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Appendix A. Data

Ports

The ports considered in this study are obtained by merging all routes in the Asia-
Europe trade lane of Maersk during spring 2010. Port Los Angeles is removed from the
list, because it is not on the Asia-Europe trade lane. The 58 remaining ports, countries

and regions can be found in natural order in Table A.1.

Distance

The distances between ports can be computed using distance calculators on the inter-

net. The distances between the port combinations can be found in Table A.2.

Demand

In the cargo routing model it is important to know the demand between two ports.
However, it is hard to achieve realistic data on the demand. The demand data is obtained
from Lachner & Boskamp (2011). First, they determine total demand to be allocated on
the Asia-Europe trade lane. This is done using annual reports of Maersk. Furthermore, a
growth percentage is included in the calculation and corrections are made for joint services.
Thereafter, the total demand is divided over port combinations using port throughput.
The port throughput of both the origin and the destination port is used to determine the
demand of a port combination. The demand that is generated in this way can be found
in Table A.4.

Revenue

The revenue data is also obtained from Lachner & Boskamp (2011). It is assumed that
the revenue per unit only depends on the distance between the origin and destination port

of the demand and on the direction in which the demand has to be transported. Thereto,
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two revenue factors are introduced. The first factor gives the revenue of transporting
one unit of cargo over one nautical mile in the westbound direction. The other revenue
factor gives the revenue of transporting one unit of cargo over one nautical mile in the
eastbound direction. Then, for each port combination, it is checked whether cargo has to
be transported in westbound or eastbound direction. Finally, the corresponding revenue
factor is multiplied with the direct distance between origin and destination port, which
gives the revenue per unit of the considered port combination.

Lachner & Boskamp obtained the revenue by taking the 10-year average of historical
data. This calculation gives the revenue in USD/TEU for both the eastbound and the
westbound direction. Thereafter, they divided these revenues by the average distance
between Asian and European ports. This results in the two revenue factors. The rev-
enue factor is 0.0838 USD/nm in eastbound direction and 0.1677 USD /nm in westbound

direction.

Available ships

In Francesetti & Foschi (2002) an overview of costs related to ships with different sizes
is given. The ship sizes given in this article are also used in this study. Furthermore, some
additional ship sizes are added in this study. The costs of these added ships are obtained
by extrapolation on the costs given in Francesetti & Foschi (2002). The available ship
sizes for both the main and feeder services can be found in Tables A.6 and A.7. In this

study, it is assumed that an unlimited number of feeder ships is available.

Speed

From Notteboom (2006) it is learned that the speed of container vessels varies between
18 and 26 nautical miles per hour. Therefore, this range of speeds is also considered in
this study. Furthermore, it is assumed that the speed can each time be increased by 0.5
nm per hour. Thus, seventeen different values for liner shipping vessels are considered in
this study.

Further, it is assumed that feeder ships sail at a constant speed. This speed is assumed

to be 22 nautical miles per hour.

Capital and operating cost

In Francesett & Foschi (2002), the yearly capital costs are given by 10% of the purchase
price of the ship. The factor of 10% is the amortization factor. The purchase prices are
given for ships with different ship sizes. The purchase price of the ships considered in this
study, that are not given in Francesetti & Foschi (2002) are determined by extrapolation.

The operating costs are defined as 5% of the purchase price of the ship plus 1.5 times
the number of crew members times the average yearly wage of the crew. The crew size is

multiplied by 1.5 to take illness and holidays into account. The factor 5% of the purchase



price of the ship is used to take cost of maintenance, repairs, etcetera into account. On
average, 18 crew members with an average yearly wage of about $50,000 are present on
a ship. The average yearly wage is obtained by correcting the yearly wage of Fraccesetti
& Foschi (2002) for inflation.

An overview on the yearly capital and operating costs per ship size can be found in

Tables A.6 and A.7.

Fuel cost

The fuel consumption in ton per day is given for the different ship sizes in Francesetti
& Foschi (2002) for a speed of 25 nm per hour. When this amount is divided by the
distance travelled per day, the fuel consumption in ton per nautical mile is obtained.
Thereafter, the fuel consumption is multiplied by the oil price in USD/ton to obtain the
fuel cost in USD per nautical mile for the different ship sizes. In this study an oil price
of 500 USD per ton is used in the calculations.

In Notteboom (2006) a figure is given that shows the fuel consumption in ton per day
for different values of the sailing speed for a ship with capacity of almost 8500 TEU. The
relation between fuel consumption and sailing speed will be about the same for different
ship sizes. Therefore, this figure can be used to determine factors that indicate how much
oil is consumed at different sailing speeds. Finally, these factors can be used to determine
the fuel cost in USD per nautical mile for the other sailing speeds of the considered ships.

In Table A.8 an overview of the fuel cost for the different liner ship sizes and sailing
speeds is given. The fuel costs for feeder ships are obtained in a similar way and are given

in Table A.7.

Port, (un)loading and transhipment cost

The port, (un)loading and transhipment cost are obtained from Lachner & Boskamp
(2011). Port costs are incurred per port visit and usually vary between ports. Further-
more, the port costs may depend on the ship size. However, the differences in port costs
are relatively small, so they are assumed to be constant per route type. In this study,
ships are charged 25,000 USD per port visit on a main route and 15,000 USD per port visit
on a feeder route. Thus, when a port is visited on a main route 52 - 25,000 = 1, 300, 000
USD is charged, because each route is performed once a week. For feeder routes, the port
cost per year equals 52 - 15,000 = 780,000 USD.

(Un)loading and transhipment costs are incurred per TEU (un)loaded or transhipped
in a port. These costs can differ between ports and for different ship sizes. However, it is
again assumed that these costs are constant per route type. The cost of (un)loading is 175
USD per TEU on main routes and 125 USD per TEU on feeder routes. A transhipment

consist of a unloading and a loading movement, so the cost of a transhipment is 2- 175 =



350 USD on main routes. Because each port (except the cluster centers) are only visited on
one feeder route and no demand exists between ports in the same cluster, no transhipments

will take place on feeder routes.

Port and buffer time

The time a ship spends in a port depends on many factors like the number of containers
that have to be (un)loaded, the number of cranes available to (un)load, the arrival time,
etcetera. However, these factors are uncertain, so it is difficult to determine these times.
Therefore, port times are assumed to be constant. The data on these times are obtained
from Lachner & Boskamp (2011). In this study, it is assumed that a ship spends 20 hour
in a port on a main route and 15 hours in a port on a feeder route.

The buffer time is an additional time that is added to the route time to cover delays.
The causes of delays can be divided in four groups: terminal operations, port access,
maritime passages and chance (Notteboom (2006)). Chance includes weather conditions
and mechanical problems. In this study, a buffer time of at least 2 days has to be allocated

to each main route. The buffer time on feeder routes is assumed to be 1 day.
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Ship  Ship Capacity Total Capacity Capital Cost Operating Cost Nr available

Name (TEU) (TEU /year) ($/year) ($/year)

M1 4000 208000 4500000 3600000 5
M2 5000 260000 5400000 4050000 5
M3 6000 312000 6000000 4350000 5
M4 7000 364000 6500000 4600000 5
M5 8000 416000 7000000 4850000 5
M6 9000 468000 7500000 5100000 5
M7 10000 520000 8000000 5350000 2
M8 14000 728000 10000000 7850000 1

Table A.6: Liner ship characteristics

Ship  Ship Capacity Total Capacity Capital Cost Operating Cost Fuel cost

Name (TEU) (TEU /year) ($/year) ($/year) ($/nm)

F1 200 10400 800000 1450000 16.667
F2 350 18200 950000 1525000 20.833
F3 500 26000 1100000 1600000 25.000
F4 700 36400 1400000 1750000 26.667
F5 800 41600 1500000 1800000 29.167
Fo6 900 46800 1600000 1850000 31.667
F7 1000 52000 1750000 1925000 33.333
F8 1250 65000 2100000 2100000 41.667
F9 1500 78000 2300000 2200000 50.000
F10 1750 91000 2500000 2300000 58.333
F11 2000 104000 2700000 2400000 66.667
F12 2250 117000 2950000 2525000 75.000
F13 2500 130000 3200000 2650000 83.333
F14 4000 208000 4500000 3600000 91.626
F15 5000 260000 5400000 4050000 104.264

Table A.7: Feeder ship characteristics
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Appendix B. Reference network

Table B.9 shows the routes in the reference network during spring 2010. Next, Table

B.10 shows the different types of ships used on each of the routes.

AE1/AE1L0 AE10/AE1 AE2 AE3 AE6
Yokohama Shenzhen Yantian Busan Dalian Yokohama
Hong Kong Hong Kong Xingang Xingang Nagoya
Shenzhen Yantian Tanjung Pelepas Dalian Busan Shanghai
Tanjung Pelepas Le Havre Qingdao Shanghai Ningbo
Felixstowe Zeebrugge Kwangyang Ningbo Xiamen
Rotterdam Hamburg Shanghai Taipei Hong Kong
Hamburg Gdansk Bremerhaven Shenzhen Chiwan Shenzhen Yantian
Bremerhaven Gothenburg Hamburg Shenzhen Yantian Tanjung Pelepas
Tangiers Aarhus Rotterdam Tanjung Pelepas Jeddah
Jeddah Bremerhaven Felixstowe Port Klang Barcelona
Jebel Ali Rotterdam Antwerp Port Said Valencia
Shenzhen Da Chan Bay Singapore Tanjung Pelepas Damietta Algeciras
Ningbo Hong Kong Busan Izmit Tangiers
Shanghai Kobe Istanbul Ambarli Tanjung Pelepas
Kaohsiung Nagoya Constantza Vung Tau
Yokohama Shimizu Ilyichevsk Shenzhen Yantian
Yokohama Odessa Hong Kong
Shenzhen Yantian Damietta Yokohama
Port Said
Port Klang
Tanjung Pelepas
Dalian
AE7 AE9 AE11 AE12
Shanghai Laem Chabang  Qingdao Shanghai
Ningbo Tanjung Pelepas Shanghai Busan
Xiamen Port Klang Fuzhou Hong Kong
Hong Kong Colombo Hong Kong Shenzhen Chiwan
Shenzhen Yantian Zeebrugge Shenzhen Chiwan Tanjung Pelepas
Algeciras Felixstowe Shenzhen Yantian Port Klang
Tangiers Bremerhaven Tanjung Pelepas Port Said
Rotterdam Rotterdam Port Klang Piraeus
Felixstowe Le Havre Salalah Koper
Bremerhaven Tangiers Port Said Rijeka
Malaga Salalah Gioia Tauro Trieste
Shenzhen Yantian Colombo Genoa Damietta
Hong Kong Port Klang Fos Port Said
Shanghai Singapore Genoa Jeddah
Laem Chabang  Damietta Port Klang
Port Said Singapore
Salalah Shanghai
Port Klang
Singapore
Liangyungang
Qingdao

Table B.9: Routes in the Maersk network
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AE1/AE10 Capacity AE10/AE1 Capacity AE2 Capacity
Sofie Maersk 8160 A.P. Moller 8160 Maersk Seville 8478
Albert Maersk 8272 Skagen Maersk 8160 Maersk Saigon 8450
Carsten Maersk 8160 Sally Maersk 8160 Adrian Maersk 8272
Maersk Singapore 8478 Arnold Maersk 8272 Maersk Salina 8600
Clementine Maersk 8648 Svendborg Maersk 8160 Maersk Savannah 8600
Maersk Seoul 8450 Svend Maersk 8160 Anna Maersk 8272
Maersk Taurus 8400 Columbine Maersk 8648 Arthur Maersk 8272
Sine Maersk 8160 Maersk Tukang 8400 Maersk Stepnica 8600
Axel Maersk 8272 Clifford Maersk 8160 Maersk Semarang 8400
Cornelia Maersk 8650 Maersk Salalah 8600 Maersk Stralsund 8450

Maersk Stockholm 8600
Average 8365 8316 8439
AE3 AE6 AET7
Maersk Kinloss 6500 Mathilde Maersk 9038 Eugen Maersk 14770
CMA CGM Debussy 6627 Maersk Antares 9200 Elly Maersk 14770
Maersk Kuantan 6500 Gunvor Maersk 9074 Evelyn Maersk 14770
Maersk Kowloon 6500 Mette Maersk 9038 Edith Maersk 14770
CMA CGM Corneille 6500 Marit Maersk 9038 Estelle Maersk 14770
Maersk Kelso 6500 Gerd Maersk 9074 Maersk Algol 9200
CMA CGM Musset 6540 Maersk Altair 9200 Ebba Maersk 14770
Maersk Kwangyang 6500 Gudrun Maersk 9074 Eleonora Maersk 14770
CMA CGM Bizet 6627 Marchen Maersk 9038 Emma Maersk 14770
Maersk Kensington 6500 Maren Maersk 9038 Gjertrud Maersk 9074
CMA CGM Baudelaire 6251 Georg Maersk 9074

Grete Maersk 9074

Maersk Alfirk 9200

Margrethe Maersk 9038
Average 6504 9086 13643
AE9 AE11 AE12
Maersk Sembawang 6478 Charlotte Maersk 8194 Maersk Kyrenia 6978
Maersk Sebarok 6478 Maersk Surabaya 8400 Safmarine Komati 6500
Maersk Serangoon 6478 Maersk Santana 8478 CMA CGM Belioz 6627
SL New York 6420 CMA CGM Faust 8204 Safmarine Kariba 6500
Maersk Seletar 6478 Soroe Maersk 8160 CMA CGM Balzac 6251
Maersk Kendal 6500 Susan Maersk 8160 Maersk Karachi 6930
Maersk Sentosa 6478 Caroline Maersk 8160 CMA CGM Ravel 6712

Maers Semakau 6478 Cornelius Maersk 8160 CMA CGM Flaubert 6638
Maersk Senang 6478 Chastine Maersk 8160 CMA CGM Voltaire 6456
Average 6474 8230 6621

Table B.10: Ships and capacities on the Maersk network
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Appendix C. Cluster design

Table C.11 shows the composition of the ten clusters obtained after aggregation in
this study.

Shanghai Hong Kong Singapore Colombo Jebel Ali
Yokohama Xiamen Vung Tau Colombo Jebel Ali
Shimizu Kaohsiung Laem Chabang Salalah
Nagoya Shenzhen Yantian Singapore

Kobe Hong Kong Tanjung Pelepas

Busan Shenzhen Chiwan Port Klang

Kwangyang Shenzhen Da Chan Bay

Dalian

Xingang

Qingdao

Liangyungang

Shanghai

Ningbo

Fuzhou

Taipei

Port Said Valencia Rotterdam Antwerp Hamburg
Izmit Gioia Tauro Zeebrugge Antwerp Bremerhaven
Odessa Genoa Le Havre Hamburg
Jeddah Fos Felixstowe Gothenburg
Port Said Barcelona Rotterdam Aarhus
Damietta Valencia Gdansk
Istanbul Ambarli Malaga

Ilyichevsk Algeciras

Constantza Tangiers

Piraeus

Rijeka

Koper

Trieste

Table C.11: Design of the ten clusters
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Appendix D. Best Network
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M1 M2 M3 M4
Tanjung Pelepas Shenzhen Yantian Busan Ningbo
Singapore Shenzhen Chiwan Qingdao Busan
Port Klang Shenzhen Da Chan Bay Xingang Qingdao
Colombo Hong Kong Dalian Xingang
Gioia Tauro Xiamen Shanghai Dalian
Valencia Kaohsiung Ningbo Liangyungang
Algeciras Singapore Hong Kong Shanghai
Felixstowe Tanjung Pelepas Shenzhen Chiwan Fuzhou
Zeebrugge Port Klang Shenzhen Yantian Hong Kong
Rotterdam Port Said Jeddah Shenzhen Yantian
Bremerhaven Felixstowe Port Said Xiamen
Hamburg Le Havre Bremerhaven Kaohsiung
Rotterdam Rotterdam Hamburg Algeciras
Damietta Zeebrugge Aarhus Tangiers
Port Said Port Klang Gothenburg Malaga
Jeddah Tanjung Pelepas Antwerp Valencia
Tanjung Pelepas Singapore Algeciras Fos
Shenzhen Yantian Valencia Genoa
Gioia Tauro Barcelona
Port Said Gioia Tauro
Jeddah Ningbo
Colombo
Shenzhen Chiwan
Hong Kong
Shenzhen Yantian
Busan
9000 10000 14000 9000
M5 M6 M7
Shenzhen Yantian Ningbo Shenzhen Yantian
Shenzhen Chiwan Qingdao Shenzhen Chiwan
Hong Kong Busan Shenzhen Da Chan Bay
Xiamen Xingang Hong Kong
Kaohsiung Dalian Xiamen
Jebel Ali Shanghai Kaohsiung
Salalah Jebel Ali Jeddah
Antwerp Valencia Port Said
Hamburg Felixstowe Damietta
Bremerhaven Le Havre Shenzhen Yantian
Rotterdam Rotterdam
Zeebrugge Zeebrugge
Algeciras Antwerp
Valencia Port Said
Barcelona Singapore
Gioia Tauro Hong Kong
Port Said Ningbo
Port Klang
Tanjung Pelepas
Singapore
Vung Tau
Shenzhen Yantian
14000 TEU 9000 TEU 9000 TEU 8000 TEU
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Table D.12: Main routes of the best network
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Appendix E. Solution approach
In this section, some solution methods are discussed in more detail.

Appendix E.1. Aggregation

First, we will describe the methods used to aggregate ports into port clusters. Thereto,
we will first create lists of central, noncentral and intermediary ports. Thereafter, initial
clusters will be designed, which are updated in the next step. After this step, the final

clusters are known and the cluster data have to be constructed.

Appendiz E.1.1. Lists of central, noncentral and intermediary ports

First, construct the lists of central, noncentral and intermediary ports:

HC ={heH:x,> Mz} central ports.
H" :={h eH: z, <mz} noncentral ports.
H™ ={heH:h¢&H UH"} intermediary ports.

In this definitions, H is the set containing all ports, m and M are the minimum and
maximum factor respectively. In our case study, we used m = 0.2 and M = 2. Further,

when d, is the demand from port a to port b, we have:

T = Z dpp + Z dp throughput of port h;
W e W e

r =— Z xp average throughput per port.

Appendiz E.1.2. Initial clusters

Next, we create initial clusters. For each h; € H, create a new cluster C; := {h;}
(withi =1,...,|H¢|) only containing port h; and the central port of the cluster is ¢; = h,;.
Let I denote the number of clusters. Then, we have I = |H¢| initial clusters all containing
exactly one port. Next, we will add intermediary and noncentral ports to the nearest
existing cluster if they are within the maximum cluster distance. We will only compare
the distance between the considered port and the central port of the cluster with the
maximum cluster distance, because this distance has to be covered on the feeder lines.
Thus, it is possible that the distance between two ports in the same cluster exceeds the
maximum cluster distance, but these ports will then not be visited on the same feeder

service. Thus, for each h € H" U H™, we will have

CZ' == CZ U {h} if Dhﬁ = min Dh,cj S Dmer
1<5<I
C; =C; else,
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where D, is the distance between port a and b and D™ the maximum distance allowed
between ports in a cluster. In our case study we used D™* = 1250 nm, such that direct
feeder lines between a port in the cluster and the central port of the cluster can always

be served within one week.

Appendiz E.1.53. Update clusters
Let

Hy ={heH"UH™:heU,C;} allocated ports.
H" ={heH" :h¢UC;} nonallocated intermediary ports.
Hre={heH": h¢ U} nonallocated noncentral ports.

As long as H!" # 0, take port h € H" with the largest throughput (z;, = maxpeym xp ).
Create a new cluster, I = I + 1 and C; = {h}, ¢; = h. Add intermediary and noncentral
ports to the new cluster if they are nearest to this cluster and their distance is within the

maximum distance allowed. That is, for each h € H" U H"™, we will have

C] = C[ U {h} if D}LCI = Hl<1}1 Dh,Cj S M
NS
Cr=0C; else,

where D, is again the distance between port a and b and M the maximum distance
allowed between ports in a cluster. For all port h € C check whether they were already

allocated to a cluster, that is check whether
h € Ui<i<r1Ci.

If the port was already allocated to a cluster, remove it from the cluster, so if h € C; with
1 <j<I-1,thenlet C; = C;\ {h}. Update the sets with allocated and nonallocated
ports and repeat this procedure until H™ = ().

If H'¢ # 0, then determine for each h € H}¢ to which cluster it is closest and add it

to this cluster:

C,L' = Cz U {h} if Dh,cz‘ = min Dh,c S M
1<j<I !
C; =C; else.

The clusters C; for 1 < ¢ < I are the final clusters that will be used as input for the cargo
routing model. It only remains to determine the relevant port cluster data, which will be

explained in the next section.
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Appendix E.1.4. Determine cluster data

To determine the profitability of a given network, the demand, distance and revenue
between port pairs are needed. Furthermore, the (un)loading, transhipment and visit
costs are needed for each port, as is the time of a port visit. The distance, costs and port

time of a cluster are all incurred in the central port of the cluster, so we set:

DCi,C’j = Dci,cj 1 S ’L,j S I;
ce, = ¢ 1< <1

te, = to, 1<i<I,

i — —

where D, is the distance between port/cluster a and b, ¢, denote the relevant costs of
port /cluster a and t, is the port time of port/cluster a. Furthermore, C; denotes cluster i,
while ¢; is the central port of cluster 7. Since it is not possible to determine the origin and
destination port of a cargo flow between clusters when solving the cargo routing model,
we let the revenue between port pairs be equal to the revenue between the central ports

of the relevant clusters. That is, we let:
TCi,Cj = Tci,(:j 1 S i,j S I.

The demand between clusters depend on the demand between the ports in the clusters.

Cluster demand equals the sum of all individual port demands in the cluster:

de;c; = Z Z dp 1<4,5 <1,

heC; heCj
with d,; the demand between ports/clusters a and b.

Appendixz E.2. Disaggregation

In practice, it is necessary to know the exact origin and destination port of each cargo
flow. Therefore, the cargo flows between port clusters have to be disaggregated into cargo
flows between ports. This section will describe the method to obtain these disaggregated
flows.

The disaggregation process can be performed for each combination of port clusters

separately. Thus, select two port clusters C; and C; and the corresponding total flow over

tot
f= Zxcoi»cjﬁ'

seS

the network

So, the total cargo flow from cluster C; to cluster C; over the network is equal to f. Now,
we want to determine the origin and destination ports of the flow. Repeat the following
until f = 0. Select the combination (h,h') with h € C; and ' € C; with the largest

20



expected revenue. Now, allocate as much flow as possible to the combination (h, k'), so

frp =min(dpp, f),

where dj, ;s is the demand between port h and b’ and fj 5 is the allocated flow from port
h to port h’. Update the flow to be allocated:

f=1F—=Jnw-
Appendiz E.3. Feeder network

In the disaggregation phase, cargo flows between ports are determined. We will use
feeder services to ship the cargo from and to ports in the cluster. After an initial feeder
network is constructed, some methods are described to improve the network. These
methods include reallocating demand in order to reduce the capacity on the feeder lines,
exchanging ports between feeder lines and adding ports to the main route network. In

this section, a description of these methods will be given.

Appendiz E.3.1. Initial feeder network
In first instance, for each port in the cluster (except the central port) a direct feeder
service is constructed between this port and the central port of the cluster. Let F¢ be

set of feeder services in cluster C, then
F¢:={(c,h,c): he C\ {c}} initial feeder network of cluster C,
where c is the central port of cluster C. The capacity of a line F' € F¢ is given by

by =min{b € B:b>max(fon, frc)}-

Appendiz E.3.2. Reduce feeder capacity

The method to reduce the capacity is performed for each cluster separately. Therefore,
we describe the method for a given cluster C'. In the algorithm, we will determine and
store the difference in profit of reducing the feeder capacity for each feeder service in the

cluster separately. Thus, we select one by one the feeder services in the cluster.

Flow over legs.

Let F be the selected feeder line. For this service, we first determine the flow on each leg
of the feeder line. Let the legs of the line be given by [y, ...,l,, where n is the number of
legs of the service and let the feeder route be given by py,...,p,, p1 (leg [y corresponds to

the leg between ports p; and py). Furthermore, let

Z(;i = Z fpi,h

heH
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be the total flow with origin port p; and

f;i = th,pi

heH

be the total flow with destination port p; Then, the flow on leg 1 < i < n is given by

_ d
hi _Z pj+z v
J>i J<i
Reduce capacity.
Let b. be the current capacity of the feeder service and b, the capacity when we reduce

this capacity by one size. Then, the reduction needed on leg [; is equal to

Y, = max(fli — by, O)

That is, we only need to reduce the flow over a leg if it is currently larger than the new

capacity of the service.

Valid combinations to exchange demand.

The flow over a leg can be reduced by changing the origin and/or destination port of a
cargo flow. Since cargo flows between ports are obtained from cargo flows between clusters,
there are multiple feasible allocations of the flow to the port pairs. We determine the port
combinations between which cargo flows can be exchanged in order to reduce the flow

over F.

L% :={((h1,h2), (hs,h2)) : hy € F,ha ¢ C,hg € C\ F'} combinations with origin in C.
L% :={((h1,h2),(h1,h3)) : h1 ¢ C,hy € F,hz € C'\ F} combinations with destination in C.
£ =r°curce valid port combinations.

The set L consists of all valid combinations of port pairs between which cargo can be
exchanged to reduce the cargo flow on feeder line F. If ((hy, hs), (hs, hs)) € L, then the
cargo flow over F' can be reduced by increasing the satisfied demand between ports hs
and h4 and at the same time reducing the demand between ports h; and hy with the same
amount. In this way, the total demand satisfied between clusters does not change as long
as ports h; and hs belong to the same cluster and ports hy and hy belong to the same
cluster. Furthermore, we only want to change the flow over the feeder network in cluster
C, so we will add the restriction that the port that does not belong to C' is not allowed
to be changed. In L° the origin port belongs to C' and thus we see that the destination
port in both port pairs is the same (namely hy) and, similarly, for £¢ the origin port (hy)
is the same for both pairs. Furthermore, we want to reduce the cargo flow over line F) so

we do not want to shift cargo from one leg of service F' to another leg. Therefore, we add
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the restriction that the new port in cluster C' is not allowed to be on line F. Thus, port
hs in the definition of both £° and £? is an element of C'\ F (all ports in C' that are not

visited on line F).

FExchange demand between port pairs.
For each combination ((h1, hs), (hs, hs)) of port pairs in £, the revenue decrease per unit
of exchanging cargo from the first demand pair to the second is given by 74, n, — Thy hs)
where 7, denotes the revenue of satisfying one unit of demand from port a to port b.

Select the combination with the lowest decrease in revenue. We want to exchange as
much cargo as possible from the first port pair to the second pair. Clearly, the maximum
amount that can be exchanged is bounded by the amount of cargo that is currently
transported between the first port pair and the unsatisfied demand between the new port
pair. Furthermore, it is bounded by the free capacity of the feeder line over which the
new flow has to be transported.

Let p, denote the port in C' of the first port pair, p, the port in C' of the second
port pair and p’ the port not in C' that is part of both port pairs. Furthermore, let D,
and D}% be the demand and satisfied demand between ports a and b respectively. The

demand to be exchanged is bounded by

p'\po?

e { min(D3" Dy, — D3 ) if p' is the origin port,
d =

min(D3* , D, » — D3* ) if p’ is the destination port.

Po,p") Drsp’

Exchanging demand will also change the flow on the feeder lines containing p, and p,,
but only the flow on the new feeder line is relevant in this case, because this flow will be
increased. Let F, be the new feeder service. The definition of £ guarantees that F), # F.
If p’ is the origin ports of the pairs, then the flow between the port pairs will be on the
feeder line for all legs before port p,, while it will be on the feeder line for all legs after
port p, if p’ is the destination ports Let p, be the k-th port of feeder line F), and let n
the length of the feeder line. Furthermore, let f;’ be the flow on feeder line F;, over leg [;.
Then, the amount of cargo that can at most be exchanged is bounded by

min bg, — f if p’ is the origin port,

1<i<k

er __
Df =

kréng bp, — fii if p’ is the destination port.

Thus, the maximum amount of cargo that can be exchanged between the combinations
of port pairs is given by:
D = min(Dg", D§").

The flow over the feeder services has to be updated when we exchange this amount.
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Thereto,
1o { fi—D" 1<i<y if p’ is the origin port,
I =

=D j<i<m if p’ is the destination port,

where port p, is the j-th port on feeder line F" and f; is the flow over leg [; of feeder line
F and m is the length of feeder service F. Similarly,

o Ji+ D" 1<i<] if p’ is the origin port,
i +D j<i<m if p’ is the destination port.

The costs of exchanging the demand is given by:

Co ooy { (Tp py — Tt pn + cgn — CZD)D” if p’ is the origin port,
(Tpop’ — Tpnag? + cﬁn — cZD)Dm if p is the destination port,
where CZ is the handling cost per unit in port p and C** is initialized at 0 each time we
consider a new feeder service F.
Next, we can update the reduction needed on each leg and repeat this procedure until
either all valid combinations of port pairs are considered or the reduction needed equals
zero on each leg. If the capacity of the feeder service can be reduced (the reduction needed

equals zero for each leg of the service), then the profit is given by
exr __ ¢ f c f ex
P =c +c¢ — (g, +¢ )—C

where ¢} is the capital and operating costs on the feeder line ' when a ship with capacity

b is used and c{: is the fuel costs on F' for a ship with capacity b.

Appendiz E.3.53. Exchange port between feeder services

Next, we describe the method to exchange a port between two feeder services. The
cargo allocation is not changed in this method, so we can consider the different clusters
separately. Thereto, we first select a cluster C. For each combination of two feeder lines
in cluster C' and each port on the first feeder line, we will consider the increase in profit
when we exchange this port from the first service to the second service. Thus, we select
two feeder service F} and Fj in C. Furthermore, let ¢ be a noncentral port on feeder line
F. Then, we will determine at which location it is most profitable to add port ¢ to line
F5 and how large the profit increase is.

Let (p,p’) be a consecutive port combination on feeder service F. First, determine the

cost of the feeder services I} and Fy as they are before we exchange a port:
old __ ¢ f C f
" =, + ¢, F Gy, TG

24



where by, and by, are the capacities of F; and F5 respectively and ¢ and c,{ are the capital
and operating and fuel costs for a ship with capacity b respectively.

Let ¢ now be visited in between ports p and p’ on feeder service Fy, that is, remove
leg (p,p’) from F, and add legs (p, ¢) and (q,p) to F,. Since g will now be visited on line
F», we remove it from line F;. The method described in Section Appendix E.3.2 can be
used to determine the new flows on the feeder services F; and F5,, because the satisfied
demand between port pairs is known. When the flow over each leg is known, the capacity

of the feeder service can be determined by:

= mi b > .
by mln{bEB b_lrg%);fll},
where the feeder service is given by Iy, ..., [,.
The costs of the feeder services F; and F; after exchanging port ¢ can again be calcu-
lated by:

Onew — £ Cf ¢ Cf
bfy + by - by - bry?

where by, and by, are now the new capacities on the feeder lines. The increase in profit is
given by:
pPi — Cold _ (new

Repeat this procedure until all consecutive port combinations on F» are considered. Then,

repeat until all noncentral ports on F; are considered.

Appendiz E.3.4. Add ports to main routes

In the aggregation phase, we decided to create port clusters in order to reduce the
computation time of the cargo-routing model. Central ports of the clusters are visited
on the main route network, while all other ports are currently only visited on the feeder
network. However, it might be profitable to visit some of those ports on the main network.
Ports are clustered based on distance to the central port, so if the central port is visited on
a main route, the additional distance that has to be sailed in order to include a noncentral
port to the main route will in general be quite small. In this section, we describe a method
to add noncentral ports to the main routes.

First, select a main route R and determine the clusters C1, ..., C, that are visited on
R. If a cluster is visited twice on a route, we consider it to be two different clusters. So,
a distinction is made between the cluster when it is visited on the eastbound part of the
route and the cluster when it is visited on the westbound part of the route. So, each
cluster that is visited on a route is unique for the route. Consider a cluster C' on route
R and let ¢ be a port that belongs to cluster C' and is not yet visited on route R, that

is, ¢ € C'\ R. Let (p,p’) be a consecutive port combination on main route R, satisfying
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p € C'and/or p' € C. Furthermore, let F' be the feeder service on which port ¢ is currently
visited (¢ € F).

Cargo reallocation.

Let ¢ now be visited in between ports p and p’ on main route R’, that is, let R’ = R
and remove leg (p,p’) from R’ and add legs (p,q) and (q,p’) to R'. Since it is probably
not feasible to (un)load all cargo from/to port ¢ on route R (some cargo might be on a
different route, or the ship capacity will not suffice to transport all cargo directly via route
R), we cannot remove port g from the feeder line F'. We want to reallocate as much cargo
as possible from feeder service F' to main route R, because the handling and transhipment
costs will be reduced in this way. The amount of cargo that can be reallocated is first
of all restricted by the total amount of cargo from/to port ¢ that is present on the ship.
Furthermore, it depends on the unused capacity of the ship on the additional legs. To
determine how much cargo can be reallocated according to the unused capacity of the
ship, first the position of the inserted port ¢ with respect to the center of the cluster has
to be determined.

Two situations can be distinguished: the central port of the cluster is already visited
when port ¢ is visited on the main route, or the central port of the cluster has still to be
visited when port ¢ is visited. Figure E.1 shows the two possibilities. In the figures, only
the central ports of the clusters and port ¢ are considered, but all conclusions that will
be drawn, will also hold when more ports are on the route.

Now, consider the left figure, where port ¢ belongs to cluster C' and is visited after
the central port of the cluster. In the original route, the ship visits first the central port ¢
of cluster C' and directly thereafter the central port ¢’ of the cluster C’. Thus, the cargo
flows from and to port ¢ are (un)loaded in c. Now, let f.. be the flow from port ¢ to port
. The cargo flow with destination port ¢ will be unloaded in port ¢, so this flow is not
included in flow f.~. On the other hand, the cargo flow with origin port ¢ is included in
flow f. ., because it is loaded in port c.

When port ¢ is added to the main route after the central port c in the cluster, flows f.,
and f, » have to be determined. The difference with the original situation is that the cargo
flow from and to port ¢ is now (un)loaded in port ¢ instead of in port c. Thus, the cargo
flow to port ¢ is included in flow f, ,, while the flow from port ¢ is not included. Combining
this with the flows included in flow f. ., it can be seen that f., = f.o — qu“t + q}”, where
q}” is the amount of cargo flow unloaded in port ¢ (flow with port ¢ as destination) and
q#" is the amount of cargo flow loaded in port ¢ (flow with origin port ¢). In flow f, . the
cargo flow to port ¢ is not included, where the flow from port ¢ is included, so it holds
that f, o = f.. Thus, q;“t is not included in f,, and included in both f. . and f, ., so

all cargo with origin port ¢ on ship route R can be loaded in port ¢, without exceeding
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the capacity of the ship. However, the amount of cargo that can be unloaded in port ¢ is
bounded by q;}” <bp— feo+ q?“t, since this cargo is included in the new flow f., but not
in the old flow f. ..

Port ¢ is visited after the center of the cluster Port ¢ is visited before the center of the cluster

Figure E.1: Example of the positioning of port ¢ with respect to the central port ¢ and ¢’ of
the cluster

The other situation is shown in the right figure. In this case, port ¢ belonging to
cluster C' is visited before the central port ¢ of the cluster. The flow on the initial route
between central ports ¢’ and c is denoted by f. .. In this case, the flow to port ¢ is included
in flow f ., while the flow from port ¢ is not included, because it will be loaded in the
central port c of cluster C. Now, consider flow f. , between central port ¢ and port g.
In this flow, the cargo flow to port ¢ is included and the cargo flow from port ¢ is not
included. Thus, in this case fo , = fo .. The cargo flow to port ¢ is now unloaded in port
q, so this flow is not included in f, .. However, the flow from port ¢ is already loaded in
port ¢, so is included in f, .. Together with the flows included in f, ., it can be found that
foe = foe — qf" 4 ¢, where ¢f* and ¢ have the same definitions as above. Now, all
cargo to port ¢ can be unloaded without exceeding the capacity of the ship when sailing
to port ¢, but the amount of flow that is loaded is bounded by ¢°* < bg — fu .+ q}", since
this cargo is included in the new flow f, . but not in the old flow f. ..

The amounts of flow (un)loaded in port g are equal to

o out _out )

¢t = min(¢7", g

and
¢"™ = min(q}", ¢"),
where ¢2** and ¢ are the amounts of cargo present on the ship on route R with port ¢

respectively as origin and destination port. Thereafter, the new flows can be determined

out can be used to update

using the formulas for f,;, given above. Furthermore, ¢ and ¢
the flows on the feeder service visiting port ¢ by subtracting the flows from the legs over
which it should be transported. When no flows are loaded and unloaded anymore in port

g on the feeder service, the port can be deleted from the feeder service.
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Cost reduction.

Which costs incurred at the main and feeder network are relevant in this method depend on
where in the solution algorithm this procedure is executed. When the methods to reduce
the feeder network are not yet performed, only the handling costs on the feeder network
are considered to be relevant. However, when these methods are already performed also
the capital, operating, fuel and port costs of the feeder network are relevant. The handling,
port, capital, operating and fuel costs of the main network are relevant in both cases.

The route costs ¢y and ¢, consisting of the capital, operating, port visit and fuel costs
of the main routes R and R’ can be obtained from the method to determine the optimal
speed, which is described in Section 3.2.2. The new capacity needed on the feeder route can
be obtained from the method described in Section Appendix E.3.2. Thereafter, the new
route costs of the feeder route can easily be computed by adding the capital, operating,
port visit and fuel costs, because the route duration and speed are fixed. Furthermore,
the difference in handling costs can be obtained using ¢ and ¢°“.

After the cost reduction is determined, repeat this procedure for a new consecutive
port combination (p,p’) on route R with p € C' and/or p’ € C' until as long as they are
not all considered yet. Next, repeat until all noncentral ports ¢ € C'\ R are considered, all
clusters C' € R are considered and finally until all routes R are considered. Then, add the
port for which the cost reduction is largest to the main route and at the location where
this cost reduction will be obtained. This method is repeated until no cost reduction can

be obtained anymore by adding a port to a main route.
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