AP
p
p
p
p
p
p
p

GHGs
p
p
p
p
p
p
p

NP
p
p
p
p
p
p
p

WP
p
p
p

CN
p
p
p
p
p
p
p

AC
p
p
p
p
p
p
p

LU
p
p

p
p
p

Road
p
p
p
p
p
p
p

Rail
p
p
p
p
p
p
p

Maritime
p
p

Air
p

p

p

p
p

p
p

5.1.1. Discussion of the selected prior studies in pricing
One can ﬁnd an extensive range of articles for external costs in various ﬁelds. Studies included in the above review are
those considered relatively new and of high relevance to the pricing of externalities in freight transportation. Korzhenevych
et al. (2014), Maibach et al. (2008), Swarts et al. (2012), McAuley (2010), and Delucchi and McCubbin (2010) are similar studies in term of the setup. Each provides external costs ﬁgures in different categories which are quite handy to look up and
apply to similar circumstances. A typical factor for one to consider while looking into the literature is the relevance of geographical locations. Examples of regions that are commonly addressed in the literature include Europe, South Africa,
Australia, and the United States. Referring to the articles in the same geographical context has the following beneﬁts: (i)
the cost ﬁgures are already in the right currency, (ii) the pricing plans are aligned with the wealth of the region, and (iii)
the cost estimates are set in consideration of the speciﬁc characteristics of the region.
There are also other reasons to choose a speciﬁc publication. For example, VTPI (2013) is useful for seeking additional
sources for externalities. Delucchi and McCubbin (2010) follows a very clear structure, and is, therefore, easy to read.
While costs are given in a range format, a typical difﬁculty is to align the right value to the speciﬁc case. McAuley (2010)
includes some insights of using the cost ranges. Swarts et al. (2012) and ECORYS (2004) provide single cost ﬁgures for road,
rail, and maritime which could be applied straightaway to similar cases. Korzhenevych et al. (2014) and Maibach et al. (2008)
contain most comprehensive information of external costs in various categories (e.g., region, fuel type, vehicle type, trafﬁc,
environment, and human behavior).

5.2. Discussion of the cost ﬁgures
Table 12 provides an overview of the cost ﬁgures presented in the aforementioned studies. The original ﬁgures which are
given in different currencies have been adapted to a uniﬁed format (i.e., Euro) for the ease of comparison. A range of values is
applied in most of the cases as prices vary in further classiﬁcation (e.g., type of engine and fuel) under each category (e.g., air
pollution for road transportation). It is noticed that format of the cost ﬁgures may also differ in the unit of measurement (e.g.,
€ct/vkm, €ct/tkm, €/km, €/LTO).
It is found that the upper bound values for air pollution and GHGs in the road category provided by Korzhenevych et al.
(2014) are extremely high (e.g., six times higher than those in other studies). This suggests one should look into the original
cost ﬁgures, compare the detailed categories, and reﬂect the case to an appropriate cost level when pricing. Simply using an
average of the minimum and maximum values may cause large variations to the actual case. The accident costs for road
transportation provided by Korzhenevych et al. (2014) and Maibach et al. (2008) appear in wider ranges due to the coverage
of various road types and different countries. The external costs for noise and congestion are relatively low in McAuley
(2010) and Swarts et al. (2012) because the geographical samples used in the studies are located in relatively low-density
transportation networks.
Air pollution and greenhouse gasses for rail transport are apparently priced higher in Maibach et al. (2008). The main reason for this is the inclusion of the indirect emissions (e.g., emissions due to electricity production). While the direct emissions are generally negligible in all of the studies, the indirect emissions appear signiﬁcant. The costs of accidents and
noise pollution cause by rail transportation are found to be lower in the article of Swarts et al. (2012) than in others, which
is most likely due to the differences in income levels between South Africa and other regions. Interestingly, the congestion
costs of rail and air transportation provided by Maibach et al. (2008) include negative values. The authors believe that congestion can be generally a positive externality in rail and air modes which could potentially keep trucks of the road.
Compared with the road and rail modes, maritime and air transportation have received much less attention on the topic
of externalities. Only air pollution and GHGs are priced in maritime transportation in Korzhenevych et al. (2014), Maibach
et al. (2008) and Delucchi and McCubbin (2010) which are the only studies among others addressing the mode. The external
cost ﬁgures for air transportation hardly fall in a common range due to the lack of studies. The values given in the air category are all based on case studies, which results in high variations.
We also note that the external costs in urban areas are much higher than in non-urban areas (Van Essen et al., 2011). For
example, in urban areas, accident costs are about half of the external costs, while in non-urban areas and particularly on
motorways the costs of emissions are dominant.
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Table 12
An overview of external cost ﬁgures.
AP

GHGs

NP

WP

CN

AC

€ct/tkm
€ct/vkm
€ct/tkm
€ct/tkm
€ct/tkm
€ct/tkm
€ct/vkm

0.89
1.4–38.3
0–0.38
0.05 –8.36
0.31⁄
0.0–2.39
0.3–56.6

0.26
1–2.9
0.04–0.07
0.0–0.21
–
0.07
2.3–13.2

0.28
0.13–12.7
0–0.02
0.0–2.37
0.13
0.02
0.7–35.8

–
1.05
–
0.0–0.02
–
–
–

2.26
2–3.5⁄
0–9.21
0.24
0.13
0.01–0.29
0.0–404

0.43
0.09–27.54
–0.01–1.27
0.05–0.89
0.32
0.07–0.26
0.1–46.2

Rail
1
2
3
4
5
6
7

€ct/tkm
€/km
€ct/tkm
€ct/tkm
€ct/tkm
€ct/tkm
€ct/tkm

0.46
0.14–7.19
0.0–0.13
0.0–0.07
0.05
0.02–1.13
0.08–0.9

0.46
0.31–0.35
0.02
0.0–0.09
–
–
0.26

0.09
0.05–1.71
0.0–0.01
–
0.0
0.01
0.02–0.90⁄

–
0.01
–
–
–
–
–

–
–1–0.2
0.0–1.30
0.01
–
–
0.2

0.14
0.08–0.30
0.03
0.05
0.03
0.01–0.03
0.02

Maritime
1
2
4
6
7

€ct/tkm
€/km
€ct/tkm
€ct/tkm
€ct/tkm

0.56
0.89–12.60
0.04–0.76
0.43
0.87–6.40

–
0.08–1.14
0.0–0.10
–
0.5–0.41

–
–
–
–
–

–
–
–
–
–

–
–
–
–
–

–
–
–
–
–

Air
2
4
7

€/LTO
€ct/tkm
€/LTO

45–300
0.0–0.85
75–416

130–3710
0.20
465–13,308

90–1200
–
0.0–702

–
–
–

–16–10⁄
–
0.9–1.0⁄⁄

12–309
–
–

Road
1
2
3
4
5
6
7

1: ECORYS (2004); 2: Maibach et al. (2008); 3: McAuley (2010); 4: Delucchi and McCubbin (2010); 5: Swarts et al. (2012); 6: VTPI (2013); 7: Korzhenevych
et al. (2014); ⁄⁄ €/minute; tkm:tonne-kilometer ; vkm:vehicle-kilometer; LTO: Landing/take-off cycle.
⁄
€/kilometer.

5.3. Case studies in internalization
Given the exploratory nature of pricing the externalities in freight transportation, case studies appear a dominant
research method. One could argue that such studies lack generality while the context speciﬁc and know-how details available
in those studies are of high practical value. It has been found from previous discussion that the geographical difference is a
major factor that affects the pricing of freight transportation externalities. Hence, a selective set of case studies regarding
different geographical areas are reviewed in this section.
 United States of America: Forkenbrock (1999) investigates four types of external costs of intercity freight trucking. These
negative externalities include emissions, accidents, noise and unrecovered costs associated with the provision, operation,
and maintenance of public facilities. Results show that negative external costs are equal to 13.2% of private carrier costs
and user fees would need to be increased about threefold to internalize these external costs. In a similar study of
Forkenbrock (2001), the author investigates the negative external costs for several types of freight trains and compares
them with the private costs experienced by railroad companies. The negative externalities include emissions, accidents
and noise. Results show that external costs related to rail transportation are approximately 0.25 cent (US) per ton-mile,
less than the 1.11 cent for freight trucking; however, external costs for rail constitute a larger amount relative to private
costs, 9.3–22.6%.
 Norway: Eriksen (2000) discusses the external costs (e.g., air pollution, GHGs, noise, accidents, land use and congestion) of
transportation considering the concept of the willingness-to-pay (WTP) method. The estimated marginal external cost of
each of the transportation modes is compared to what is actually paid at the margin for the mode in taxes and charges
that are of relevance to transportation volumes. The ﬁndings indicate: small vans generally internalize their external costs
in the form of trafﬁc charges; only a small proportion of the external costs caused by cargo vessels are by the trafﬁc
related charges; and airplanes pay a lot more than their estimated external costs because they cover the total costs of
the central aviation administration.
 Czech Republic: Andersson (2005) focuses on means of reducing the environmental impacts of freight transportation in
road and rail networks. The relationship between increasing road freight transportation and its effects on air pollution
is particulary investigated. Results suggest that the current practice is not environmentally sustainable, and there is a signiﬁcant need for improvements in certain externalities (e.g., air pollution). Further recommendation includes improving
the rail transportation system to ease environmental pollution as the current low prices for motorway charging result in
extremely heavy usage of road transportation which has the most substantial environmental/social impacts among other
transportation modes.
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 North Sea Region: Sandvik (2005) studied the region to investigate the two new short sea cargo routes. In particular, the
alternatives are assessed in different scenarios involving multi-modal transportation and various technologies/speeds.
The environmental impacts are measured based on energy consumption, where emissions considered include CO2, CO,
SO2, NOx, and PM. It is found that the conventional fast ferry services (e.g., RoRo ships) generally create higher emissions
that do multi-modal transportation chains. Moreover, it is stated that regulation forces to control NOx emissions and
Sulphur-content are needed for short sea shipping to compete with rail and road transportation.
 United Kingdom: Piecyk and McKinnon (2007) investigate the degree to which the external costs (e.g., emissions, noise,
congestion, accidents and infrastructure) of road freight transportation are currently being internalized by taxation.
The authors look at two scenarios: the ﬁrst case uses emissions data for lorries from the government’s NAEI model;
and the second one is based on the assumption that all trucks produce the maximum amount of pollutants permitted
by EU regulations. Scenario analysis shows that taxes on lorries would have to rise by around 50% to fully internalize
negative externalities. Moreover, the authors state that the UK is already much closer to full internalization of the external costs in road freight transportation than most other EU countries.
 Australia: A decision support tool which estimates the monetary, market, and socio-economic costs of alternative roadbased on rail-based logistics chains is developed in Access Economics (2007). Externalities including infrastructure wear,
congestions, accidents and environmental coasts can also be examined in the tool. The application of the tool is demonstrated in two case studies: one is a typical road-based logistics chain for meat exports; the other is for grain exports,
representing a rail-based logistics chain. The road case reports only infrastructure wear costs are somehow compensated
by user changes (e.g., vehicle registration charges) while other external costs remain under recovery. For the case of the
rail-based chain, the costs of all the externalities are covered by the user changes (e.g., rail access fees). In both cases, the
access to infrastructure and the availability of services are the main factors inﬂuencing the choice of transportation
modes. The tool facilitates comparisons of external costs of using different transportation modes, vehicles and routes,
and displays the split of external costs into different categories.
 Colombia: Márquez and Cantillo (2013) model Colombian multi-modal freight transport network incorporating transport
external costs. Externalities considered include congestion, accidents, air pollution and GHGs for road, rail, and inland
waterways. Marginal costs are calculated using two approaches which are applied in seven selected routes: one assumes
that an additional unit of demand does not affect the equilibrium of the transport network, and then the marginal cost is
estimated as the sum of marginal costs on the shortest path links; the other assumes that an additional unit of demand
changes the network equilibrium and, consequently, the marginal costs are estimated by calculating the difference
between the two equilibrium scenarios. An average rate of external costs is estimated as 37%, 12%, 1% of the value of
domestic costs for road, rail, and inland waterway respectively.
6. Conclusions and future research directions
Freight transportation activities have been conventionally planned with a focus of cost reduction or proﬁt maximization,
where only internal transportation costs are taken into account. With an ever growing concern for the environment, negative
external costs of transportation and the means to controlling them have brought governments’ and logistics companies’
attention. As a result, there have been emerging solutions provided by scientiﬁc researchers as well as practitioners to minimizing negative externalities in the design of the transportation systems. To enable effective internalization of the external
costs – the right models are applied to the right scenarios, this paper has contributed by providing a comprehensive and
timely review of the negative freight transportation externalities addressed in the literature and by providing implications
on how the ﬁeld should evolve in the future. In particular, an overall picture of pertinent transportation externalities in
quantitative terms along with pricing studies regarding the associated costs is presented for different transportation modes.
Five important conclusions are revealed as follow:
 One can see that, for both modeling and pricing of the negative externalities, the majority of the studies are done in the
domain of road transportation. This does not come as a surprise. According to EC (2010), 76.4% of the inland transportation in EU is carried out by the road which explains the appeal of the research focus.
 Among the externalities, air pollution and GHGs are the most discussed negative externalities (Demir et al., 2014a). One
reason might be that other types of negative externalities are not easy to follow and measure. For example, noise pollution can be measured but it is not easy to extract from other sources of noises. Water pollution is legally forbidden, but it
is not easy to follow with visual tracking. The complexity of modeling congestion and accidents lies in the high varieties of
their impacts. Land use is quite often closely related to political reasons.
 The deﬁnitions of externalities tend to be limited in emissions, noise, congestion, accidents, water pollution and land use.
However, there are other externalities such as the effects due to the production of vehicles and transport infrastructure.
These include: energy production, vehicle production, maintenance and disposal, infrastructure construction.
 A top-down approach seems more common than bottom-up estimations in the practice of internalizing negative externalities; this is due to the complexity of measuring individual entities in the transportation networks. For example, the
impact of ton-kilometers rather than other related parameters (e.g., type of vehicle and road) is typically measured in the
pricing literature.
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 The challenges for studying freight externalities and their imparts as well as comparisons of them across different transportation modes include availability of reliable and consistent data (e.g., lack of real-time data), differences in units of
measurement (e.g., km/h vs mph), global versus regional nature of some mode of transportation (e.g., aviation and shipping), and limited responses to the technological advances (e.g, electric vehicles).
Summarizing current studies on the negative externalities of freight transportation, the following ﬁve areas are identiﬁed
as further research directions.
 It is important to know how much trafﬁc could be transferred from road transportation to rail and ship transportation
(see, e.g., Zimmer and Schmied, 2008; Boer et al., 2011). For example, Zimmer and Schmied (2008) states that only
1.2%, road tone-kilometers, of the freight transportation can be shifted to more environmental friendly modes. This ratio
could be increased by relaxing those factors that conﬁne the modal shift, such as, making the mode economically viable
and increasing their reliability and infrastructure capacity.
 There exist several ways to increase the awareness of the negative externalities, such as, willingness to pay (WTP) and
value of a statistical life (VOL). These methods look at the maximum amount that an individual is willing to sacriﬁce in
money terms to avoid something undesirable. Hence, it is more important to consider how much customers are willing
to pay rather than how much they should be charged when externalities are priced.
 There is a need for enhancing the accuracy and reliability of modeling the external costs, where standard results should be
obtained for each of the individual externalities. This can be achieved by comparing and assessing existing models in different practical settings.
 The life-cycle of the transportation mode (e.g., the period from the preproduction to scrapping the asset) and the infrastructure should be considered in the modeling and pricing of the negative externalities.
 Reducing negative externalities creates beneﬁts to not only environment but also transportation companies. For example,
a lower level of GHGs means less fuel consumption; the health of drivers will be less threatened if noise pollution is effectively controlled. Although a few studies have highlighted these beneﬁts, further attention to strategies for and solutions
to promoting the beneﬁts is required.
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Table 13
Several average emission amounts given in the literature.
Reference

Emissions

Road

Rail

Maritime

Air

Hickman et al. (1999)

CO
NOx
PM
SOx
CO2

g/km; Euro I diesel, 70 km/h
1.076
2.0247
0.1932
–
429.51

g/km
5–40
30–70
1–6
1–10
–

kg/ton of fuel
3.8–9
59–88.5
0–7.6
21–57.3
3110–3250

g/km
–
–
–
0.32–1
3100–3220

Boulter and McCrae (2009)

CO
NOx
PM
CO2

g/km; Euro IV diesel
0.001–0.342
0.339–1.115
0.014–0.249
106–269

g/tonkm
–
0.15–0.35
–
–

g/kW h
0.51–1.31
11.94–18.14
0.19–0.50
167–193.43

g/km
30.5–62.3
0.8–2.2
–
–

NTM
NTM
NTM
NTM

CO
NOx
PM
SOx
CO2

g/L; motorway
0.05
15
0.08
–
2614

g/km
–
55.4
2
0.08
3181

kg/km
0.37
4.35
0.16
3.37
221.35

kg/km; 100% loaded
8.61
77.3
–
–
9003

CO
NOx
PM
SOx
CO2e

g/km; Euro-V diesel
–
2.30–3.08
19.1–30.6
–
718–1384

g/kg
–
48.3
1.3
–
3268

g/KWh
1.5–2.5
10–12.9
0.3
0.6–4
–

g/kg fuel
–
0.1
0.2
1
3150

Road (2010)
Rail (2008)
Sea (2008)
Air (2008)

Knörr et al. (2011)

g/km: gram/kilometer; kg/km: kilogram/kilometer; g/kW h: gram/kilowatt-hour; g/L: gram/Liter.
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Appendix A
We summarize several emissions quantities discussed in the literature in Table 13.
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