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The study presents an analysis on the external costs
produced by freight transportation and the policies
to reduce the external costs. The ° polluter-pays’
principle advocates that the freight sector should be
responsible for the external costs they produced.
Making use of transportation modes with less negative
effects, multimodal transportation has been
demonstrated to be an economic and sustainable
strategy for freight transport. In this study, a
multimodal transportation network model for container
flow is developed to estimate the inland container
movement and the associated external costs. Policy
sensitive factors, including external cost
internalization and cross-subsidization, are
simulated. Based on a case study with the Taiwan
network, our result shows that a high internalization
ratio of external cost is needed for the modal choice
to have a significant shift. With cross-subsidization
and improvement of port operations, a lower
internalization ratio can achieve the same results,
which could be more politically acceptable.

Emissions, External cost, Freight transport,
Multimodal, Short sea shipping
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ABSTRACT

The study presents an analysis on the external costs produced by freight transportation and the
policies to reduce the external costs. The “polluter-pays” principle advocates that the freight
sector should be responsible for the external costs they produced. Making use of
transportation modes with less negative effects, multimodal transportation has been
demonstrated to be an economic and sustainable strategy for freight transport. In this study, a
multimodal transportation network model for container flow is developed to estimate the
inland container movement and the associated external costs. Policy sensitive factors,
including external cost internalization and cross-subsidization, are simulated. Based on a case
study with the Taiwan network, our result shows that a high internalization ratio of external
cost is needed for the modal choice to have a significant shift. With cross-subsidization and
improvement of port operations, a lower internalization ratio can achieve the same results,
which could be more politically acceptable.

1. INTRODUCTION

The “polluter-pays” principle advocates that the transport sector should be responsible for the
external costs they produced (Maibach et al., 2007). The external costs of transport consists of
environmental costs (emissions, pollutions and climate change), congestion costs (travel delay
to the other travellers), accident costs and infrastructure costs (road construction and
maintenances) etc. Among the freight transportation modes, truck traffic on highways is the
major source of negative effects to the environment, and there are many studies on the
estimation of the external costs produced by urban freight transport (Mayeres et al., 1996;
Ozbay et al., 2007; Berechman, 2009). Some consider different policies to internalize the
external costs to the transport sector (Piecyk and McKinnon, 2007).

With the growing importance of logistic in a green and environmental friendly way,
multimodal transportation has been recognized as an economic and sustainable strategy for
freight transport. Whereas most of the cargos are carried by trucks, short sea shipping (SSS)
has been widely discussed in Europe and America as a way to migrate the traffic of cargoes
from the road network to the sea. Trucks cause traffic congestion problems and produce
emissions and air pollutants harmful to the residents. Boats and trains have less negative
environmental effects, but they are not seen as a real alternative because of their low
flexibility and longer transit time. To achieve a sustainable transport network and motivate
modal shift, a proper and practical pricing policy is necessary to reflect the external costs
generated by the infrastructure users.



In Taiwan, most of the internal transport flows for non-bulk cargo are transported with
trucking via road network, and only a small percentage is transported with barges between
domestic seaports. The substitution and complementary effects between trucking and barge
transportation have been investigated by several government studies (see MOTC, 1999). Lee
et al. (2010) investigated the external cost of transportation for domestic cargos with SSS and
trucking, and showed that a large amount of external costs was produced by the truck
transportation as compared to SSS. This is due to the large amount of container movements
between the North and South of Taiwan in consequence of mismatching between handling
capacities of ports and demand and supply of cities. The Kaohsiung port in South Taiwan is
the main import/export area for international trade containers, while Taipei (the capital) and
most of the industrial centers are located on the North. Chou (2005) showed that this amount
of inefficient container movements reached a million TEU, incurring a direct transportation
cost of 9.9 billion Taiwan dollars each year.

The study of Lee et al. (2010) estimated that over 90% container cargo movements between
the ports in Taiwan are transported by trucking and less than 10% utilizes SSS. It is
emphasized that, by charging the external costs caused by container transport, shifting freight
from road transport to intermodal with SSS is considered to be one of the effective ways in
solving the high environmental negative impacts of transporting freight. Liao et al. (2011)
examined the greenhouse gas emissions due to inland container transport in Taiwan, and
suggested that shifting truck traffic to sea traffic can reduce a huge amount of emissions. Both
studies suggest that the emissions and climate change costs can be greatly reduced if the
container cargo movements between the ports on the west coast of Taiwan can make use of
SSS.

The above empirical studies only considered the port to port traffic, and did not have an
accurate estimation of the inland traffic pattern. To explore the relevant policy options, a
detailed estimation of the cargo movement pattern on the network are required. Therefore, the
objective of this paper is to analyse policy sensitive factors, including external cost
internalization and cross-subsidization, in motivating the modal shift and reducing the
external costs. A multimodal transportation network model approach is adopted to estimate
the inland container movement and the associated external costs.

2. AMULTIMODAL TRANSPORTATION NETWORK MODEL

We present a multimodal transportation network formulation to model the domestic container
cargo movements in a country. The model solves for the modal choices of freight carriers and
routes of cargo movements between foreign seaports and domestic cities. The cargoes
between foreign seaports and domestic seaports are transported by international vessels, and
then transported by highways (i.e. trucks) between domestic seaports and cities. Short sea
shipping (SSS) could be used as a transfer mode between domestic seaports. The formulation
is given below, and a list of notations of variables is displayed in Table Al in appendix.

Model formulation

The model is a planning model and optimizes for the total transportation cost, and the
behaviour of and interactions between the shippers and carriers are not taken into account. As
we are interested to see the reactions to the freight movement with respect to the government
policy against the environmental cost produced by each transportation modes, a factor is
introduced in the objective function to measure the proportion of environmental cost to be



charged. The total transportation cost is composed of transit cost and environmental cost (to
be internalized with pricing).

MinimizeZ =TC +w-EC (1)

subject to some set of constraint Q;, Q,, Q3, Q4, Qg, Qg and Q. The objective function,
cost functions, and constraints are defined in the following.

Obijective function

In the objective function, transit cost (TC) is the generalized cost consisting of the cost for
trucks, short sea shipping and international vessels, and the environmental cost (EC) is the
corresponding marginal external cost of pollutant emissions to the environment. They are
defined as

TC = Z Z {C]J-k(DI ik + ZTIUK}_FC&](DEKJ + ZTEkjtJ}'F
jedkekK teJ\{j} ted\{j} @)
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The environmental costs of international vessels are excluded here because currently there is
no international regulation applied to the fuel consumption or emissions from shipping. The
CO, emissions from international shipping are also not covered by the Kyoto Protocol on
climate change.

Cost functions

The unit transit cost ¢ on each transportation link between port/city pair (i, j)e A and mode
m e {1,2,3}can be determined by

cf = (h 4+ pﬁ”), for m= {1} (4)
cf = (h A + pjf’ +the; ) for m={2,3} (5)

where h is the inventory holding cost per unit time (per TEU); ti'j“ is the transit time of mode

m from origin i to destination j; p{}1 is the transit cost per TEU, which corresponds to the
inland transit cost by trucks for m={L}, and to the sea freight rate for m={2,3}; thc; is the

terminal handling charge (per TEU); and e{Jn is the external cost (per TEU) using mode m
from origin i to destination j.



The unit environmental cost e{}1 is the emission of environmental pollutants produced by

transportation (Mayers et al, 1996; Beuthe et al., 2002; Ozbay et al., 2007; Berechman, 2009).
It can be estimated by the avoidance cost approach

e =l ap kp (6)
p

where |;; is the distance (in km) fromito j; a, is the avoidance cost of pollutant type p; kB1

is the emission factor of pollutant type p of mode m per TEU-km. For the shipping modes
m= {2,3}, the factor depends on fuel type, engine type and consumption of fuel, and can be

determined as ky' = fikj; , where f| is the consumption amount of fuel type I and K is
|

the emission factor of pollutant type p by using fuel type | for the shipping mode.

Set of constraints

The model is subject to a set of constraints to ensure feasibility of flow movements in the
network. Q, Q, and Q5 specify the cargo flow conservation; Q,, Qs and Qg are related

to the operation issues of ports, and Q, is the non-negativity and integer constraints for the
variables.

Import and export amount constraints, € :

D sl =sf; forall iel )
jeld'
D DE,; =sdy forall ke K (8)
jed'
D Dl =ddy forall ke K 9)
jed'
ZSEJI = dfl f0r a” | el (10)
jeld'
Flow conservation constraints, Q,:
D.sly=> DI, forall jel (1)
iel keK
Y DE,; =Y SE; forall jel (12)
keK iel
Direct transport or transfer via Short Sea Shipping port, Q5:
Dljy =Alj+ D Tly forall jeJ and keK (13)
teJ\{j}
DEkJ = AEkj + ZTEktj forall ke K and J el (14)
teJ\{j}

Port capacity constraints, Q,:

Sty +SEj )+ Y {ZlewZTEijéaj forall jel (15)

icl teJ\{j}\keK keK
Determining the number of vehicles/ships with the amount of cargos, Qs :
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Al j + Z{T}Itjk <ng VI forall jeJand keK (16)
ted\{j

AE; + > TEgq <n-VEg forallkeK and jel (17)
teJ\{j}

STy <n,-VI%  forall jeJand teJ\{j} (18)
keK

> TEj <ny-VE forall teT and jeJ\{t} (19)
keK

Slij <ng- VI foralliel and jelJ (20)
SEji < n3-VE]?’i forall jeJ andiel (21)

Vehicle capacity constraints, Qg:

Dty VI <u; forall je (22)
keK

> th VEg <uy forall ke K (23)
jel

VIS <v forall jted;j=t (24)
VEtj vtj forall t,jeJ;t= ] (25)
VISSV forallieland jeJ (26)
VE?I sv forall jeJandiel (27)

Non-negat|V|ty and integer constraints, Q- :

SI;, SE; >0 forall iel and jeJ (28)
Dl j,DE,; >0 forall jeJand ke K (29)
Al,,AE; >0 forall jeJand keK (30)
Tl TE,; >0 forall jjteJ and ke K (31)
Tly, TE,; >0 forall jjteJ and keK (32)
VI1~ VEkj >0 and integers forall jeJ and k e K (33)
VI2 VEtJ >0 and integers forall j,teJ j=t (34)
VI3 VEf, >0 and integers forall iel and jeJ (35)

3. STRATEGIES IN REDUCTION OF EXTERNAL COSTS

The reduction of external costs and emissions produced by freight movement is one of the
primary objectives of the government to improve the transportation network. In an
environmental perspective, the “polluter-pays” principle is the environmental policy receiving
strong supports from US and European countries. In European Union, the Eurovignette
Directive, which is the first EU law to implement wider strategy of internalizing the external
costs of transportation, has granted the member countries the authority to set road tolls for
heavy goods vehicles (Liepe et al., 2011; Maibach et al., 2007).

On the other hand, an argument against the external cost charges is that the tax collected from
the freight industry may not necessary be used to invest in the transport network. There is no



obligation of the countries on how to use the revenues. Furthermore, the external cost charges
may cause additional burden to the freight transport sector as the overall demand decreases
with the increasing transport costs.

The successfulness of a new tax or pricing scheme would be highly dependent on the support
from the industries and public. The objective of the external cost charges is to encourage the
freight transport industry to use more sustainable and environmental friendly way to move the
cargos. The revenue collected should be used to improve the existing transportation system.
Equity issues among different groups such as freight forwarder, carrier, and transport section
should also be taken into account. Take road congestion charging for traffic as an example, an
efficient charging scheme requires that part of the revenues collected must be spent on the
improvement of transportation system, including building infrastructures, road maintenances,
or other alternative modes such as metros and buses (e.g. Litman, 2011; VTPI, 2012). Cross-
subsidization between modes is practically possible.

4. ACASE STUDY

In this section, a case study based on Taiwan network and data is used to demonstrate the
presented models. The topology network which consists of trucking and short sea shipping is
shown in Figure Al in the appendix. Trains for freight transport in Taiwan is not considered
in the model because of the short distance of travel (the distance between the North and South
of Taiwan is about 400 km) and thus low efficiency. Trains are lack of flexibility and require
transhipment at both ends of the trip. Furthermore, the existing railway system is already in
high utilization for passenger transportation, and expansion of the rail system involves very
high fixed costs and not a feasible option.

4.1 Data collection

All data are obtained from the transportation research statistics data published by the
government (MOTC, 2007, 2008) and the harbour bureaus. The export and import amount of
container in Taiwan cities is obtained from MOTC (2008) and shown in Table A2. The travel
distances and times between domestic cities and ports are extracted from a web-based GIS
system, and shown in Table A3. The capacity of ports is displayed in Table A4. Since the
selection of incoming/outgoing domestic ports is not sensitive to the origin/destination of
foreign seaports, we simply assume the foreign seaport to be a single source/sink in this
example.

On the cost functions, the values for transit costs and terminal handling charges are taken
from the data announced by the corresponding harbour bureaus. For trucks, the unit transit
cost on average is taken to be $25 TWD per TEU-km, as from real data the transportation cost
from Kaohsiung to Keelung is about $8500 to $10000 TWD per TEU. At the ports, the
terminal handling charge is relative small and neglected in the example, and the inventory
holding cost are taken to be $1800, $1300, and $1500 for Keelung port, Kaohsiung port, and
Taichung port respectively. For short sea shipping, the transit costs are $4900 between
Keelung port and Kaohsiung port, $3000 between Keelung port and Taichung port, and $3000
between Taichung port and Kaohsiung port (Lee et al., 2010).

The marginal environmental cost is adopted from Lee et al. (2010) and displayed in Table A5.
The marginal congestion cost for highway is ignored in this study. Wong et al. (2010)
estimated that the marginal external congestion cost for a tractor trailer to be $0.74 TWD for



each TEU-km on average. However, the amount of congestion cost is highly dependent on the
traffic conditions (e.g. peak vs. off-peak of traffic), vehicle compositions, and the value of
time of drivers (Mayeres et al., 1996; Forkenbrock, 1999). For more accurate estimation of
external congestion cost, a more detailed model and calibration against traffic data are
necessary.

4.2 Base case

The multimodal transportation network model is solved with the commercial package CPLEX
11.2 using the AMPL interface (Fourer et al., 2002). The multimodal transportation network
model is a linear integer programming problem for constant link travel costs. However, if a
calibrated link cost functions are available, the transportation network model can be extended
with a traffic assignment model for road traffic and thus nonlinear (Yamada et al., 2009). As
the amount of freight flow is relatively small to the car traffic, the link costs are usually
assumed to be constant in the modelling of freight transport.

The base case is run and internalization of external costs is not considered, and the result is
shown in Table 1. The amount of truck and SSS flows are obtained from the model. All
containers from or to foreign countries are transported to the ports and then to the cities using
trucks for the minimum costs, and SSS is not used. The costs of air pollution and CO,
emissions are estimated to be 543.5 and 11.6 million US dollars respectively.

Real data from the port authority and Lee et al. (2010) also mentioned that there is a certain
amount of containers between the three seaports, with 862,164 TEU using trucks and 90,701
via SSS. This is not included in the import/export dataset used to solve the multimodal
transportation network model, which is deterministic and returns an all-or-nothing flow
between each origin and destination pair. These numbers are also included in the table for
comparison. In total, the costs of air pollution and CO, emissions produced by transportation
of containers are estimated to be 626.3 and 13.5 million US dollars respectively.

4.3 Internalization of external costs

If the external cost is internalized to the freight sectors and they are responsible for part of the
environmental cost produced, some of the flows may switch to their path and move via SSS.
The decision of path switching depends on amount of external costs to be charged and the
difference of total transportation costs between the paths, and therefore hinge on the origin
and destination of the trip.

Table 2 shows the change in tuck traffic and short sea shipping traffic against the level of
internalization. As the level of internalization increases, the trucking freight cost increases
over the intermodal option between some origin and destination pairs, and there is a modal
shift from trucking between some port and cities to the SSS with trucking. As a result, the
total transportation costs increase but the associated environmental costs produced decrease.



Table 1. Base case scenario

Amount of flow Emissions (tonne) Emissions (USD)
TEU veh-km PMyq NOx VOC SO, CO, Air pollution CO, Total
Truck® 10,052,091 1,609,616,006 1,207 16,338 1,046 483 445,864 543,529,177 11,592,454 555,121,632
Ssst - - - - - - - - - -
Truck? 862,164 233,537,910 178 2,372 150 68 64,690 79,906,868 1,681,939 81,588,807
Sss? 90,701 25,167,792 4 161 7 33 8,699 2,853,988 226,164 3,080,151
Total 11,004,956 1,868,321,708 1,389 18,870 1,203 584 519,252 626,290,033 13,500,557 639,790,590

' Obtained from our model based on Import/Export data
2: Obtained from real data, for internal container movement between ports

Table 2. Modal split, transportation cost and external cost against the external cost internalization ratio

Internalization Flow (TEU) Modal Split (%) Total transportation cost (million USD) Total external cost (million USD)
ratio Truck SSS Truck SSS Truck SSS Total Truck SSS Total
0.00 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.10 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.20 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.30 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.40 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.50 10,052,091 - 100.0% 0.0% 1307.8 - 1307.8 556.6 - 556.6
0.60 9,294,826 757,265 92.5% 7.5% 1185.3 157.5 1342.8 504.4 19.7 524.1
0.70 9,294,826 757,265 92.5% 7.5% 1185.3 157.5 1342.8 504.4 19.7 524.1
0.80 9,294,433 757,658 92.5% 7.5% 1185.2 157.6 1342.8 504.4 19.7 524.1
0.90 9,197,984 854,107 91.5% 8.5% 1165.2 186.5 1351.6 495.9 24.7 520.6
1.00 9,197,984 854,107 91.5% 8.5% 1165.2 186.5 1351.6 495.9 24.7 520.6




4.4 A model of cross-subsidization

Solely charge on the freight sector may raise huge resistance and opposition. The experiences
from urban transport pricing show that, to achieve support from the public, the generated
revenue must be allocated at an efficient manner considering equity of different groups. We
prefer to see a change in the traffic pattern, but not a change in the total transportation demand,
as the amount of demand is highly related to the economic development of the country. As
suggested in Berechman (2009), promotion (such as subsidization) of short sea shipping
operations, railway expansion, and efficient pricing to trucks are possible solutions to mitigate
the truck traffic problems. As the strategic objective of the charging is transport sustainability,
cross-subsidization to sea transport from road transport can make the mechanism more
practically feasible.

We propose a port cost reduction scenario here. We estimate that maximum differences in
transit time and costs between dedicated and non-dedicated services are $3500 TWD per TEU
and 12 hrs respectively. Therefore, we model that the government may subsidize the port
authorities and port operators to lower the port costs for using the SSS service. We would
investigate how the level of port cost reduction can work with the external cost internalization
to maximize the sustainability.

We performed a number of cases with port cost reduction level and internalization ratio.
Table 3 shows the amount of SSS based on the combined effect of port cost reduction and
external cost internalization. Recall that, without any port cost reduction, 757,265 TEU of
containers will use SSS at an internalization ratio of 0.6.

If the port cost is reduced by 10%, the same level of SSS flow can be achieved with the
internalization ratio of 0.4. If the port cost is reduced by 20%, the same level of SSS flow can
be achieved with the internalization ratio of 0.1. It is a trade-off between the two policy
variables considered to achieve the optimal situation. With a smaller internalization ratio, the
impact to the transport sector is reduced and it should be more acceptable to the industry.

Table 3. Combined effects of port cost reduction and external cost internalization

Port cost reduction ratio Internalization ratio Amount of SSS (TEU)
0.2 0
10% 0.3 142989
0.4 757265
0 0
20%
0.1 757265
0 757658
30%
0.1 757658

5. CONCLUDING REMARKS

This paper presents an analysis on the external costs produced by freight transportation and
the policies to reduce the external costs. A multimodal transportation network model
approach is adopted to estimate the inland container movement and the associated external
costs. Based on a case study with the Taiwan network, our result shows that an external cost



internalization ratio of 0.6 is needed for the modal choice to have a significant shift. This ratio
is high and could be less acceptable, and the revenue collected can be used to improve the
freight network. Considering cross-subsidization to shipping from trucks, if the port charge is
reduced by 10%, the same level of SSS flow can be achieved with the internalization ratio of
0.4. If the port cost is reduced by 20%, the same level of SSS flow can be achieved with the
internalization ratio of 0.1. A lower internalization ratio could be more politically acceptable
to the freight sector. Furthermore, our analysis evaluates that promoting multimodal transport
can reduce the total external costs from $639.8 to $536.9 million USD. The reduction is due
to the mitigation of road traffic and air pollution to the road network. However, the energy
consumption and climate change (CO,) costs may or may not reduce, depending on the
network topology and emission factors adopted.
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Abstract

Taiwan is an export-based economy, and the important of freight transportation is of no
question. Intermodal transportation has been demonstrated to be an economic and sustainable
strategy for freight transport. In Taiwan, most of the internal transport flows for non-bulk
cargo are transported with trucking via road network, whereas limited containers are
transported with barge (i.e. short sea shipping, SSS) between domestic seaports.

Several government reports and studies have investigated the substitutability and
complementary effects between trucking and barge transportation (see MOTC, 1999). There
are several recent studies to evaluate the benefit of promoting short sea shipping for container
traffic inside the hinterland of Taiwan, taking external cost (including air pollution and
greenhouse gas emissions) into account. Lee et al. (2010) investigated the external cost of
transportation for domestic cargos with SSS and trucking, and showed that a large amount of
external costs was produced by the truck transportation as compared to the SSS. Liao et al.
(2010) examined the green house gas emissions due to inland container transport in Taiwan
and suggested that shifting truck traffic to sea traffic can reduce a huge amount of emissions.
Both studies suggest that the emissions and climate costs can be greatly reduced if the
container cargo movements between the ports on the west coast of Taiwan can make use of
SSS.

However, the above studies only consider the port to port traffic, and did not have an accurate
estimation of the inland traffic pattern. To explore the relevant policy options, a detailed
estimation of the cargoes movement pattern on the network are required. In this paper, we
extend the research by evaluating other key elements of external costs for the inland container
movements, which were estimated from a multimodal transportation network model proposed
in Wong et al. (2010). Our initial findings suggest that promoting short sea shipping may
reduce the air pollution and congestion to the road network, but however, energy consumption
and climate change costs may not largely reduce as suggested in previous studies.

Lee, P.T.-W, Hu, K.C. and Chen, T. (2010) External costs of domestic container
transportation: short sea shipping versus trucking in Taiwan, Transport Reviews, 30(3),
315-335.

Liao, C.-H., Lu, C.-S. and Tseng, P.-H. (2010) Carbon dioxide emissions and inland container
transport in  Taiwan, Journal of Transport Geography, to appear,
doi:10.1016/j.jtrange0.2010.08.013.

MOTC (1999) The Investigation & Evaluation of Blue Highway (I1)—The Feasibility Study
on the Development of Container Coastal Shipping Policies towards sustainability,



Institute of Transportation, Ministry of Transportation and Communications (in
Chinese).
Wong, K.1., Lee, Paul T.-W., Szeto, W.Y. and Lai, G. H. Lai (2010) A multimodal network
design problem for domestic container transportation with short sea shipping. The 12th
World Conference on Transport Research, 11-15 July, Lisbon, Portugal.
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