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Abstract

This research evaluates the impact of automated and semi-automated devices on the
process of loading, discharging, stacking and un-stacking of containers using
Quayside Cranes (QSCs), Straddle Cartiers (SCs), Rubber Tyred Gantry cranes
(RTGs) and Rail Mounted Gantry cranes (RMGs) in container terminals. The
emphasis of study is on the assessment of performance and cost effectiveness of
the existing automated quayside and yard cranes. The study in this thesis examines
the economic implications of reducing QSCs’ cycle-times brought about by
automatic features installed on the post-Panamax cranes. It demonstrates that a
considerable increase in the productivity of QSCs is related directly or indirectly to
an expected reduction of crane cycle-times. The concept offered by the proposed
improvements distinguishes between the traditional system of loading and
discharging of containers and the automated methods. It implies that automation
devices installed on conventional QSCs significantly teduce the total turnaround-
time and hence the cost of containerships’ waiting-times. It argues, however, that
there should be a balance between the cost of containerships’ waiting-times and the
cost of automated berths’ unproductive-times (idle-times). This study uses the

elements of queuing theories and proposes a novel break-even method for

calculating such a balance.

The number of container Ground Slots (GSs) and the annual throughput of
container terminals expressed in Twenty-foot Equivalent Units (TEUs) have been
used as the efficiency and performance measure for many years. The study in this
thesis introduces appropriate container yard design layouts and provides a generic
model for calculating the annual throughput for container terminals using semi-
automated SC and RTG and automated and semi-automated RMG operating
systems. The throughput model proposed in this study incorporates the dynamic
nature, size, type and capacity of the automated container yard operating systems
and the average dwell-times, transhipment ratio, accessibility and stacking height of

the containers as the salient factors in determining a container terminal throughput.

Further, this thesis analyses the concept of cost functions for container yard
operating systems proposed. It develops a generic cost-based model that provides

the basis for a pair-wise comparison, analysis and evaluation of the economic



efficiency and effectiveness of automated and semi-automated container yard

stacking cranes and helps to make rational decisions.

This study proposes a Multiple Attribute Decision-Making (MADM) method for
evaluating and selecting the best container yard operating system amongst
alternatives by examining the most important operating critetia involved. The
MADM method proposed enables a decision-maker to study complex problems
and allows consideration of qualitative and qualitative attributes that are
heterogeneous in nature. An Analytical Hierarchy Process (AHP) technique has
been employed as a weighting method to solve the MADM problem. The AHP
allows for the decomposition of decision problem into a hierarchical order and
enables a pair-wise compatison of the attributes and alternatives. The results of the
AHP analysis provide the basis for a pair-wise comparison, judgement and selection

of the best automated or semi-automated container yard operating system.



Table of Contents

Title Page
AcKNOWIEZIMENLS...ouu.voneiiersrrinsiisisiriisssisesssssssssecassnsannssssnsens i
ADSHIACE ...eoeerrrerrvisnrssiesssssrssessasssssessssnsens Tl
Table of Contents.........ceerernerenseees v
ADDIEVIATOMNS ...ouvovnvrnniiresisssrisnreenerissssssesesssseissessssssessresssasessissssssssssassismssssmssassssssssssssssasss viil
LSt Of FIGULES .oucrvveivieccnnriesesiesseaecsssssssesssssssssnsssssssssasssessssasssssssessesssssssssssssssssnssssssssasssasensssasasssscs xii
LSt OF TADIES..cucevereemnereiseasesnnesseamsnsssssssssssssssssssssssssssssssnssssssasssssssssssassssssssssssssssssssssssssessssssassssnasssssss Xiv
Chapter 1 1
Introduction....... 1
Summary . w1
1.1 General remarks 1

1.2 Aims and objectives of the study 3

1.3 Reasons for the analysis....... 5

1.4 Organisation and framework of the study 6

1.5 Scope of the work 9

1.6 Methodology 10

1.7 CONDULON .coerrirncrnrsinimmisiiscirimsisssssssissssnsscsmesisssassasisssisssesssssisssimessssssssees 1

1.8 Terms and definitions 13

1.9 Other related terms 19
1.10 Conclusions 19
Chapter 2..... 21
Literature RevieW....ccurrerneesnisnsnnns 21
Summary 21
2.1 Introduction 21

2.2 Container terminal operation 23
2.2.1 Shipside operation 27

2.2.2 Quayside operation 35

2.2.3 Landside operation..... 43

2.3 Terminal information system 52

2.4 Decision-Making 53

2.5 Conclusions 55
Chapter 3 56
Evaluation of the Economic Feasibility of Automated Quayside Cranes 56
Summary 56
3.1 Introduction 56

3.2 Evaluation method 57
3.2.1 Analysis of the crane operation 58

3.2.2 Cycle-time modelling 58

3.2.3 Cost modelling 59

3.24 Total benefits 60

3.24.1 Direct benefits 61

3.24.2 Indirect benefits 62

3.2.5 Cost-benefit analysis 62

3.2.6 Sensitivity analysis 64

3.2.7 Uncertainty and risk 64

3.3 Test case 65
3.3.1 Quayside crane operation 65

3.3.1.1 Movement of the trolley from quayside to shipside 65

3.3.1.2 Movement of the trolley from shipside to quayside 66

3.3.1.3 An example 67

3.3.2 Cycle-time analysis 69

V-



3.3.3 Analysis of the results 12

3.3.4 Economic study .......ccccoevmrucenniunnens W12
3.3.4.1 QSCs costs 73
3.3.4.2 Direct benefits 75
3.3.4.3 INAILECt DENEILS ...covuvruererrercnmneccrsneceenecnssssianesss s sssesssirsssssssssssssssssssssssssses 77
3.3.4.4 Cost-benefit analysis .... 71
3.3.4.5 SenSItVILY ANAlYSIS....cerrerverirsneisnennesserisiesss s esssssss s sssasssnsassesraans 78
3.3.5 Uncertainty and risk......... ceriss s ie 79
3.4 Conclusions and tecommendations..... .81
CRAPLET Aooorverrsresrirsins e rasis s sasis s sassssssssss s st s s assas R RS R RRA R RRR S0 e 84
A Break-even Model for Evaluating the Cost of Containership Waiting-times and Berth
Unproductive-times in Automated Quayside OPerations........creecciesimnesseessmmmnnssens 84
Summary . 84
4.1 Introduction 84
4.2 Proposed methodology 86
4.3 Test case 92
4.3.1 Operational considerations 93
4.3.2 Data collection and analysis 95
4.3.3 Analysis of the P-K COMPONENLS .....uu..ovvvuvrvrennncensnsssmssssssmsmsssssssssssssssssssssessons 96
4.3.4 Analysis of the break-even model 104
4.4 Conclusions and recommendations 107
Chapter 5 109
Throughput Modelling for Container Terminals Using Semi-automated SC, RTG and
Automated and Semi-automated RMG Operating Systems 109
Summary. 109
5.1 Introduction 109
5.2 Layout, operational and stacking policies and considerations in
5.2.1 Straddle Carrier (SC) operation 111
5.2.2 Rail Mounted Gantry crane (RMG) operation .. 114
5.2.3 Rubber Tyred Gantry crane (RTG) operation 117
5.2.4 Layout considerations 119
5.2.5 Opetational considerations 126
5.2.6 Stacking policy 134
5.3 Throughput modelling 137
5.3.1 Model variables 140
5.3.2 Ground slot modelling 141
5.3.2.1 Number of container GSs in a parallel layout 141
5.3.2.2 Number of container GSs in a perpendicular layout .........coccececuisnvenenne 143
5.4 Test case 144
5.5 Findings 156
5.6 Conclusions and recommendations 157
Chapter 6 159
Cost Function Modelling for Semi-automated SC, RTG and Automated and Semi-
automated RMG Operating Systems 159
Summary 159
6.1 Introduction 159
6.2 Analysis of cost parameters and variables 161
6.2.1 Container yard development and maintenance costs 161
6.2.2 Crane investment, manning and maintenance costs 164
6.2.3 Container transfer cost 167
6.3 Cost function modelling 168
6.4 Sensitivity analysis 175
6.4.1 Cost comparison indicator. 175




6.4.2 Vaniable Intensity Factor (VIF).... 176

0.5 TESE CASC.ouvnreisirrerirmmimssssaisssssesssssssssssiasstsssisssssss s s s s tss st ssssssssssssssns s bassbn st b anaens 177
6.5.1 Cost comparison and sensitivity analysis using ‘R’ values............cccvuenverre. 181

6.5.2 Cost comparison and sensitivity analysis using ‘VIF* values.........cccccoouevecne. 183

6.6 FINAINGS....orrirrrrisssisessisisnsisss s sissnsessasmssssssssssssisssssssssnsnesssssssssssssssssessssasesssssassassssass 186

6.7 Conclusions and recommendations 187
ChapLer 7ot ssses . 189

Multiple Attribute Decision-Making (MADM) and Analytical Hierarchy Process (AHP) for

Selecting the Best Container Yard Operating System et i etsees et bansen .189
SUMMALY .ottt ... 189
7.1 INEOAUCHON ..o cricercrcrienirsenearerissssiessesessesssssisessssissssssssssssssesesssssssssessssssassosantassssssnssassasssssses 189

7.2 Elements of the MADM method .. 190

7.3 The AHP technique ... 193
7.3.1 Hierarchy of the problem 193

7.3.2 Weighting the attributes ..... 193

7.3.2.1 Principal eigenvector approach for calculating the relative weights ... 194

7.4 PeLfOLIMANCE SCOLES w.vuusermmessnsicsisersemssonssssssssssssssssssssssssissssssssssssmmassssssssssassssssssssssssessssssssas 197
7.5 Application of the AHP to select the best yard operaung SYStEMLuuunrrrmunmsenssssssssannes 198
7.6 TESE CASC.ureescursmrecersssssisssas i ssssssssssssssassesssss e s e st sa bR ba bR R AR bR s 199
7.7 Conclusions and recommendations....... 212
Chapter 8 214
Conclusions and Discussions .214
Summary . 214
8.1 Conclusions of this study .214
8.2 LimitationS......veersieescsscsssecsssnseenns ... 218
8.3 Discussion and recommendations for future works.. 219
References..... 221
Appendices 238
Appendix 1 Publications arising from the research 238
Appendix 2 Data for the manual and the automated quayside operations obtained from
the BACT 239
Appendix 3 Results for a combmatlon of different container yard sizes with different
transhipment ratio and dwell-times 256
Appendix 4 CRF and FWF values 267
Appendix 5 Summary of some expett, professional, operator, manufacturer and
academnics’ opinions and judgements 269

vii-



Abbreviations

AGVs = Automated Guided Vehicles
AHP = Analytical Hierarchy Process
ALVs = Automated Loading Vehicles
ARR = Annual Rate of Return

BACT = Bandar Abbas Container Terminals
BAT = Berth Arrival-Time

BCR = Benefit-Cost Ratio

BDT = Berth Departure Time

BGP = Berth Gross Productivity
BICT = Bandar Imam Container Terminals
BNP = Berth Net Productivity

BST = Berth Service-Time

CCT = Chabahar Container Terminals
CFS = Container Freight Station

CGP = Crane Gross Productivity
CGT = Crane Gross-Time

CNP = Crane Net Productivity

CNT = Crane Net-Time

CP = Cost Parameters

CPC = Cost Per Container

CR = Consistency Ratio

CRF = Capital Recovery Factor

DBA = Division By Average

DBM = Division By Mean



DBS = Division By Sum

DC = Deptreciation Cost of cranes

DCM = Double-Cycle Mode

DGPS = Differential Global Positioning System
dwt = Dead weight

EDI = Electronic Data Interchange

EDIFACT = Electronic Data Interchange For Administration, Commerce and

Transport
ESA = Environmental and Social Acceptability
FCFS = First Come First Served
FCL = Full Container Load
FEU = Forty-foot Equivalent Unit
FL = Flexibility
FLs = Front-end Lift trucks
FWEF = Future Worth Factor
GPS = Global Positioning System
GSs = Ground Slots
HIT = Hong Kong International Terminals
HP = Hub-Port
IC = Investment Cost of cranes
ISO = International Organisation for Standardisation
LA = Level of Automation
L.C = Land Cost
LCL = Less than full Container Load
LJF = Longest Job First

MADM = Multiple Attribute Decision-Making



MCC = Maintenance Cost of Cranes

MCDM = Multiple Critetia Decision-Making
MODM = Multiple Objective Decision-Making
MPC = Mattix of Pair-wise Compatison

MST = Mean Service-Time

MT = Machinery on Trolley

NPV = Net Present Value

OC = Operation Cost of cranes

OCRS = Optical Character Recognition System
OD = Origin-Destination port

PBP = Payback Period

PC = Procurement Cost

PF = Peaking-Factor

P-K = Pollaczec-Khintchine queuing formula
PSO = Port and Shipping Organisation of Iran
PWF = Present Worth Factor

QSCs = Quayside Cranes

RF = Radio Frequency

RGA = Random Grounding Applicability

RM = Re-handling Management

RMGs = Rail Mounted Gantry cranes

RSs = Reach Stackers

RTGs = Rubber Tyred Gantry cranes

RTT = Roped Towed Trolley

SCM = Single-Cycle Mode

-X-



SCs = Straddle Carriers

SFF = Sinking Found Factor

SH = Stacking Height

TEU = Twenty-foot Equivalent Unit

TLs = Traffic Lanes

ToL = Top Loader

T-Ts = Tractor-Trailetrs

UNCTAD = United Nations Conferences on Trade and Development
VIF = Variable Intensity Factor

YDC = Yard Development Cost

YMC = Yard Maintenance Cost



List of Figures

Title Page
Figure 1.1 Framewotk of the study - w6
Figure 1.2 Breakdown of a containership-time at a POLt ...ooe.umrumseesssecemmsnsessssssassess 15
Figure 2.1 World fleet by principal types of vessel for selected years......cccoucennec. 22
Figure 2.2 Operation areas at 2 container tetmminal .........c.oocveceereecverisnrrressssssssssssssesseessnsecsaanes 24
Figure 2.3 Process of operation at a container terMiNal.......cceerrersssssmsmssssssssssssssssissassesssess 25
Figure 2.4 Schematic view of an example container terminal.............. 26
Figure 2.5 The layout of a typical container terminal with yard gantry crane system............. 27
Figure 2.6 A quayside crane outline 38
Figure 2.7 SC, AGV and a multi-trailer system A1
Figure 2.8 Re-handles of CONAINELS At STACKS......ovvuureureemrreesremianreasmerisssessessssscssecnssssssssssmessasesssssss 45
Figure 3.1 Loading a container onto the ship 65
Figure 3.2 Returning the empty spreader to the quayside 67
Figure 4.1 Berth occupancy vs. mean service rate 100
Figure 4.2 Expected number of ships in the queue #5. mean service fate .....cooeevrervecrsreneerenes 100
Figure 4.3 Total number of containerships in the system 101
Figure 4.4 Total turnaround-time #s. mean setvice rate 101
Figure 4.5 Total turnaround-time 5. mean service rate using year 2002 arrival rates.......... 102

Figure 4.6 Total turnaround-time g5. mean service rate using years 2003-2004 arrival rates102

Figure 5.1 Front view of an automatic RMG crane 116
Figure 5.2 Spaces at a typical container terminal 120
Figure 5.3 The perpendicular layout of a typical container terminal using a SC system ..... 121
Figute 5.4 The parallel layout of a typical container terminal using a SC system ................. 122
Figure 5.5 The layout of a typical container terminal using a 6+1 RTG system .....ccc...uue.... 123
Figure 5.6 The layout of a typical container terminal using a 12+2 RMG system................ 124
Figure 5.7 The length and area used for stacking in a SC system 125
Figure 5.8 The area used for stacking in a 6+1 RTG system 125
Figure 5.9 The area used for stacking in a 12+2 RMG system 126
Figure 5.10 Stacking forty-foot containers 127
Figure 5.11 Throughput modelling process 139
Figure 6.1 Cost function process 169
Figure 6.2 Relationships between Rsc/rrc and cost parameters 182
Figure 6.3 Relationship between Rsc/rmc and cost parameters 183
Figure 6.4 Relationship between Rrmc/rrc and cost parameters 183
Figure 6.5 Magnitude of VIFsc/rtG 185
Figure 6.6 Magnitude of VIFsc/rMc 185
Figure 6.7 Magnitude of VIFrmc/rTG 186
Figure 7.1 Flowchart of the AHP application 199
Figure 7.2 Container yard handling system decision tree 202
Figure 7.3 The AHP value tree for SC (1 over 3) 209
Figure 7.4 The AHP value tree for RTG 6 + 1 (1 over 5) 210
Figure 7.5 The AHP value tree for RMG 12 + 2 (1 over 5) 211
Figure A.3.1 Comparison of GSs for Wcy = 300 metres and Dcy = 300 metres.............. 256
Figure A.3.2 Comparison of GSs for Wcy = 600 metres and Dcy = 600 metres................ 256
Figure A.3.3 Compatison of GSs for Wcy = 700 metres and Dcy = 600 metres.....c..cc.... 256

Figure A.3.4 Cy & Tawar for o = 40% in Wcy = 300 metres and Dcy = 300 metres ......... 258
Figure A.3.5 Cy & Tuwe for o = 50% in Wcy = 300 metres and Dcy = 300 metres .......... 258



Figure A.3.6 Cy & Tawar for @ = 60% in Wcy = 300 metres and Dcy = 300 metres .......... 259
Figure A.3.7 Cy & Tava for o = 40% in Wy = 350 metres and Dcy = 400 mettes .......... 259
Figure A.3.8 Cy & Taver for o = 50% in Wey = 350 metres and Dcy = 400 metres .......... 260
Figure A.3.9 Cy & Tavei for w = 60% in Wcy = 350 metres and Dcy = 400 metres .......... 260
Figure A.3.10 Cy & Tawen for w = 40% in Wey = 600 metres and Dcy = 600 metres......... 262
Figure A.3.11 Cy & Tawen for w = 50% in Wy = 600 metres and Dcy = 600 metres........ 262
Figure A.3.12 Cy & Tava for w = 60% in Wey = 600 metres and Dcy = 600 mettes......... 263
Figure A.3.13 Cy & Tawal for © = 40% in Wy =700 metres and Dcy = 600 metres.......... 265
Figure A.3.14 Cy & Taya for v = 50% in Wey =700 metres and Dcy = 600 metres ......... 265
Figure A.3.15 Cy & Tawal for v = 60% in Wcy =700 metres and Dcy = 600 metres ......... 266



List of Tables

Tite Page
Table 2.1 Annual growth of the wotld container fleet 22
Table 3.1 A loading cycle-time obtained from a QSC. . : doner67
Table 3.2 Cycle-times obtained from a QSCi........ovuccurerinrernreerrencenmmesmesssissrsssinssssssssnes .70
Table 3.3 The average cumulative spreader manoeuvring times....... .72
Table 3.4 Summary of the annual running costs, £ / QSC ........coomrviemrimmmmnresssinsssssssssssssesssenns 74
Table 3.5 Initial cost of an automated system in £ 75
Table 3.6 Sensitivity analysis of the economic criterion 78
Table 3.7 Summary of uncertainty and tisks in QSC automation. 81
Table 4.1 Specification of the conventional cranes under manual operations.........oeeeervissees 93
Table 4.2 QSCs IMPLOVEMENLS.......uceusmnnrirnnsniormmaenremeeseesssnnsios 95
Table 4.3 Summaty of the data analysis 98
Table 4.4 Summary of the annual facility cost for the manual berth, £ 104
Table 4.5 Summary of the annual facility cost of the automated berth, £ 105
Table 4.6 Comparison of the manual, automatic and the required rate of artival................ 107

Table 5.1 Specifications of the rail, roadways and passageways in the RMG systems in some

tetminals 117
Table 5.2 Examples of accessibility provided for the RTG system in some terminals ....... 118
Table 5.3 General specifications of an RTG system 119
Table 5.4 Proposed average stacking tiers for a maximum capacity. 129
Table 5.5 Average dwell-times and transhipment ratios of some container ports............... 130
Table 5.6 Dynamic estimation of container arrivals . 134
Table 5.7 Summary of Step 1 to Step B oo s s 147
Table 5.8 Comparison of the yard size and the number of GSs in TEUs for different

stacking systems 148
Table 5.9 Maximum land utilisation of the yard operating systems, m? / TEUs ......c.cc....... 149
Table 5.10 Cy for systems with Wcy = 350 metres and Dcy = 400 metres 154
Table 5.11 Cy for systems with Wy = 600 metres and Dcy = 500 metres.......coovevvererenneee 155
Table 6.1 Average annual cost of investment in land 162
Table 6.2 Average procurement cost of yard operating systems, £ / equipment.........ccoo.. 164
Table 6.3 Average economic life of QSCs, SC, RTG and RMG ctranes in yeass.......o.ce.ceen. 165
Table 6.4 Average annual values of parameters of the cost model, £ 180
Table 6.5 Summary of the cost parameters 181
Table 6.6 Cost compatison indicator 182
Table 6.7 Variable intensity factor 184
Table 7.1 Comparison scale for the MPC in the AHP method 194
Table 7.2 Average random index (RI) values 196
Table 7.3 Related decision attributes for selection of a container yard operating system... 201
Table 7.4 Performance scores of the cost attributes 203
Table 7.5 Performance scores of the automation attributes 203
Table 7.6 Performance scores of the operations attributes 203
Table 7.7 MPC for the main attributes 204
Table 7.8 MPC of the cost attributes 205
Table 7.9 MPC of the automation attributes 206
Table 7.10 MPC of the operations attributes 207
Table 7.11 Summary of the performance scores 208
Table 7.12 The decision matrix 208




Table A.2.1 Manual quayside operations 239

Table A.2.2 Summary of the manual operations 245
Table A.2.3 Automated qUayside OPELAtONS.....cuuvuscrimmssismesssieressssessssssssssssssssmsssssssssssssssessssees 246
Table A.2.4 Summary of the automated operations v 255
Table A.3.1 Cy for systems with Wey = 300 metres and Dcy = 300 metres ....c.cruvcceencennn. 257
Table A.3.2 Cy for systems with Wcy = 600 metres and Dcy = 600 metres .......cccueerreennece 261
Table A.3.3 Cy for systems with Wey = 700 metres and Dy = 600 metres ......ccnevursnnee 264
Table A.4.1 CRF and FWF values 268

Table A.5.1 Performance factors recognised for semi-automated post-Panamax quayside

CLALICS 1eesereeninesiasisnsstsses s casestastesssae s sbasssas st s et s b bt ot sb e be st aseeseesssasasentensatentanssentestorsssarssssssrsuen 270
Table A.5.2 Difficulties identified in the operation of post-Panamax quayside cranes....... 271
‘Table A.5.3 Performance factors and average values given for SCs . 272
Table A.5.4 Performance factors and average values given for RTG cranes............conen. 273
Table A.5.5 Performance factors and average values given for RMG cranes............ovoveene. 273

-XV-



Chapter 1

Introduction

Summary

This chapter explains the main concept of this thesis. It describes and outlines the
aims and objectives of the study and explains the organisation and framework of
the chapters. It further explains the methodology and the scope of this research
together with the contributions that this thesis makes. The general terms used
throughout the thesis ate outlined and defined.

1.1 General remarks
Modem container terminals can be described as open systems of material flow with

four operational areas. These areas ate:

* The shipside operation that deals with berth allocation and planning for
container stowage.

* The quayside opetation that deals with the crane allocation to ships, loading
and discharging of the ships and assigning systematic means of transferring

containers to and from the quayside to the stacking-yard.

* The landside operation that deals with the delivery and receipt of containers
and controlling the in and out operation of containers through the gate

complex and other modes of transportt.

* The terminal communication system with efficient means of information flow

down from the ship through the terminal to the end usets.

The success capability and productivity of container terminals is measured with
factors such as the highest number of container Ground Slots (GSs) and terminal
throughput. In this respect the fundamental objective of every container terminal
operator is to provide services to containerships and containers within the
minimum turnaround-time and dwell-times with an acceptable cost. This can be
achieved by increasing the number of servers such as berths, Quayside Cranes
(QSCs), transfer and stacking cranes. On the other hand, the operators of modern



container terminals employ automated and semi-automated container yard
operating systems including Automated Guided Vehicles (AGVs), Automated
Loading Vehicles (ALVs), Straddle Catriers (SCs), Rubber Tyred Gantry cranes
(RTGs) and Rail Mounted Gantry cranes (RMGs) to minimise the turnaround-
times of the containerships and to keep pace with the growing demand for the
container transport. This growth imposes the container terminals to either expand
their land horizontally or ultimately utilise the existing land that is available at the
terminals (UNCTAD, 1985 and Constantinides, 1990). The expansion of container
yard horizontally is costly and increases the cycle-time of the transfer operations.
Similarly, higher land utilisation through employment of automation technology and
expansion of container yard vertically is a major factor causing ‘unproductive’
container movements and more re-handling effort in the yard operation of

container terminals therefore imposing unwanted costs.

At the quayside of today’s container terminals, the total turnaround-time of
containerships has been reduced considerably. However, port operators in the
medium to small size container terminals such as Bandar Abbas Container
Terminals (BACT) and Bandar Imam Container Terminals (BICT) in Iran and
Dubai and Shatjah container terminals in the Persian Gulf tegion which have
automated their loading and discharging operations, ate expetiencing very costly
QSCs and berth facilities are becoming undesirably unproductive (idle) for some
duration of time (Bahrani, 2004). This is mainly due to the automation being
introduced without an increase in containership calls which makes the port
operators unable to achieve the maximum use of the quayside capacity delivered by
the high speed of the quayside operations. There is a need to profoundly analyse the
economics of increased productivity and efficiency resulting from the automation of
the quayside operation and further develop a break-even value model to establish a
balance between the unproductive-times of the costly quayside facility and the
containership waiting-times. Before employing automated devices, the terminal
operators are therefore required to consider designing or re-designing their
stacking-yard layouts compatible with the new yard operating technologies in order
to maximise their container yard throughput and at the same time shorten the
turnaround-times of containerships and dwell-times of containers. This would also

require the terminal operators to review the cost models of their container yard



operation compatible with the automated and semi-automated systems to operate in

the container yard.

The effectiveness and efficiency of automated container yard operating systems and
their associated costs are measured quantitatively and qualitatively and require a
concrete economic and operational ground to suppott decisions to be made. An
approptiate decision-support system requires incorporating most of the determining
attributes before any final selection decision for any container yard operating system
is made. The above issues are examined in this thesis. Furthermore, the findings
from the research into the above issues have been developed in this thesis to

investigate and identify the appropriate strategies for automating container terminal

operations.

1.2 Aims and objectives of the study

This study discusses that container terminals should be designed and laid out
compatible with the proposed automated systems. It proposes layout and capacity
models for container terminals using semi-automated SC and RTG and automated
and semi-automated RMG operating systems in modern container yards by
considering the dynamic nature, size and capacity of the automated container yard
operating systems together with the average dwell-times of containers, the
transhipment ratio, the accessibility and stacking height of the containers as the

salient factors in determining container terminal throughput.

For the design layout and capacity models proposed a separate study has been
conducted to analyse and justify the costs factors involved. The majority of cost
values discussed in this thesis are obtained from the BACT, Iran statistics reports.
The cost model presented in Chapter 6 may enable a designer to make a pair-wise
comparison of handling systems to determine the most appropriate container yard
operating system for a port based on the requited automatic capabilities and
functions. The study has also developed a decision tool to assist a terminal designer
or operator in selecting the most economic container yard operating system.
Selection of the most economic container yard operating system is based on
determining factors such as the lowest operating cost and the highest annual
throughput. The generic tnethodologieg proposed in this study may be used as the



basis for decision-making and selection of the most economic operating system for

container yards.

The decisions to be made are based on the complex and heterogeneous attributes
including qualitative measures that are often expressed in linguistics terms and
quantitative attributes often illustrated in financial and throughput measures. It is
worthwhile examining the applicability of the Multiple Attribute Decision-Making
(MADM) concept for the decision problems in container terminals. To solve such
problems with conflicting attributes, an Analytical Hierarchy Process (AHP)
technique seems to be appropriate (Saaty, 1980 and 1988). It is considered that the
results of the AHP analysis would enable a decision-maker to develop a ground for
pair-wise comparison, judgement and selection of the best automated container

yard operating system for the purpose of this study.
The objectives of conducting this study can be categorised as follows:

1) To examine and evaluate the cycle-times of conventional and automated

post-Panamax quayside cranes used for loading and discharging operations in

container terminals.
2) To develop a model for analysing the cycle-times of automated QSCs and to

quantify and measure the economic efficiency and feasibility that may be

emanated from the shorter cycles.

3) To develop a break-even model to measure the balance between the cost of
containership waiting-times and the costs associated with the probable
container berth unproductive-times (idle-times).

4) To develop the design layout and throughput models for calculating the

annual capacity of modem container terminals using semi-automated SC and

RTG and automated and semi-automated RMG cranes by incorporating the

dynamic nature, size and capacity of the equipment, together with the average

transhipment ratio, stacking height, dwell-times and index of accessibility of
containers.



5) To examine the determining cost attributes and to develop a cost function
model suitable for container yard operating systems and terminal capacities

identified in objective 4.

6) To set-up a decision-support model that can incorporate both qualitative and

quantitative attributes identified in the study.

7) To use appropriate case studies to demonstrate the applicability of the

models developed.

1.3 Reasons for the analysis

Most of the studies carried out on the quayside and yard cranes have only
considered the appropriate optimisation functionality of the tasks and very few have
examined the impact of automation on the turaround-time of containerships and
the economics of unproductive service-times of the costly cranes. The shortening of
the containerships’ turnaround-times would be advantageous for the shipping lines.
On the other hand, when costly automated QSCs become idle and therefore
unproductive, the container terminals suffer a loss of revenue in the capital cost of
investment. The majority of studies suggest that the terminal operators invest in
automated technologies and expand their terminal capacities but the contribution of
the terminal facilities given to the pott itself seems to be ovetlooked in the small to
medium size container terminals. The cost of container terminal berth facilities
needs to be investigated together with the cost of containership waiting-times when
investing in automated technologies in terminal operations. In the literature, as
shown in Chapter 2, there is a void in measuring the balance between the cost of
berth unproductive service-times and the cost of vessel waiting-times. This thesis
introduces a novel break-even model to be used as a benchmark and as a decision

tool for calculating such a balance.

In the majority of container terminals in developing countries such as those located
in the Persian Gulf region, and in particular the Iranian container ports, the
automated and semi-automated yard cranes are purchased and deployed in the
container yard operations without a proper consideration of the nature, size,
capacity and other dynamic functionality of these devices. The impacts of this
oversight have forced the operators to undergo undesirable costs and spend time
and effort of dealing with high dwell-times, poor flow of containers in the
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terminals. Additionally, the operators of terminals deal with unwanted re-handling

operations and insufficiently utilise the maximum throughput expected from their

implemented automated and semi-automated container yards operating systems.

1.4 Otganisation and framework of the study

This study will analyse and evaluate the quayside and stacking-yard cranes. The

analysis is embedded into eight individual chapters (Chapters 1 to 8) as illustrated in

Figure 1.1.
Introduction
(Aims and Objectives) Chapter (1)
Literature Review Chapter (2)
T
v ¥
Analysis of Automated and Semi -
Economic Analysis of Automated Automated Container Yard
Quayside Crane Operations Stacking Cranes Layout and
Capacity
. Throughput Modelling
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—-b[ Conclusions ]1_
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Figure 1.1 Framework of the study



The embedded chapters have been presented in a stepwise manner using the above

framework as follows:

Chapter 1

Chapter 1 briefly explains the objectives, organisation, framework and scope of the
study. It explains the contribution it makes to the knowledge in port management,
planning and design of container terminals. It also gives the key definitions used.

Chapter 2

The general literature of the studies and their contribution to the general knowledge
have been reviewed and reflected in Chapter 2. The literature of every individual
study is discussed in Chapters 3, 4, 5, 6 and 7. Chapter 2 provides a general review

of the literature in the following three main sections:

1) Container terminal operation.
»  Shipside operation.
®  Quayside operation.
®  Landside operation.
2) Terminal information system.
3) Decision-Making,

Chapter 3

This chapter is based on an expetimental study conducted on the manual and
automated post-Panamax QSCs. It examines the economic efficiency and feasibility
of reducing the QSCs’ cycle-times that may result from automation. It develops a
comprehensive model to shorten the containerships’ waiting-times in which it
demonstrates that a considerable increase in productivity of QSCs is related directly
or inditectly to an expected reduction of crane cycle-times. The study discusses the
need for proposed improvements through automation and explains the concepts of
the systems involved. This study quantifies the benefits achieved from the
shortening of QSCs’ cycle-times but it does not explain all the costs involved
particularly when expensive QSCs become idle. A further study is conducted in

Chapter 4 to examine the probable costs of QSCs unproductive-times (idle-times)
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whete there are insufficient ship calls to utilise the extra capacities gained by the use
of costly automated QSCs.

Chapter 4

The study in this chapter sets up a break-even model to enable the port operators to
establish a balance between the cost of containerships’ waiting-times and the
probable cost of berth unproductive-times (idle-times) in automated quayside
operations. The study uses the Erlang queuing theory particulatly the Pollaczec-
Khintchine (P-K) formula to find such a break-even value. The novel break-even
model will provide examples of real data when appropriate. The application of the
queuing theories may enable the port operators to determine the required rate of
loading and discharging of their QSCs according to the rate of the ship calls at theit
potts. The analysis illustrates that automation of QSCs significantly reduces the
turnaround-time of the containerships calling at ports. It is argued, however, that
there should be a balance between the cost of berth unproductive service-times and

the cost of container vessel waiting-times.

The productivity of the whole terminal operation is not only impacted by quayside
operation but also with the efficiency of the landside operations. These activities are
interrelated and needs the planners of container terminals to identify and analyse the
most important and determining factors at the landside operation. This requires
setting up a basis for an evaluation of the most widely used yard cranes by
examining the productivity variables that are attributed to the container yard
operations particularly semi-automated SC and RTG and automated and semi-
automated RMG opetating systems before selection decisions are made. To this
end, it would be necessaty to identify and classify the most determining variables
and profoundly examine and develop conceptual frameworks for the analysis of the
above yard cranes in the proceeding chapters 5, 6 and 7.

Chapter 5

This chapter examines the container terminal layouts and develops a basis for
calculating the annual throughput of container terminals using semi-automated SC
and RTG and automated and semi-automated RMG container yard operating
systems. It incorporates the dynamic nature, size and capacity of the automated yard

operating systems together with the average dwell-times, transhipment ratio,



accessibility and stacking height of containers as the salient factors in determining
container terminal throughput. The method in this study considers appropriate
criteria necessary for different layouts of container terminals to setve the new
generation of containerships. The results of this study ate used as the basis for the

cost evaluation in Chapter 6 and the decision-making in Chapter 7.

Chapter 6

This chapter analyses the cost parameters of the container yard operating systems
proposed in Chapter 5 and discusses the concept of the cost compatison indicator
and the variable intensity factor. It develops a generic cost-based model that
facilitates a pair-wise compatison, analysis and evaluation of the cost attributes of
yard equipment. The values of the examined attributes are used for decision-making
in Chapter 7. The cost function analysis of this study incorporates major cost

factors used in modern container terminal operations discussed in the literature.

Chapter 7

The study in Chapter 7 introduces the concept of the MADM technique and
evaluates the important criteria involved for selecting the most appropriate
container yard operating system examined in Chapters 5 and 6. The MADM
methods enable the operator of a container terminal and a decision-maker to
consider non-financial and qualitative attributes, which ate often expressed in
linguistic terms in addition to the common quantitative cost and capacity measures
used to evaluate different container yard operating system alternatives. The
evaluations use the existing body of knowledge together with up-to-date experts’
opinions. This study uses an AHP technique to solve the MADM problem which
may provide an acceptable ground for pait-wise compatisons for screening, ranking

and selecting the best scenario amongst a group of alternatives.

Chapter 8

Finally, the study in Chapter 8 draws conclusions and makes recommendations for
future studies. Chapter 8 explains the limitations involved during the study. It
enumerates the findings and contributions of this research.

1.5 Scope of the work
This thesis analytically evaluates and examines the effectiveness, cost efficiency

and selection of semi-automated QSCs, SCs and RTGs and automated and semi-
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automated RMG cranes. It introduces different methodologies to measure the
above issues and proposes a decision-support system for selection of the best
container yard operating system amongst those studied in this thesis. Other issues

of container terminal operations are beyond the scope of this study.

1.6 Methodology

This research demonstrates an analytical study of the issues dealing with automated
and semi-automated quayside and yatd stacking and un-stacking cranes. It has been
carried out through direct observations and use of historical data in the quantitative
and qualitative forms obtained from some container potts. Use has been made of
data from international publications in the port and shipping issues such as
UNCTAD, annual statistics of Containerisation International and various
international journals such as the World Port Development International and
Lloyd’s Register. According to the organisation of the study explained in Section
1.4, the following stages are taken to achieve the aims and objectives of this

research:

1. Review of the current literature conducted on the analysis and examination of

the efficiency, productivity and cost effectiveness of the automated QSCs.

2. Review of the current literature on the layout, throughput and cost modelling
of semi-automated SC and RTG and automated and semi-automated RMG

systems.

3. Quantitative analysis of the cycle-times and examination of time-savings, cost

and benefits derived from the automation of QSC operations.

4. Quantitative analysis and examination of containerships’ waiting-times and
container berth unproductive-times for automated and semi-automated

container berths using queuing theoties.

5. Development of a break-even model to establish a balance between the cost of

containership waiting-times and berth unproductive-times.

6. Analysis and examination of the quantitative and the qualitative data used for

automated and semi-automated yard gantry cranes and development of layouts



and a throughput model incorporating the most important factors of the

automated and semi-automated yard operating systems.

7. Identification, analysis and examination of the associated impartant factors in
container yard operations and development of a quantitative cost model for an
automated and semi-automated container yard operating system that enables a

pair-wise comparison of the yard alternatives.

8. Development of a MADM model to incotporate both the quantitative and the
qualitative ctitetia jointly using an existing body of knowledge and experts’

judgments to enable selection of the best container yard operating system.

The research uses the advice of experts in terminal management and automation
within UK universities and ports. The study attempts to bring together the
expetiences, observations and case studies to identify, examine and analyse the
efficiency of the loading and discharging opetation of semi-automated QSCs and
automated and semi-automated stacking and un-stacking yard cranes and develops
the layout design, throughput, cost function models and a decision-suppott system

for container yard operating systems.

In this context, the computer programmes and software packages such as
MATCAD, SPSS, IDS and EXCEL spreadsheets are used to illustrate and examine
the analysis of the studies.

1.7 Contribution

This study makes a contribution in the following ways:

1) This research represents an innovative method of analysing the productivity
and utilisation of automated and semi-automated container terminals in which

it introduces a profound empirical study where:

® It develops and proposes a new concept and method of measuring the
productivity of the quayside operation at modern container terminals that
has not been investigated before.

* It identifies, classifies, and measures the major impacts of shortening the
cycle-times of QSC loading and / or discharging.

A1-



It identifies major factors that impact the shortening of containerships’
waiting times, develops a novel break-even model to establish a balance
between the cost of containership waiting-times and quayside cranes idle-

times and fills an important void in the current knowledge.

This thesis proposes a new method of planning and designing modern
container terminal layouts and capacity that has not been addressed in the

ptevious studies.

The study contributes to the general knowledge of container terminal
planning and design procedures by incotporating the most important
factors attributed to the modern container terminal operating systems.
These factors include in a dynamic manner the size, type and capacity of
automated and semi-automated stacking and un-stacking-yard cranes
together with the stacking height, transhipment ratio, dwell-times and
index of accessibility. It makes a contribution to the general knowledge

where:

1) It identifies and classifies the most important factors which are
impacted by automation in calculating the tequited area and capacity
of semi-automated SC, RTG and semi-automated and fully

automated RMG operating systems in modern container terminals.

if) It develops and proposes a new robust genetic method for calculation
of container ground slots and throughput by incorporating the most
important factors identified. The models proposed can be used for
development of new stacking yards or redesigning the conventional
terminal to keep pace with technological advances. The models

proposed have not been used eatlier.

ity It proposes a2 novel method of measuring the cost effectiveness of a
container terminal operating system and proposes a concrete ground
for a pair-wise comparison of the cost attributes to help with selection
of an appropriate container yard operating system for a container
terminal.
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2) For the first time in the analysis and planning of container terminal operations,
this study introduces the concept of the MADM and the AHP methods as the
effective decision-support systems for container terminal planners, operators

and researchers.

3) The generic decision-support model proposed in this thesis can facilitate
selection of the most approptiate container yard operating system by adopting
quantitative attributes together with qualitative attributes expressed in

linguistics terms in a pair-wise manner which has not been studied before.

4) This applied study into the strategies of the terminal layout, capacity,
productivity and operations may be of a considerable benefit to the pott
industry, to the students and researchers wotldwide and particularly to the

planners and managers of the port operation.

1.8 Terms and definitions
The key definitions widely used in this thesis are defined as:

*  Automation

The term ‘automation’ used in this study means any QSC ot yard crane operating
under automatic devices fitted on the equipment aimed at reducing the human
intervention. Since full automation of the QSCs, SCs and RTGs ate in their infancy,
the phrase automation used throughout this study for the above equipment indicates

semi-automation of the opetation unless otherwise stated.

*  Container terminal segments and operations
A container terminal may be divided into three interdependent operations within
which different interactive activities take place. These operations and the

corresponding activities may be defined as:

i) Shipside operation

The ‘shipside operation’ of any container terminal comprises two main activities.
First, the vessel is assigned a berth according to a pre-planned berth allocation
scheme. Second, a comprehensive stowage plan is drawn-up for a systematic loading

and discharging operation. The shipside operation may have a considerable
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influence on both day-to-day performance attained in a container terminal and the

quality of services provided to the ship owners.

ii) Quayside operation

The ‘quayside operation' of every terminal consists of three interacting activities
particularly crane allocation, loading and discharging and the quay transfer
operation. In this context, the cycle-times of the QSCs and containership-times at
ports need to be clearly defined. The quayside operation may also include the

container transhipment opetation.

®  Crane cycle-time
The operation of a QSC and its cycle operation may be categorised and defined by
the following:

a) Single-cycle

A crane is said to be operating in a Single-Cycle Mode (SCM) of operation when it
picks up the delivered load, moves it to the cortesponding slot and returns empty to
pick up the next load. The reverse action would be a single-cycle discharging mode

of operation.

b) Double-cycle
In contrast to the SCM of operation, a Double-Cycle Mode (DCM) is when the
crane picks up the load, moves it into the target slot and then picks up a new load

from the cells to discharge it onto the stand-by transfer vehicle.

c) Multple-task

A crane may be required to engage in multi-task operations such as shifting loads
within the cells, shufﬁing and repositioning loads from deck to the appropriate slots
or e versa. In this case, the cycle-times would be longer than the single and double
cycles.

=  Containership-time at port
Figure 1.2 illustrates the events, activities and times of a containership at a port. The

events are summarised in Table 1.1.
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Figure 1.2 Breakdown of a containership-time at a port

Table 1.1 Summary of events for containership calls at a port

Event
Arrival at port (outer anchorage for instance).
Vessel moves from anchorage to berth.
Ship berthing completed (end of mooring for instance).
Start of loading and / or discharging operations.
End of loading and / or discharging operations.
Departure from the berth.
Departure from the port.

g
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(Source: Author)

Based on the events and operations given in Figure 1.2 and Table 1.1, the following

indicatots and definitions can be determined:

*  Turmaround-time

The total duration of the time taken from the time a containership arrives at and
leaves the port. The time elapsed can be shown from point 1 to point 7 in Figure
1.2,

*  Port-time

The port-time may be defined as the gross-time during which a vessel moves from
the anchorage to the berth and finally casts off and leaves the berth and the port
after the loading and / or discharging operation is completed. This process is the
time taken from point 2 to point 7 in Figure 1.2.



*  Full Container Load (FCL)

An FCL is a container where the whole content is sent to a common consignee.
The FCL containers may not be required to be opened in the Container Freight
Station (CFS) (if the CFS is located inside the container terminal) and may be
stacked for a while in the stack-yard or directly sent to the receivers’ premises after

they are discharged from the containership.

*  Less than full Container Load (LCL)
In contrast to the FCL containers, the LCL containers are those that contain pieces
of cargo for different consignees that may be geographically scattered. The

containers are required to be opened in the CFS in order to distribute the contents

to multi-receivers.

=  Berth Service-Time (BST)

The BST may be defined as the gross-time elapsed between the berthing and un-
berthing periods. The BST includes break times and other stoppage times that takes
place and interrupts the loading and discharging operations. This can be shown as
the duration of time from point 3 to point 6 in Figure 1.2.

* Loading and discharging time

The loading and discharging bpemdon time at the berth may be defined as the
gross-time taken for loading and discharging operation of a vessel including the
unexpected break and stoppage times. This can be shown as the time taken from
point 4 to point 5 in Figure 1.2.

®*  Berth unproductive-time

The unproductive-time of a berth in a container terminal may be defined as the
times during which the ‘quayside facilities are ready to provide services but due to
some problems such as the lack of containership availability and / or shortage and
delays of the transfer vehicles they tremain idle and therefore unproductive. The
unproductive-times do not include the down-time of the quayside facility.

The operation at the quayside involves allocation of berths to containerships,
assigning and operating a required number of QSCs served with an optimum
number of transfer vehicles. Theses activities are interrelated and the productivity of

each operation may impact or be impacted by each other (Valenciana, 1999). The



productivity of the quayside operation is a multi-functional productivity and may be

more clearly defined by the following terms:

*  Berth Arrival-Time (BAT)
The BAT can be defined as the time at which a vessel berths at the quayside and all

the mooring lines are made fast.

*  Berth Departure-Time (BDT)
The BDT can be defined as the time at which a vessel leaves the berth and casts off
the jetty.

®*  Crane Gross-Time (CGT)
The CGT may be defined as the total duration of time a crane serves a vessel at a
quayside. The CGT can be measured in hours / QSC / vessel.

®*  Crane Gross Productivity (CGP)
The CGP may be defined as the total number of moves of a crane divided by the
CGT in a containership loading / discharging operation.

#  Crane Net-Time (CNT)

The CNT can be defined as the total time from the statt to the finish time during
which a crane serves a vessel where delays caused by stevedores and vessels, lack of
transfer vehicles, etc., unusual stoppages, downtime and idle-times are deducted.

CNT is measured in terms of hours / QSC/ vessel.

®  Crane Net Productivity (CNP)
The CNP may be defined as the total number of moves of a crane divided by the
CNT in a containership loading / discharging operation.

=  Berth Gross Productivity (BGP)
The BGP can be defined as the total number of moves carried out by all cranes
allocated to a vessel divided by the BST.

= Berth Net Productivity (BNP)
The BNP can be defined as the total number of moves cartied out by all cranes
allocated to a vessel divided by the CNT.
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iif) Landside operation
The ‘landside operation' consists of four main activities. The most important
activities are the ‘receipt and delivery’, ‘landside transport’, ‘container yard stacking

and un-stacking’ operations and the ‘gate procedure’.

=  Container yard layout
The layout of a container yard may be defined as the gross atea which is mainly used
for stacking and the buffer area for containers including main and sub-access roads,

passageways, aisles, turning and interchange areas.

*  Yard crane cycle-time

The stacking cycle-time of a yard crane is the total time taken to pick up a container
from the chassis of a transfer vehicle or from the ground to stack it into its devoted
slot in the stack and return to a stand-by position to commence the next cycle. The
retrieving cycle can be assumed as the reverse cycle of the above action (Bonsall,
2001). Similar to the QSC cycle-times, the yard cranes may engage in a single, double

and multi-task cycles and operations.

= Twenty-foot Equivalent Unit (TEU)

Container capacity is measured in TEU, which is the cargo capacity equal to one
standard International Standardisation Otganisation (ISO) container having a length
of twenty feet, breadth of eight feet and a height of eight feet and six inches. A forty
foot container with the same height and width is equivalent to 2TEUs or one FEU
(Forty-foot Equivalent Unit). Some other sizes often known as non-standard sizes

are in use in today’s container transport industry.

®  Ground Slots (GSs)

The GSs may be expressed as the maximum number of segments on the surface of
a container yard in terms of TEUs per unit of atea that are devoted to the
accommodation of containers in one tier. The number of GSs would differ from

terminal to terminal and from one yard operating system to another.

s  Container Freight Station (CFS)
The CFS is a place whete the export containers are stuffed with cargoes or the

import containers are opened and the contents are sent to the receivers. It is also a



place where Custom examinations and tumouts take place. CFS can be located

outside or inside of container terminal.

=  Terminal throughput

The throughput of a terminal may be expressed as the maximum number of
containers stacked and processed in a terminal generally termed as TEUs per yeat.
In the majority of studies in the literature the ‘throughput' is referred to as a

measure of productivity.

1.9 Other related terms

= Cost-benefit analysis

The cost-benefit analysis is the process of identification of cost factors associated
with quayside cranes and container yards operating systems. It also provides the
basis for comparison of the cost attributes with the likely benefits resulting from the

automation.

*  Container re-handling and shuffling operations

Re-handling and shuffling moves of containers are the unwanted and unproductive
moves of top layer containers which are sometimes necessaty to retrieve and restore
a container undemeath. These compulsoty moves ate considered undesirable and
uneconomic. The automation technologies help to keep these moves to a minimum

number.

®  Multiple Attribute Decision-Making (MADM) technique
The MADM is a technique that enables a decision-maker to solve complex decision

problems often based on the attributes and ctiteria with a heterogeneous nature.

®  Analytical Hierarchy Process (AHP) approach

The AHP is a method used to solve the MADM problem. It allows decomposition
of a decision problem into a hierarchical order and enables a pair-wise compatison
of the attributes and selection of the best alternative scenario with an acceptable

level of consistency.

1.10 Conclusions
This chapter has discussed the grounds over which this thesis has been laid. It has
explained the scene of the research. This chapter has explained the aims and

19-



objectives of this study and has explained how the study is organised and
constructed to achieve its objectives. It has further explained the scope and the
methodology employed and the contribution it aims to make towards the general
knowledge in the field of container planning, design and decision-support in this
research. The general and technical terminologies used in this thesis are defined in
this chapter. Chapter 2 will provide the literature review for this research project.
The activities that take place in each operational area will be explained together with

the contribution of the academic studies conducted in each area.



Chapter 2

Literature Review

Summary

This chapter provides a review of literature for container terminal operations. In
addition to the literature review, it explains the activities that take place in a
container terminal by dividing the operation areas into five main sections, namely,
the shipside, quayside, landside, information flow and decision-making sections.
The literature has been reviewed in a broader scope to provide a better concept of
container terminal operations. The literature related to each area of operation is
discussed in each corresponding operational atea. The more specific review of the
literature for this research is given in the loading and discharging operations,

quayside crane allocation, stacking operation and decision-making sections.

2.1 Introduction

Since the introduction of containers and the voyage of the ‘Tdeal X' in 1956
(Containerisation International, 1996, Levinson, 2006 and Cudahy, 2006) container
transport has rapidly taken over intercontinental freight transport. Mega-container
vessels transport containers between continents having capacities of up to 11,000
Twenty-foot Equivalent Units (TEUs) (Catgo Systems, 2006). The demand for the
transport of containers shows a gtowth of about 10.5% per year from 2004 to 2005
(UNCTAD, 2005 and Catgo Systems, 2006). This demand is expected to intensify
in the future. Table 2.1 shows the growth of container traffic and Figure 2.1
illustrates this growth compared with other vessel types. This ongoing growth has
caused an enormous demand for larger container vessels and simultaneously
requires that container terminal operators keep pace with the changes and increase
the productivity of their container terminals in order to handle the giant
containerships calling at their ports in a minimum time and with the maximum
efficiency. In the separate studies conducted by Chen, 1999, Holguin and Walton,
1999 and Volk, 2002, the competitiveness of a container terminal is demonstrated
by different basic productivity factors. These factors are particularly the total
turnaround-time of containerships, number of dwell-days a container stays in a port,
terminal annual throughput, rate of loading, discharging, stacking, transferring and

consolidating containers together with the costs associated with these operations.
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To increase the capacity of the loading and discharging operations at the quayside
and to reduce the turnaround-time of the containerships in ports two options can
be taken. Port operators can either build more container berths or alternatively use
advanced automated or semi-automated devices in their quayside and container yard
operations to improve efficiency. Increasing the productivity through designing
more berths is often very costly and sometimes impossible in some Asian and
European countries due to land limitations, expansion restriction, ownership and
large capital expenses. Instead, there has been a move towards automation and
semi-automation of activities in response to the increasing demand. Although
modernisation of quayside, gate and yard operations have been a niche area in
science, their impact on the design, layout capacity, cost and decision-making
related to theses issues have given rise to several research projects in USA, Europe

and Asia. As a result they are gaining mote scientific attention.

Table 2.1 Annual growth of the world container flee

Figure 2.1 World fleet by principal types of vessel for selected years



This chapter provides an overview of the published research studies for quayside,
container yard planning, design and yard operation of container terminals and
considers the main contributions they have made in this respect. This study does

not discuss every aspect of container terminal operations and its literature.

2.2 Container terminal operation

When a container vessel arrives at a pott, she will be assigned a berth equipped with
Quay Side Cranes (QSCs) to load and discharge containers. The QSCs are large
“heavy-scantling” cranes with open structures and booms extending over the ships
they serve. They have either a single trolley or multiple trolleys with spreaders to
attach to the containers from the top with container releasing mechanisms. In an
automated container terminal operation, import containers are discharged by the
automated or semi-automated QSCs and transported by dedicated transfer
equipment such as Automated Guided Vehicles (AGVs), Straddle Carriers (SCs) or
trailers to the container stacking areas. Containers are then delivered directly to the
yard stacking cranes generally by Rail Mounted Gantry cranes (RMGs) or Rubber
Tyred Gantry cranes (RTGs) or delivered to other dedicated stacking equipment
such as SCs in a relay system, Reach Stackers (RSs) or Front-end Lift trucks (FLs)
to be positioned into a pre-planned bay at the stack-yard. The stacking operation

with a combination of the above equipment is also practicable.

The stack-yard is the main interface and decoupling point between the import and
export container flows, either from sea to sea ot from sea to land and v versa. The
stack-yard may consist of blocks in which containers are stacked on top of each
other in a certain pattern. This method of storing containets is more common in
most of the European and Asian countries due to the land restrictions. In some
terminals, quite often in USA, containers are stacked on an individual chassis. Apart
from the manually operated stacking cranes, there exist semi to full-automated yard
gantry cranes that are capable of stacking up from as little as 2 to as much as 8 tiers
(stacking tiers may be frequently referred to as ‘containers high' in this thesis, which
is the technical term used in container yard operations). An alternative to the
container stacking cranes is the SC system which is capable of transferring and
stacking 3 to 4 containets high by driving over the stacks. Additional moves may be
required to be petformed by transferring containers between empty stacks,
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Container Freight Station (CFS) and the main stack devoted to the import and

export containers (Figure 2.2).

A container terminal may have several distinct operational areas (Figures 2.3 and

2.4). First, there are transfer points for road trucks, which are loaded from the stack

using SCs, RSs or other cranes. Next, there can be a rail terminal or a service centre,

where containers are loaded onto or from trains. Finally, there can be a barge service

centre where barges are loaded using specialised equipment. The first two operations

are carried out through the terminal gate complex and the latter is carried out at the

special berths designed for transhipment of such containers.
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Different types of containerships are served at the quayside. Amongst them are the
post-Panamax deep-sea containerships with a loading capacity of about 8,000 to
11,000 TEUs. These vessels can be about 320 metres long with a breadth of 43
metres and a draught of 13 metres (UNCTAD, 2005). They may have the ability to
carry containers up to 8 tiers and 17 TEUs abeam on the deck and accommodate 9
container tiers high and 15 TEUs wide in the holds (Meetsman ¢# 4/, 2001). In the
near future the operators must prepare for super post-Panamax (Malacca-max)
vessels of 11,000 to 15,000 TEUs and also to serve the new generation of
containerships referred to as the ‘Mega containerships' (post-Malacca-max) of
20,000 to 24,000 TEUs to support the economies of scale of shipping industry
(Zijderveld, 1995, Dekker, 2005 and Cargo Systems, 2006).

Figure 2.3 Process of operation at a container terminal

The efficiency of a container terminal that setves these ships is specially crucial.
Ports are obliged to be equipped with the latest developments in container loading,
discharging and stacking facilities. Amongst very developed container terminal
equipment, special QSCs have been built during the last two decades. With the
emergence of the Malacca-max containerships, crane designers are developing
suitable automated and semi-automated QSCs and container yard stacking
equipment to serve these ships. The tetminal and its automated devices must be
capable of moving containers higher, further, safer, faster and more accurately than

ever before.



Figure 2.4 Schematic view of an example container terminal

Figure 2.4 illustrates some of the basic equipment used in the transhipment
container terminals. Further, Figure 2.5 shows a simple example of a container
terminal with an RTG system with a capacity of 18 blocks consisting of 15 rows and

capable of stacking 6 containers in a row and having traffic lanes for access of

transfer vehicles for stacking and retrieving purposes.

In Figure 2.5, containers are laid with their length parallel to the wharf (quay face)
direction. The length and the shape of blocks are generally determined by the layout,
terminal operating system and type of the stacking equipment used in container

terminals. The following terms can be distinguished and defined in this context:

* ‘Container cell' is any space in the stack yard which is occupied by one TEU

container.

* ‘Row' shows a number of container cells under the portal span of a gantry

crane.
"  ‘Tier' represents a number of containers stacked vertically in a row.
»  ‘Bay' is the number of containers cells in a row shown in a longitudinal view.

» ‘Block’ consists of a group of container rows, bays and tiers that a gantry crane
drives over when it moves along its pathway according to its stacking span and

height capabilities.
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Figure 2.5 The layout of a typical container terminal with yard gantry crane system

2.2.1 Shipside operation

The shipside operation of any container terminal comprises two main activities.
First, the vessel will be assigned a berth according to a pre-planned berth allocation
scheme. Second, a comprehensive stowage plan will be drawn for a systematic

loading and discharging operation.

Meersman ez al. (2001) and Iris and Koster (2003) have provided a comprehensive
description of the decision problems at the container terminals. They have divided
the problems into the strategic, tactical and operational decision levels and have

argued that different sets of problems have to be dealt with at different levels.
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Although they have provided a comprehensive analysis of the problems for those

levels, the lack of a robust decision-support system is evident in their analysis.

Kozan (2000) has discussed major factors for the transfer efficiency of multi-modal
container terminals. He has developed a network model in which he has illustrated
the structure of a proposed container terminal and explained the process and flow
of containers. The objective of his study was to minimise the total throughput time
of containers in the proposed model. The method proposed by Kozan (2000) is
static in nature and dose not incorporate the dynamics of yard cranes. Meersman
and Dekker (2001) have presented an ovetview of operational research models and
have discussed some methods in the field of design and operation of containet
terminals. They have also classified the decision problems involved at the strategic,
tactical and operational levels. Their studies however lack a profound ground for a
decision-suppott system and not accounted for qualitative measure. Fung (2002) has
suggested new forecasting models for Hong Kong International Terminals (HIT) to
overcome the ongoing and increasing demands. Fung has stated that the demand
for capacity and shotter times is growing sharply for all container terminals. His
forecasting method has overlooked the dynamics and qualitative aspects of the yard

cranes too.

1) Berth allocation

Before the arrival of a ship, a berth will be allocated to that particular vessel. When a
vessel atrives at a port, she will be berthed at the quay that is previously assigned to
her. The decisions regarding quay allocation are generally made at the strategic level
according to a comprehensive and operational queuing theory. Use has been made
of simulations techniques during the last two decades to demonstrate the applied
methods, including queuing methods, in a graphical manner. Edmondo and Maggs
(1978) and Imai ef 4/. (2003) have provided the basis for an efficient general queuing
and berth allocation models for the decision problems at this level. Son and Kim
(2004) have proposed a generic model based on the queuing theory to determine
the optimal number of setvers for a general distributed client / server system. The
general queuing models proposed by Edmondo and Maggs (1978), Imai ef 4/. (2003)
and Son and Kim (2004), however, do not profou;ldly examine the variability of
inter-arrival times together with setvice times. It should be noted that arrivals of the

ships are distributed exponentially and are highly variable, whereas, services at the



berths (considered as servers) provide an almost constant rate of loading and
discharging operation at the quayside that imply they are nearly deterministic in
nature. Gross and Harris (1998), Park and Kim (2003), Radmilovic and Branislav
(2005) have developed analytical generic models that analyse and plan server
requirements in a queuing environment. They have recommended that their model
may determine the optimum number and capacity of setvers within different
transportation, communication, manufacturing, banks, management and logistics
systems. Their studies have provided the account by considering that arrivals are
independent of the service-times but overlooked the cost issues that play a
determining role in designing more servets. Bharucha (1960) has examined the
Matkov process for attivals that are independent of the service-times. He has
considered that arrivals are infinite and every individual artival stays idle in the
system until he is served by the servers. The specification of containerships’ arrivals
discussed in his study is more applicable to real operations at the ports that
characterises Poisson distribution patterns for atrivals. In a Poisson process,
customers are otiginated from infinite population with different capacity and size
(similar to the ships calling patterns at the ports) that arrive and queue at the
setvices in an exponential way. In this process, arrivals with different inter-arrival
rates will not be affected by the nature and behaviour of the previous and the next
customer or with the rate and speed of the setvices to be given. The arrivals will
femain patient in the queue until they are served. The setvices at the servers,
however, fall somewhere between the high variability of exponential patterns and

low variability of deterministic distributions that imply an Erlang service pattetn.

In a study conducted by Jones and Blunden (1961) the queuing principles have been
used to analyse the ship turnaround-time using Poisson arrival pattems. Plumlee
(1966) has presented a ship traffic modelling methodology based on statistical
analysis of containership traffic. In the literature, Plumlee (1966) has included the
effect of cargo volume and handling capability of the ports in his analysis. He has
made a notion to find the optimum numbet of berths to be designed to minimise
the turnaround-time of the vessels. Mettam (1976) has used simple queuing
formulas with exponential arrival and Poisson distribution pattems to illustrate the
effect of service-times on the overall turnaround-time of vessels. He has concluded
that a reduction in the service-times by increasing the rate of the setvers would

significantly reduce the overall port stay-time of the vessels. Nicolaou (1967 and



1969) has incorporated the element of cost associated with the vessels traffic in his
analysis. In the above studies (Mettam, 1976, Nicolaou, 967 and 1969), however, the
cost of probable idle times of the servers has been overlooked. Miller (1971),
Wanhill (1974), Agerschou ¢z a/. (1983) and Noritake and Kimura (1983 and 1990)
have conducted different studies to find the number of berths and the optimal size
for a port using general queuing methods having Poisson distribution patterns.
Similarly, in the studies conducted by Andreassen and Prokopowicz (1992),
Radmilovic (1992), Radmilovic (1992), Zrnic and Bugaric (1994), different atrival
patterns of vessels in different states using the general queuing theory have been
analysed. A common drawback with the above analysis is that they have not
provided an account for the probable idle-times of the servers and the cost

associated with them.

Frederick and Oliver (1981) and Frederick and Gerald (1990) have taken advantage
of the cyclic structure and the steady state distribution for the number of customers
in their study as a linear combination of geometric series. They have suggested
recognizing the cyclic structures in the transition probability matrix of the Markov
chain. Similarly the above studies consider that services comply completely with
Markov patterns, while in practice setvices are rather deterministic and more
comply with Erlang patterns. Bonsall (2001) has used open netwotk queuing
analysis together with a discrete event simulation to evaluate the overall efficiency of
landside operation in container terminals. He has demonstrated that in open
networks individual queues at each node follow a Poisson process where service-
times conform to an exponential pattern. A steady state solution is drawn in his

model where the size and capacity of queues, setvices and service-times have been
found to be dependent on the specific details of particular terminals. The probable
cost due to the idle facility has not been discussed in this study. However, the study
of state dependent queuing problems discussed by Bonsall (2001) has provided an
account for the vatiability of inter-arrivals that implies Poisson process and the
threshold limit of the setvers that implies an Erlang model. Jagerman and Altiok
(2003) and Altiok ¢7 al. (2004) have studied the vessel General (G) arrival processes
in bulk ports handling either containers or minerals. They have introduced the
SHIP/G/1 and G/G/1 queue models to study the queuing behaviour at a port. An
approximation approach has been developed for the asymptotic probabilities of
delays and the number of vessels at the port in their analysis. McKeown ez a/. (1999)



have considered queuing disciplines other than the First Come First Served (FCFS)
policy for bulk arrivals. They have shown that in a multi-queue system a change in
queue discipline from FCFS to Longest Job First (LJF) policy provides a higher
throughput for the system dealing with bulk arrivals. In a multi-queue system an
arrival (job) is selected to be served amongst others in the queues which requires
more time than others. Aspeten ef a/. (2003) have provided a model based on the
ship waiting statistics and stock fluctuations under different arrival processes. Their
study implies that Poisson process provides the least performance when compared
with a simulation model. In the studies conducted by Imai ez a/. (1997 and 2001) and
Nishimura ez a/. (2001) it is critically atgued that berths can be allocated to the ships
without consideration of ships’ artival patterns. They have argued that the berth
facility can be allocated to the arrived ships in such a manner that it lies close to the
stack area in which most containers for that particular ship are located. They have
concluded that terminal utilisation will be maximised, but ship owners may be
dissatisfied due to the fact that their ships may expetience long waiting-times. They
have suggested a trade-off between the total turnaround-time in the port and the
dissatisfaction of ship owners caused by the order in which ships are served. This
study attempts to solve the problem of idle-times but tilting the waiting-time and
associated costs towards the shipping lines. This thesis argues that there should be a
logical balance between the waiting-times of vessels and idle-times of port facilities

to overcome any dissatisfaction on both sides.

In general, random and scheduled arrivals are the two main types of arrival patterns.
In the scheduled arrival patterns, some customers arrive eatlier than others.
Although it is possible to solve the queuing problems that conform to a random
arrival pattern, it is often difficult to solve the scheduled atrival patterns with exact
solution methods. However, when the theoty is applied to a port environment, both
of the patterns can use the mean arrival rate, mean service rate and the number of
servers as a salient component of the problem that is possible by using Poisson
inputs and Erlang servers. Nazatov (1974) has discussed that the mean waiting-time
of vessels is an important parameter to be considered when applying the theory to
the port operations. In the studies conducted by Jansson and Shneerson (1982) and
Evans and Marlow (1990) it has been demonstrated that the mean service rates and
the standard deviation of the service-times play a significant role in minimising the

turnaround-time of the vessels in ports. Their studies incorporate exponential and

-31-



Poisson processes in atrival and services patterns. Miller (1971) and Radmilovic
(1992) have used mean values and have demonstrated that ships arrive randomly
where the randomness of patterns can be assumed to conform to the Poisson

distribution.

The drawback with Poisson patterns is that they do not account for the differences
in the capacity and the size of the jobs required to be considered for individual
customers (e.g. containerships). Erlang distributions overcome this shortcoming by
incorporating the magnitude of variability of inter-atrivals setvice times in the form
of a coefficient of variation and the shape parameter into the problem solving. In
Jones and Blunden (1961), Saaty (1961), Frederick and Oliver (1981), Bruun (1990),
Frederick and Gerald (1990) it is suggested that exponential atrivals having Erlang
patterns and the constant rate models can be used to effectively solve port queuing
problems. In the observations conducted by Jones and Blunden (1961) it is
suggested that arrivals with Erlang patterns having exponential distributions provide
the best representation for the analysis of vessels’ queuing problems. It has been
stated that having mean arrival rates of vessels and service rates of the berths
together with the coefficient of variation and standard deviation of service-times
provide a robust ground for analysis of ships queuing. They have concluded that as
the rate of services of the setvers increases (or the number of the setvers at the
berths increases), the waiting-times and the queue lengths predicted by different
assumptions decrease. This statement could only be valid when a system reaches to
a steady state. Providing more setvers such as deployment of more quayside cranes
at the quayside without consideration of the threshold limit of the servers may cause
the system to collapse rather than to increase the productivity of the operation. The
arrivals of containerships with a Poisson process and neatly deterministic servers
having Erlang patterns such as berths in container terminals are similar to the model
presented in the study proposed by Jones and Blunden (1961). The above system
can be characterised by the following:

1) Arrivals are sourced from infinite population and may be otiginated from

different population sources.
2) Customets attive on a random variable basis.

3) Time between two successive arrivals is exponentially distributed.



4

)

6

The service time of the setvers may be exponentially distributed.
Attivals are independent from each other.

Variation in the rate and services will not affect arrivals.

Different action may be taken when an arrival approaches the setvers:

A customer may give-up waiting upon the arrival when the setvers are busy

(customet is termed to have ‘balked’).

Customer may stay in the queue for a while but may give-up waiting in later

stages because the servers are still busy (customer is termed to have ‘reneged’).

Customer may switch to the less busy servers when the pre-nominated server is

busy (customer is termed to ‘jockey’ for position).

The Erlang process having exponential distribution patterns, however, may have

slightly different characteristics that can be compared with the artival and services

of the ships at ports. The characteristics of an Erlang distribution particularly with a

shape parameter k' may be summarised as:

1)

2

3)

4)

5)

6)

Similar to a Poisson process, arrivals are soutced from infinite population and

may be oniginated from different population sources.

Customers arrive on a random variable basis.

The variability of the system may fall somewhete between the high variability

of exponential patterns (k =1) and almost zero varability of determinist
distribution of service time times (k = ).

The inter-arrival time of some customers may ovetlap.
Arrivals may have different job sizes (capacity).
Arrivals are independent from each other.

Variation in the rate and services will not affect arrivals.
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8) Erlang process may use mean rates for arrivals (A) and serves (k).

9) Customers normally keep patient and wait in the waiting lines until they are

served by the servers.

2) Stowage planning

Stowage planning is the core of containership planning. It comprises a two-step
process. The first step is carried out by the shipping lines involved at the operational
level. The shipping lines’ stowage plan is prepared for all ports of a vessel’s rotation
(Legato and Mazza, 2001). The stowage plans proposed by the shipping lines usually
do not act with specific container identification by numbers, but on categories of
containers. These categories are: the length or type of containers, the loading and
discharging ports and the weight or weight-class of containers. The final positions of
all containers are governed by a bay plan prepared in the terminal office according to
the sequence of the ports of calls. The location of arrived containers specified by
bay plans has to satisfy the commanding officer of the vessels.

Containers that are stowed have to satisfy a vatiety of constraints that mostly arise as
a result of physical limitations of the containership and the containers and the
sequence in which ports are visited (Shields, 1984). In an expetimental study
performed by Sculli and Hui (1988), the distribution effects and the number of
different types of containers with respect to an efficient stowage planning model
have been investigated. Avriel ¢z 4/. (1998) have introduced a stowage planning based
on an optimisation method to reduce the number of shifts in order to reduce the
pott stay and turnaround-time of containetships. In an another optimisation model
Avriel ¢t al. (2000) have focussed on the stowage planning of the containerships in
order to minimise the number of unproductive moves. Their study however, has not
considered some important factors such as the loading and discharging rotation of
ports and ship’s stability and other constraints to be satisfied. Wilson and Roach
(2000 and 2001) have divided the container stowage process into two sub-processes
and related sub-problems at the strategic and tactical planning levels. In contrast to
the study conducted by Avriel ez 4/ (2000), Cao and Uebe (1995) and Wilson and
Roach (2000 and 2001) have addressed the complexity of the stowage planning
across a number of ports and proposed the use of the branch and bound algorithms.

The branch and bound algorithms in contrast with optimisation methods consider a
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finite and discrete number of events branched into variety of sub-branches that
contain scattered evidences to satisfy a set of known and pre-defined constraints or
objectives. In the process of problem solving, all the branches are examined to
collectively obtain results that satisfy constraints. The stability restrictions however,
have been ovetlooked in their study.

2.2.2 Quayside operation

The quayside operation consists of three interacting activities. First the
containerships will be deployed with a sufficient number of QSCs according to their
capacity, size, on-board facilities and conditions. Second the loading and / ot
discharging operation will commence. Third the containers will be transferred from
the quayside to the stack-yard and sz sersa. The Full Container Loads (FCL)
discharged to the quayside may be transported to the consignee’s premises directly
and the Less than full Container Loads (LCL) may be transfetred to the yard and
stacks va a systematic means of inter-terminal transportation where they will remain

stored until they are collected to be sent either to the CFS o to the receivers.

1) Quayside crane allocation

The allocation of QSCs to the containerships and the ship’s holds requires a proper
scheduling method. Depending on the ship type, size and capacity commonly three
to five QSCs may be devoted to each ship. The feeder ships and the transhipment
batges are operated with one or two QSCs. The objectives at the operational level
would be to minimise the total turnaround-times of the containerships and
maximise the berth occupancy of the terminals.

Daganzo (1989) has carried out a static crane allocation problem using a scheduling
method with unlimited berth lengths where no additional ships enter the system
during the planning horizon. Thete is no unique and clear objective in his proposed
method of operation. Minimisation of the total ship-time can be an objective while
the maximisation of the quayside performance or establishment of a well-balanced
or economic utilisation of the QSCs can be another goal. In practice the
achievement of all of these activities will depend on the actual terminal situation and
goals. The crane allocation plan should also develop an operational strategy to
cleatly state how the spaces on the containership and her bays are to be utilised.



Bish (2003) has developed a heutistic method for minimising the turnaround-time
of a set of ships in a multiple-crane constrained scheduling and allocation problem.
The heuristic methods evaluate and incorporate the historical data to find a best-fit
solution for scheduling problems. The optimisation and scheduling methods can
advantage the heuristic experiences to more accurately solve tesource allocation
problems. Peterkofsky and Daganzo (1990) have provided a branch and bound
method and proposed a set of constraints to meet to minimise the delay at the
quayside. Daganzo (1989) has provided a similar solution for the scheduling
problems. In the studies conducted by Jones and Blunden (1961), Wanhill (1974),
Mettam (1976), Frederick and Gerald (1990) and Asperen et a/. (2003) more aspects
of the berth and scheduling problems are discussed.

2) Loading and dischatging operations

The loading and discharging operation of containerships is generally performed by
quayside cranes. The objective of the quayside cranes’ operation at both tactical and
operational levels is to minimise the turnaround-times of containerships and
maximise the berth occupancy and hence berth productivity. Several studies have
analysed the effects of the time reduction on the process of the loading and
discharging operation of containerships. Steiner (1992), Thuesen and Fabrycky
(1993), Avriel e al. (1998), and Kozan (2000) have proposed different analytical
models to minimise the cycle-times of the container loading and discharging
operations and attempt to make the most economic use of the spaces available for
container stowage. Daganzo (1989), Rudolf (1995) and Michael and Jordan (2002)
have proposed different qualitative and quantitative analysis of the productivity of
QSCs resulting from the time-savings. The above studies have not attempted to
quantify the likely benefits in a monetary form and account for the costs involved.
Chen ez a/. (1995) have developed an analytical model to solve the crane allocation
problems in the process of container loading by considering different size of jobs
for cranes. Davis and Bischoff (1999) have considered weight distribution in the
process of loading containers that has extended the study given by Davis and
Bischoff (1999) by incotporating times assigned to different jobs. Nam and Ha
(2001) have investigated different aspects of adoption of advanced technologies
such as intelligent planning, operation and automated handling systems for
container terminal operations. They have suggested criteria for evaluation and have
applied their model to real case examples. They have concluded that other
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influencing factors such as machinery and labour performance should also be
considered to guarantee a higher productivity from the automated operations.
Haghani and Kaisar (2001) have developed a model to assist loading plans in order
to minimise the time that a vessel spends in a port. They have investigated the
container handling costs that are highly influenced by unproductive and
unnecessaty moves caused by an unsatisfactoty arrangement of containers for
loading. Studies carried out by Jordan and Rudolf (1993) and Jordan (1995) state
that, in practice, the productivity of the loading and discharging operations is far
behind that of their calculated cycles. Quantitative estimates of the time-savings

have been analysed in the different studies conducted by Cheesman (1980) and
Rosenfeld (1992).

The above studies however, have not analysed the effects of reducing loading and
discharging cycle-times on the overall cost of quayside operation. In the literature,
however, thete is a void with regard to measuring the increased productivity in
terms of the overall benefits that may be gained from implementation of new

technologies such as automatic features in the quayside operations.

The productivity of a loading and discharging operation depends on the physical
ability of the quayside crane. The span of the QSC plays an impottant tole in the
loading and discharging operations since cranes with insufficient outreach may be
unable to discharge certain types of ships such as Malacca-max containerships or
Mega ships that may now call at ports. Otherwise, they may be required to be turned
round or shifted during the discharging process. Several innovations have been
applied to the area of loading and discharging of the new containerships, either
aiming at replacing the conventional quayside cranes or automating the existing
technology. The operation of automated ot semi-automated quay cranes for loading
and discharging ships is a very demanding task. Amongst other reasons, positioning
of the vessels that are in movement all the time will be 2 major problem to full

automation.
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Figure 2.6 A quayside crane outline

The features of a typical post-Panamax QSCs have been illustrated in Figure 2.6 to
provide a clear concept of the quayside operation. The physical characteristics of the

quayside gantry cranes may be distinguished by the following definitions:

* Rail gauge

The rail gauge is the horizontal distance between the parallel rails along the quay
over which a QSC moves. The gauge is the place that provides a traffic lane for
vehicles devoted to servicing the crane and the ship. The manual transfer vehicles
are not usually allowed to operate in a common area provided under the crane
portals. When operating automated quayside cranes, the transfer vehicles may be
permitted if a systematic scheduling and traffic management is used. In this case, a
barrier may be considered between the automated and the manual zones. If the
barrier is located between the crane portals, the space between the cranes legs will be

reduced. This may cause congestion on the wharf.

= Lift above rail

The lift above rail indicates the maximum vertical distance between the QSC’s rail
and the trolleys when it is in the park position. Some quayside cranes may have a lift
above rail of about 75 metres to serve Malacca-max and Mega containerships

(Kalmar Ltd., 2006). It should be noted that even with the advanced technologies



used in the crane and trolley design if the outreach becomes longer and the trolley
gets higher then it will be more difficult to control the lift and precisely locate the

spreader onto the containers.

*  Qutreach
The outreach of the recent QSCs designed by Kalmar Ltd. (2006) is about 60
metres. Equation 2.1 has been suggested by Agerschou e 4/. (1983) to calculate the

outreach of the cranes.

Lo =25 (Cpeum- 0.15) + S, + inc. 1° list + Overrun 2.1
where:
L, = Maximum outtreach.

C.beam = Number of containers abeam.

S, = Setback distance.

Overrun = End of the outreach boom used for the stoppage of the trolley.
Generally the overrun is about 1.2 to 1.5 metres and it is the place where the

automatic de-acceleration controls are fitted.

Inc. 1° list = Additional length required when there is list of one degree acting on
the crane due to the external forces such as wind, lateral sway and the bending
effect of the boom caused by the load snag, load sway or a heavy weight hanging
from the head block.

" Back-reach
Back-reach is the distance beyond the landside rail that adds to the stability of the
crane and may reach as much as 22 metres (Kalmar, 2006).

s Setback

Setback of the waterside rail is the distance measured from the fenders lowered
between the ship’s hull and the apron of the jetty to the waterside rail. The setback
of the landside rail is the distance measured from the fenders to the landside rail.
Therefore, the setback of the landside rail equals the gauge plus the setback of the

waterside rail.



*  Clearance under the portal beam
There is a clear height for the operation of the SCs, AGVs or other types of the

quay transfer vehicles or the second hoist that lifts or lowers the containers on the
landside.

= Lifting capacity

The majority of the containerships carty containers with 2 maximum average weight
of about 12 tonnes (Arun and Kerenyi, 1995). The Forty-foot Equivalent Units
(FEUs) are used for bulkier catgoes where the average FEU weight ranges are
between 24 to 35 tonnes. Some QSCs operate with a capacity of about 100 tonnes

where they may expect heavy lift cargoes (Kalmar, 2006).

® Trolley

The trolleys play a significant role in the overall productivity of the loading and
discharging operation. Several types of cranes exist which are named by the number
and type of the trolleys and the type of ships they setve. The trolleys can be Rope
Towed Trolleys (RTT) or Machinery on Trolley (MT) type. In the RTT system, the
trolley drive, main hoist and boom hoist are located in the machinery house to the
end of trolley girder, through the trolley and to the tip of the boom (Arun and
Kerenyi, 1995). This arrangement allows the trolley to be shallow and lightweight,

allowing a greater lift height and a lighter stress and fatigue load on the crane
structure.

3) Quayside transfer

Depending on the nature and layout of the container yard, transfer of containers to
and from the quayside can be carried out with trucks, multi-trailers, AGVs, manned
or semi-automated SCs ot a combination of the two systems. Figure 2.7 illustrates

three types of the most common transfer vehicles at container terminals.



Multi-trailer system

(Source: Author)

Figure 2.7 SC, AGV and a multi-trailer system

Different operational strategies may occur at the quayside. The transfer can be
performed either in a SCM or in a DCM of operation. In a SCM the transfer
vehicles serve only one crane. According to the crane’s cycle, they either transport
the discharged containers from the quay to the stack-yard or transfer the export
containers from the stack-yard to the quay cranes. In the DCM the transfer vehicles
serve several QSCs that may be in the loading and discharging cycles and thus
combine the transfer of export and import containers (Iris and Koster, 2003). The
transfer vehicles can be allocated exclusively to one crane depending on the gang
structure working on the vessel or to several cranes and ships. All import containers
have to be transferred to the pre-planned stack locations. In practice, travel distance
and hence travel time can only be reduced if the locations near to the QSCs are
selected for stacking (Imai ez al., 1997 and 2001 and Nishimura ez a/, 2001).

Grunow and Lehman (2004) have stated that in general, the sequence of transfer is
not identical to the loading sequence of the ships. The stowage plan, the crane
allocation plan and the quayside crane loading strategy determine the loading
sequence. The minimisation of the dual-cycle-times with a combine of transfer time
of export and import containers to and from the cranes operating on the same ship
or at the neighbouring ships is a complex scheduling task (Heijden ez 4/, 2002). It

can be argued that transfer vehicles may operate in a pooling system serving several
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cranes in an alternative manner. In this way the transfer time may be reduced but
with a higher effort, time and organisation due to the complexity of operation. The
possibility of crane idle-times can also be reduced if containers are buffered under

the crane’s portal.

In practice, automatic transport vehicles such as AGVs are always pooled while the
manned equipment such as SCs or Tractor-Trailers (T-Ts) commonly operate on
one crane (Hejjden ¢# a/, 2002). If automated equipment such as AGVs or ALVs are
used for transfer operations and semi-automated RTG or automated or semi-
automated or automated RMG cranes are used for stacking, then the control system
should establish a scheduling programme for the equipment in such a way that

containers arrive ‘in-time' at the interface points in a systematic manner (Bruno ¢
al., 2000).

Evers and Coppers (2003) have focused on the movements of AGVs over the
physical infrastructure for AGV traffic control systems with the aid of the
semaphore technique. A semaphore technique establishes appropriate signals for the
approaching transfer vehicles to adjust and synchronise a smooth flow of traffic
according to the scheduling programme implemented. Wallace (2001) has presented
an agent based AGV controller in order to provide an effective flow in the complex
terminal structure. Heijden e 4/ (2002) have developed controlling rules for
management of empty AGVs in the automated transportation systems. Lim e 4.
(2003) have suggested a dispatching method for AGVs in a general context. Kozan
and Preston (1999) and Kozan (2000) have discussed the major factors associated
with increasing the transfer efficiency of multi-modal terminals. Their overall
objective is to minimise the vessels turnaround-time in ports. Their study indicates
that shortening of the turn-around times is affected by the availability of transfer
vehicles. The analysis of this issue however, is out of the scope of this study.
Steenken (2003) has presented a study in which the routing of the transfer vehicles
has been analysed. Kim ¢z a/. (2004) have discussed the transfer and load sequencing
problem for export containers in container terminals using a beam search algotithm.
In the studies conducted by Bonsall (2001), Chalmers and Easterbrook (2001)
Roodbergen (2001), Memos (2003), Agerschou (2004) and Headlands ef a4/ (2004)
the conceptual layout and cycle-times models have been developed to facilitate an
efficient means of stacking and retrieving of orders from the storages. In the
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majority of the above studies, the retrieving and stacking cycle-times play an
important role in the vehicle turn-around times. In the study conducted by Bonsall

(2001), the retrieving cycle-time of the SCs with different stacking capabilities has
been defined as follows:

1) Two high stacking with one over two SC.

T ==l o] = L) 2.2
h, 16.67T,
i) Two high stacking with one over three SC. 18
Tmt = % + 3L0 2B (N ) | :lé 2.3
h, 16.67T, <S
iif) Three high stacking with one over three SC. i
I. 'E
V|
1
I, [[”_BJSL [Mﬂ i 24
h, 16.67T, e

whete:

T, = Retrieval cycle-time in minutes.

B, = Container height (2.6 metres).

h, = Hoist speed in metres/minutes.

B, = Container length (6.09 metres).

N, = Number of containers in row.

T, = Travel speed of SCs in kilometres / hour.

L., = Container lock-on / lock-off time in minutes.

16.67 = A constant converting kilometres / hour to metres / minute.

2.2.3 Landside operation

The most distinct activities at the landside are the receipt and delivery, stacking and
implementation of container yard policies and the gate operations. Containers are

finally transported to the road interface, railhead and the transhipment barges.

43



1) Receipt and delivery

The trucks and trains atrive at the receipt and delivery points particulatly provided
for SC systems where containers are loaded and unloaded by means of inter-
terminal equipment. The receipt and delivery points are clear areas located close to
the container stacks. A truck-driving schedule specifies the points to be accessed and
the sequence to be followed. The arrival-time of the trucks at the receipt and
delivery points cannot be precisely foreseen. In this context, the transport jobs for
internal equipment cannot be decided until the trucks atrive at the interchange
points. Where there is a traffic volume at these points, then the operational attempt
should be flexible and conducted fast. The common aim of the studies in this area is
to minimise the distance and the travel times of the vehicles to and from the stacks

to the receipt and delivery points.

2) Stacking operation

Different stacking policies and systems exist in container terminals (Bonsall, 2001).
Most modern terminals stack their containers in blocks on the ground. In the
majority of container terminals, systems using RMGs or RTGs lay the blocks of
stacks parallel to the quay face depending on the availability of land and itrespective
of the automatic stacking facilities. However, in terminals that employ a direct SC
system a reduction in manoeuvting time may be obtained by making the stacking
blocks perpendicular to the quay face. This also improves access to the stacking
blocks.

Some containers such as refrigerated containers (also known as ‘reefer’ containers)
require special facilities and location. The determination of the stack capacities is a
major design problem as the stacks occupy scatce and costly land. On one hand, the
wide spread of stacks demands more transportation efforts and longer cycle-times
(Zijderveld, 1995 and Chu and Huang, 2002-b). On the other hand, increased
stacking height may be advocated, but the expected numbers of re-handles will
increase sharply (Kim, 1994). In a separate study conducted by the author (see
Appendix 1) it has been argued that the limitations caused by the extra operations
for re-handling containers should be considered in the capacity and throughput
calculation of container terminals. Re-handles occur when a container has to be
accessed while other containers are stacked on the top have to be removed first. Re-

handling of containers at the manual container terminals consume extra time that is



an offset to the transfer time between the stacking-yard and the quayside crane thus
reducing the productivity of the shipside operation. Castilho and Daganzo (1993)
and Kim (1994) have stated that estimation of the exact number of container re-
handles is a complex optimisation problem. The complexity of the problem is due
to the random retrieve of the stacking cranes. The re-handling problem is illustrated
in Figure 2.8 where container ‘A’ is directly accessible while container ‘B° demands
an undesirable and unwanted move of container ‘C‘ above it. The same problem
may exist on board the container vessels. In a study conducted by the author, a
probabilistic approach has been examined to estimate the number of container re-
handles and unwanted moves in container terminals. Yang ¢ 4/ (2003) have
discussed various decision problems that occur for the storage allocation of
containers. The most productivity related factors such as dwell-times, stacking
height and transhipment ratio are identified and accounted for the evaluations in the
above studies. General discussions of different productivity related objectives are

given in the studies proposed by Gupta and Somers (1992) and Fagerholt (2000).
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(Source: Author)

Figure 2.8 Re-handles of containers at stacks

In some terminals, the main stack is separated into the import and the export
sections. The import containers artive in a predicted way and are likely to depart in
an unptedictable order. This is one of the reasons for not stacking them so high. In
the studies conducted by Watanabe (1991, 1995 and 2001), Bonsall (2001) and Kim
(1997) it has been stated that the export containers arrive randomly and their
departure is usually connected to the ships which arrive on a known schedule and
therefore can be stacked higher and in a much more systematic way. Nowadays,
many real time computing software packages are available for stacking and stowage

management. The objective of these electronic aids is to minimise the number of re-
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handles, utilise the space allocated and reduce the risk of misplacement as well as
establish a proactive monitoring and a record of incoming and outgoing containets.
They are able to provide an information link through the logistics chain to
customers. At the tactical level, the container yatd stowage planning is prepared
which indicates which containers to be stowed on top of which containers and at

which stack (Ir1s and Koster, 2003).

3) Layout and capacity planning

Several studies have been carried out to calculate the area of the land required for
container terminals for a given throughput. The studies carried out by Frankel and
Liu (1979), Dally and Maquire (1983), Hoffman (1985), the UNCTAD (1985) and
Frankel (1987) provide the basic requirement for determining the land atea for a
container terminal. Hoffman (1985) has proposed the average dwell-time of
containers in a terminal in days and the Peaking-Factor (PF) to be considered when
calculating the area required for a marshalling yard. Amongst other things, he has
stated that the role of the PF is to ensure that at peak periods, there is a sufficient
storage capacity to accommodate the possible excess container volume due to the
seasonal variations and unexpected increase in the container volume. Hoffman
(1985) has suggested that the PF may range from 0.15 to 0.30. UNCTAD (1985)
has provided various processes, charts and tables to determine the area required for
a container terminal. The study has recommended inclusion of the average dwell-
times, maximum ratio of stacking height, and PF in order to calculate the land
required and the annual throughput for a terminal.

Frankel (1987) has suggested the standard deviation of the dwell-times, average
stack height and the economical utilisation of the storage atea to be considered. The
methods proposed by Dally (1983), Dharmalingam (1987) and Puertos and
Enriquez (1991) evaluate the total throughput of a container terminal by analysing
the berth utilisation, average dwell-times and the number of container GSs in their
calculations. The above factors are important attributes and are requited to be
considered in the analysis of this research. Watanabe (1991 and 2001) has suggested
that the average stacking height and dwell-times of the transhipment, export and
import containers are the important factors to be considered in the analysis
respectively. He has included the ratio of transhipment containers that significantly
affects the number of container throughput calculation. He has argued that the



potts are going through a transitional phase, in which the Ongin-Destination (OD)
ports are gaining a higher transhipment ratio and therefore are tuming into the
Hub-Port (HP) container terminal type. Dekker and Davis (1992) have discussed
the applicability of their proposed terminal planning process to few hub ports.
They have argued that their planning process can be used as a design and operation
research tool to facilitate comprehensive development and reclamation of marine
terminals. Friedman (1992) has stated that the container terminals should be
planned and equipped dynamically according to the demand and supply basis
indicated by the shipping lines and port usets through efficient forecasting methods.

Kim and Kim (1999) have evaluated the capacity of the stack and used basic
queuing formulas to formulate the relationships between the stacks and the
container handling systems in a container yard by considering the rate of containet
arrival and departure to and from the stacks. A drawback with queuing models
using for capacity calculation is that they do not account for the qualitative values in
final decision-making. Jula ¢f 4/ (2000) have introduced a design model based on
simulation techniques for container terminals using automated shuttles. They have
concluded that for similar automatic operations in container terminals, their
automated shuttle system demonstrates a significant promise in increasing the

throughput and achieving terminal petformance.

A common drawback with most of simulation techniques is that the qualitative
aspects of operations such as equipment flexibility, versatility, environmental
concerns and efficient stacking policies cannot be incotporated into the problem

solving process in a proper way.

Amongst other things, Bonsall (2001) has analysed the containers stacking and
retrieving, stacking height and density and its effect on the cycle-time of yard and
lorties operation in the container terminals for straddle and yard gantry cranes. He
has argued that the variation in haulier operations in a terminal alters the way that
each terminal can be modelled. It has also been discussed that network models and
simulations techniques can be used to adequately model the landside operation of
container terminals using yard gantry cranes and SCs respectively. Roodbergen
(2001) has developed conceptual layout and cycle-time models to efficiently stack
and retrieve picking orders from storages. His method may be used as the basis for
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planning container and stack layouts if the majority of the qualitative aspects of the
operation are included. Chalmers and Easterbrook (2001) have studied the growth
effect of containership size and capacity on the size and capacity of QSCs and
terminal facility. They have concluded that container terminals may undergo a
technical design revolution in order to keep pace with the doubling of ships’ size
and capacities that has occurred during the last thirty years.

Memos (2003) has examined a methodology for container terminal planning and
operations. He has developed notations to calculate the annual handling capacity of
container terminals employing SC, yard gantry crane, Tractor-Trailers (T-Ts), Front-
end Lift trucks (FLs) and side loaders and lift truck systems. He has also provided
ctiteria for construction, zoning and layout of berths and terminals from the civil
engineering point of view. The important variables recognised in the study
proposed by Memos (2003) are the dimension of the stack-yard, number and size of
access roads, container ground slots and stacks heights. Headlands ez 4/ (2004) have
stated that port planners must create a balance between the demand, capacity, land,
cost factors, environment and uncertainties when planning and designing ports. Not
all of the issues raised by Headlands e 4/ (2004) may be included into problem
solving with methods using simulation techniques. Such plans must be dynamic and
versatile enough to provide toom for future changes. Agerschou (2004) has
proposed the following as the important parameters governing the relation between

the container yard area and its annual throughput:

a) Average stacking height and the static distribution of the containers. The
maximum stacking height may range from one to five, depending upon the
container yard operating system and the type of transfer equipment employed.
The stacking height can be assumed as an average stacking height for all of the
yard operating systems.

b) A proper means of access and interchange areas must be provided for smooth
operation of the yard equipment appropriate to the operating system

employed.

c) Number of working days in a calendar year should be incorporated.



d) Average dwell-days of mmport and export containers and their static

distribution should also be considered.

Dekker (2005) has provided a theoretical conceptual model for planning port
capacities. The study has concluded that the application of new technologies would
lead to reduced port congestion and costs. He has argued that investment in
modemn port facilifes and designs would result in a competitive edge for the port
operators. Watanabe (1991, 1995 and 2001), Dekker and Davis (1992), Friedman
(1992), Kim and Kim (1999), Chu and Huang (2002-b) and Wang and Cullinane
(2006) have proposed different design layouts and throughput methods using most
of the variables indicated by Agerschou (2004) for the strategic levels. In a
simulation study presented by Jula e 4/ (2000) different design models have been

proposed for container terminals using automated shuttle systems.

The adoption of new technologies at the quayside and on the stacking-yard cranes
which is the cote of this thesis necessitates terminal operators reviewing and in
some occasions re-designing the layout of the entire stacking blocks. Robust
conceptual models are required to incotporate both quantitative aspects and

qualitative concerns in the planning and design process.

4) Economics of container stacking operation

The productivity of the container stacking operation in container terminals has been
viewed from economic scales particularly the cost efficiency in many studies.
Hatzitheodoroue (1983) has compared the total cost of stacking over the cost of
transfer operation in a container terminal under Top Loader (ToL) yard operating
system. Hee and Wijbrands (1988) have proposed a model that measures the
petformance of the RSs in a terminal. The sensitivity analysis developed in their
studies has compared the associated cost components of few real cases in the port
industry. Nahavandi (1996), Chu and Huang (2002-a, 2002-b and 2003) have carried
out different studies to formulate the required number of containers for container
terminals based on different yard handling systems. They have discussed various
cost parameters involved in their analysis. Kap and Hong (1998) have suggested a
conceptual cost model to determine the optimum space and the number of yard
cranes for impott stacks. Kim and Kim (1998 and 2002) have developed a cost

model for different space layouts and transfer systems and included different cost
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variables in their analysis. They have suggested a cost model which incorporates the
fixed investment and variable operations costs to be used to help decision-making,
Two objectives have been suggested to be met in their analysis. These objectives are
the minimisation of the total cost of tetminal operations and the costs associated
with customers using a terminal. The most related cost factors in their study may be
analysed in this study. Zhow ef a/. (2001) have proposed a cost comparison model
for vatious container stacking and handling systems. Their model provides
comprehensive methods to calculate the maximum throughput and the optimum

total cost of the operating system and revenues derived from the operations in

container terminals.

Nam and Ha (2001) have investigated different aspects of adoption of advanced
technologies such as intelligent planning, operation and automatic handling systems
for container terminals. Their studies have set different criteria for evaluation of
different stacking and handling systems and have been applied to the Kotrean
terminal envitonment. However, their study suggests that the application of
automatic equipment should not violate the basic concept of a total cost
minimisation policy in container terminals. Liu ef 4/ (2002) have evaluated four
different types of automated container terminal design models using a simulation
model. They have provided detailed cost analysis of the models in which the
performance of the systems has been discussed from the operational viewpoint of
the terminal. The cost model developed in their studies evaluates the associated cost
factors for each automated terminal concept. The tesults imply that automation
could improve the performance of conventional container terminals at a
considerably lower cost. Saanen ¢ 4/ (2003) have developed a cost model to
evaluate the cost values of different segments and equipment to be installed at a
container terminal. The test cases analysed in their studies have compared the
productivity values and cost effectiveness of a SC system over AGVs and
Automated Loading Vehicles (ALVs). Amongst other things, they have concluded
that a designer of a container terminal should know the threshold limit of the
number of AGVs and ALV to allocate and assign for operation beyond which the
productivity of a terminal diminishes with increased cost. In different studies carried
out by Yang ef al. (2004) and Vis and Harika (2004), the optimum productivity of
automated container terminals with minimum possible costs has been discussed. It

has been argued that ALVs including automated SCs provide a higher productivity



and cost effectiveness ptincipally because they can eliminate the waiting-times of

the transfer vehicles at the stack-yard.

5) Gate complex

In many container terminals the manual gate procedures give rise to the long delays
for vehicle and develop the risk of committing mistakes. The problem will be that if
data at the point of entry is fed in incotrectly, even in the smallest detail, this error
will be carried through the whole system and may cause a great deal of extra effort
and time in locating the error and correcting it. To minimise enormous data entry
and to improve the gate flows and reduce costs, the automated gate procedures have
been employed. Amongst other things, Bonsall (2001) has studied the gate
operations. The gate procedure can be seen as two separate activities, pre-gate
processing and the gate processing itself. The pre-gate processing is necessary to
store information (submitted by the customers) about the vehicle and its container
in the system database. The most sensitive and important part of the gate processing
itself is the automatic identification of the containers. Different systems have been
developed but virtually every system has entailed the production of the ISO code in

a different, more machine-readable form. The most common systems in use are the

use of barcodes, Radio Frequency (RF) tags, and Optical Character Recognition
Systems (OCRSs).

In the case of the Thamesport Container Terminal using an automated RMG
system, the lorry driver has to identify himself with an electronic identity card
(SMART card) for security reasons. When the containers and the driver are
identified, a location in the stack will be processed by the system and the lorry driver

will be given a print-out to proceed to the location.

6) Landside transport

The landside transport may be divided into the train operation, truck operation and
in some terminals the transport of containers to the transhipment quay cranes
serving barges. A common means of operation is to allocate a dedicated number of
suitable vehicles to each of these operations appropriate to the workload expected.
A more advanced strategy could pool the vehicles for these three working areas.
Trains are commonly loaded and unloaded by the yard gantry cranes while SCs,
trucks and trailers or similar equipment generally perform the transfer between the
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stacks and the railhead. Operation at the railhead is analogous to the container yard
and the quayside operations. A loading plan may describe the sequence and system
of wagon stowage. The distribution and positioning of containers will depend on
destination, type and weight, the maximum load capacity of wagons and the wagon
position in the train sequence. The loading operation can be planned jointly by the
railway company and the terminal operators or solely by the terminal operation
planners. The aim of the rail operator will be to minimise the shunting activities
during the train transport while the aim of terminal operators will be to minimise the

number of re-handles and to minimise the waiting-time of the cranes.

Cao and Uebe (1995) have proposed a tabu-search algorithm in a similar way to the
branch and bound methods, for solving the transportation problem. The proposed
methods have included a non-linear side constraint of the problem for the
assignment of storage spaces to containers with a minimum searching and / or
loading costs. Kim and Kim (1998 and 2002) have discussed the determination of

the optimal amount of storage space and the number of transfer cranes for import

containers.

2.3 Terminal information system

The terminal information as an assisting system plays an eminent tole in the
organisation and operation of the container physical flow. The value of information

is well respected especially for the terminal communication, automated vehicle
tracking and container positioning systems.

The inter-terminal communication systems play a major role in the operation of
container terminals. Radio data communication also plays a key role because it has
been the main medium to transmit job data from the computer in the controlling
towet to the quayside, yatd cranes and the automated transfer vehicles and sce wrsa
(Jones and Walton, 2002). In the studies conducted by Ghys (1988), Lissauer and
Gaines (1989) and Eastaugh (1999) the radio data communication is generally
considered as the technical base for implementation of operations research methods
to optimise the job sequences involved. With the emergence and application of
Electronic Data Interchange (EDI) employing an international standard language
such as Electronic Data Interchange for Administration, Commerce and Transport
(EDIFACT), Global Positioning System (GPS) in 1990, the automatic identification
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of container and vehicle positions brought a considerable accuracy and safety to the
terminal information and operations (Recagno, ¢# a/., 2001). Due to varations in the
size of containers and container yard layouts and also to overcome tracking of the
moving vehicles in the yard, a Differential Global Positioning System (DGPS) was
employed (Eastaugh, 1999). The components of DGPS are installed on the stacking
cranes but not on the containers. Whenever a container is lifted or dropped-off, the
position is measured, translated into yard cootdinates and transmitted to the
controlling system. Alternatives to DGPS are the optical systems such as the laser
reader systems. For a higher reliability, both systems are sometimes integrated.
Transponder and electrical circuits are coordinated into the systems to route AGVS,
RTGs and SCs and other automatic vehicles to ensure real time transmission of the
containet’s position and conditions. More aspects of technology improvements and
their impact on container terminal operations and information systems are

addressed by Young (1995) and Talley (2000).

2.4 Decision-Making

Most of studies state that the decision-making techniques consist of a number of
steps or stages such as recognition, formulation and generation of alternatives,
information search, selection, and actions. In complex systems, decisions are usually
made on the series of multiple and often uncertain criteria (attributes or objectives).
Carlsson and Fuller (1994) have stated that in the Multiple Criteria Decision-Making
(MCDM) theory the general assumption is to assume that the criteria are
independent. This makes optimal MCDM solutions less useful than they could be
and a decision-maker who accepts an optimal solution from the model may not be
sure that he has made the cotrect trade-offs among the objectives. In the literature it
is widely recognised that in many decision-making problems, the decision criteria
are interdependent (Catlsson and Fuller, 1994 and 1997 and Saaty, 1996). Aldrich
(1974) and Saaty (2004) have defined the interdependency as the series of
conflicting objectives and attributes that support each other. Aldrich (1974) has
stated that the degree of interdependency between the supporting objectives should
be determined and exploited in the problem solving stage. The modelling and
optimisation methods have been developed in both ctisp and fuzzy environments.
The concept of interdependency in the MCDM was introduced by Carlsson and
Fuller (1994). The authors have stated that fuzzy set theory could be applied to

resolve multiple criteria problems with interdependent objectives. Xie e 4l (2006)
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have developed a fuzzy rule-based model employing an evidential reasoning
approach for location selection of the key bus stations. They have used MCDM

based on the qualitative and quantitative assumptions.

The AHP has been widely accepted in a number of applied disciplines and
extensively used to solve complex decision problems in different general areas. For
the first time, Saaty (1980) has adopted an Analytical Hierarchy Process (AHP)
solution for Multiple Attribute Decision-Making (MADM) problems. Saaty (1990
and 2004) has proposed the basis for a pait-wise compatison of alternatives using
the AHP. The AHP enables comparison of two alternatives by compating the
weighted values of the attributes according to their relative importance until a
winning alternative is selected. Felix (1994), Angilella ¢z a/. (2004) and Tzeng ef a/.
(2005) have studied the application of MADM and Multiple Objective Decision-
Making (MODM) techniques to suppott decisions. Fukuda and Matsura (1993),
Zone and Chu (1996), Dym ¢f a/. (2002) and See (2005) have proposed the AHP
method as salient ground for prioritising, ranking and selecting the decision

alternatives.

Multiple Criteria Decision-Making (MCDM) methods using fuzzy set theory and
AHP have been successfully applied to the marine, offshore and port environments
to solve safety, risk, human error and design and decision-making problems. The
applicability of such methods to maritime disciplines has been examined in the
studies conducted by Yang and Sen (1998), Sii (2001), Sii ez 4/ (2001), Pillay and
Wang (2003), Kim (2005), Ren ez 4/. (2005-a and 2005-b) and Ung ¢f 4/, (2006).

It should be noted that MODM techniques are mostly used for optimisation
problems to enhance and maximise the available capacities and potentials and
MADAM techniques are used for selection decisions whete the best alternative is
the goal of the study. The MADM techniques utilising the AHP concept has been
proposed in this study due to the following advantages over other techniques:

s It involves a set of alternatives compared with a set of attributes and sub-

attributes in a pair-wise comparison mannet.

» It allows consideration of qualitative assumptions together with qualitative

measures.



* [t allows necessary trade-offs to be made within the relevant attributes to

ensure an acceptable level of consistency.

* It demonstrates the problem solving procedute in a comprehensive hierarchical

mannct.

» It provides a robust basis for final decision-making towards selection of the

best alternative in a ranking order.

2.5 Conclusions

Container terminals have been one of the interesting ateas for academic research
studies during the last two decades. The automated technologies implemented in
the operation of container terminals absorb a considerable amount of government,
public or private funds which causes concern. Increasing the speed of operations
through automation may have a direct impact on the layout, capacity, productivity,
efficiency, safety, and the cost of terminal operations. This chapter has provided a

comprehensive review of the literatute for container terminal operation, planning

and decision-making.

In the literature, however, there is an oversight in measuring the impact of
automated devices employed on the efficiency and cost effectiveness of the
quayside and container yard operations. The literature does not contain concrete
ground for equipment selection decisions not has it proposed a scientific decision-
support system for the terminal planners and operators. Most of the studies carried
out in the area of terminal operations are aimed at shortening the turnaround-times
of the vessels’ call at ports and provide a higher level of setvices to the port usets.
The contribution of the port operators, howevet, has been neglected. The
evaluation of the automation impacts on the quayside and yard cranes and the
appropriate selection decisions requires a fresh investigation. In the future chapters
the above issues would be addressed and analysed with respect to the aims and

objectives stated in Chapter 1.



Chapter 3

Evaluation of the Economic Feasibility of Automated Quayside

Cranes

Summary

The majotity of studies on Quayside Cranes (QSCs) focus on optimising the
automatic functionalities of the cranes and very few have studied their economic
implications. This chapter examines the economic feasibility of reducing QSCs’
cycle-times resulting from automated features installed on existing post-Panamax
cranes. It demonstrates that a considerable increase in productivity of the QSCs is
related directly or indirectly to an expected reduction of crane cycle-times. The
study sets up the need for the proposed improvements through automation and
explins the concepts of the systems involved. The concept offeted by the
proposed improvements distinguishes between the traditional system of loading and
discharging of containers and the automated methods. The evaluations and analyses
in this study demonstrate that automation of the quayside opetation enables the
terminal operators to reduce turnaround-time and port stays of containerships. This
chapter illustrates that the adoption of automatic features on the cranes carried out
in this experiment would produce economic benefits that far exceeds the cost of

adopting the various automatic devices.

3.1 Introduction

Cranes and particularly those dedicated to the loading and discharging of containers
at the quayside are successfully deployed in the operation of container terminals for
a longer useful working life. They have been through transition phases in which
their handling capacity, size and ability to serve the new generation of
containetships has grown considerably. Changes in the size and capacity of QSCs in
container terminals ate greatly influenced by post-Panamax and post-Malacca-max
vessels that are too large to transit the Panama Canal and the Malacca Straits. A
high demand for container handling coupled with rapid growth in containership
size and economies of scale, forces the terminal operators to keep pace with these
changes in order to sutvive. They either order a new generation of QSCs equipped
with advanced automated technologies and / or upgrade their existing post-
Panamax QSCs to serve the new generation of containerships. Upgrading the
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existing post-Panamax cranes by installing advanced features will enhance a higher
efficiency and safety and will have significant economic implications for port
operators and their customers. Indeed, quayside crane designers equip their new
super post-Panamax ctanes with infer-alia automated features such as smart
spreaders, optimum path generators, automated landside trolleys, sway controlling
mechanisms and smart shuttles. The advantages of automated systems and precise
safety sensor technologies fitted to QSCs have not yet been fully studied. This may
be due to the novelty of the technology and to the rapid changes that take place in

size and capacity of the containerships which they serve.

The review of the literature on the quayside operation explained in Section 2.2.2 of
Chapter 2 does not include the economic implications of the cycle-time shortening
in modern QSCs. This chapter analyses the time-savings to evaluate the possible

economic benefits that may accrue from the automated features installed on the
QSCs.

3.2 Evaluation method

This chapter provides a fresh approach to evaluate the cycle-time analysis of the
QSCs’ opetation in container terminals. The idea of cycle-time modelling was raised
by Rosenfeld (1992) for construction cranes and would be adopted from this source
to examine its applicability to quayside operation of container terminals. Use has
been made of the studies conducted by Steiner (1992), Thuesen and Fabrycky
(1993), Guthrie and Lemon (2004) and recommendations given by UNCTAD

(2002) to incorporate cost factors. For a better concept of the analysis, a stepwise
procedute is followed in this study:

Analysis of the loading and discharging operation of the crane.
®  Modelling of the crane cycle-times.

®  Cost modelling.

®  Identification of the benefits.

®  Cost-benefit analysis.

= Sensitivity analysis.

®  Analysis of the uncertainties and risks.
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The generic method presented in this study would be applicable to all kinds of
QSCs, very large industrial cranes and cranes used in the warehousing industry that
feature automated technologies. The aim is to investigate the probable economic
benefits that may accrue from investing in automatic technologies of the crane
operation. An account is made for uncertainty and tisk. It is assumed that the cranes
operate in a dynamic and uncertain environment throughout the process life-cycle.
In this environment, the market conditions such as the demand and price of the
cranes and the rapidly evolving technology are uncertain. The following procedure

is used to illustrate the objectives of this study:

3.2.1 Analysis of the crane operation
Data is collected for the manual and the automated modes of operation. The cycle-

times ate collected and tabulated for different category, size, shape and weight of
the loads.

Cranes may engage in the following modes of operation:
)  Single-cycle.

iy Double-cycle.

i) Multiple-task.

3.2.2 Cycle-time modelling
A cycle-time can be broken-down into different steps. Some although not all of the

steps may be capable of being fully optimised. A breakdown and comparison of
these steps can show the percentage of reductions that can be obtained from the

automated features.

The effects of the reduction of the QSC cycle-time may result in a saving in the
total cycle-time of the crane. Let’s consider ‘j' as one of ‘m' loading ot discharging
cycles in which a QSC is engaged during a typical working day and ‘T as the

duration of 'j’ out of the total QSC time, then total percentage of the total saving of

the operation time, P(T), can be defined by Equation 3.1 derived from the study
proposed by Rosenfeld (1992).



PT)= D T,(Sp; + DB, +My,) 3.1
=1

where:

T, = Duration of the cycle-time for activity ‘j'.

Si = Mean percentage of the total cycle-time ‘j' in the single-cycle mode of

operation for activity ‘j'.
a = Fraction of ‘S that can be saved.

D, = Mean percentage of the total cycle-time ‘j' in the double-cycle operation for

activity ‘j'.
ﬁj = Fraction of ‘Dj‘ that can be saved.

M; = Mean percentage of the total cycle-time ‘j' in the multi-task operation for

activity ‘j'.
Y; = Fraction of ‘M’ that can be saved.

m = Total number of cycles.

3.2.3 Cost modelling
The results obtained from the cycle-time analysis in the previous section can be
used as the basis for economic analysis to obtain the possible average annual

benefits. To do this, a generic cost model is constructed as follows:

= Investment cost
The cost of investment includes the initial cost of investment of the automatic
features to be installed on the cranes. This study suggests that the following features

can be considered in the analysis:

a) Optimum path generator.
b) Smart spreader.

¢) Anti-sway system.
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d) Assembly and installation.

*  Annual running cost

The main elements of the generic annual cost modelling for the equipment are
based on the following factors suggested by Hans (2004), Drewry Consultant Ltd.
(1998), Thomas and Roach (1988):

1)  Maintenance and repair.

i) Labour (wages, training, insurance, e/.).

u1) Energy.

iv) Consumables (spare parts, lubricant, ex.).

v) Insurance.

vi) Inflation.

To model the benefits that may accrue from the savings in the QSC cycle-time, the
following data should be cleatly defined:

a) The average life-cycle of the automatic features to be installed.

b) The average working-days and the working-hours in a day per crane.
¢) The average idle-times of a crane.

d) The number of ctew working on 2 crane.

3.2.4 Total benefits

This study assumes that automation of QSCs by shortening the cycle-times and
introduction of automatic monitoring, fault detection, smart safety switches,
collision controllers, smart spreaders, etc., will produce both tangible and intangible
benefits for the port operators. The likely economic benefits are based on
conservative and / also optimistic assumptions sis-3-vis the uncertainties that may be
present over the safety, risk and rapid changes in the technology of the quayside
cranes. The benefits that may accrue from the crane automation may be categorised

as direct and indirect benefits.



3.2.4.1 Direct benefits

*  Crane utilisation

Saving in the crane cycle-times and all other time dependent activities of the QSCs’
operations would produce equivalent financial benefits. To assess the economic
value for better utilisation of the crane brought about by automation, the equivalent
time-dependent annual cost of the automatic devices of the crane, ‘R, can be
calculated from the following formula proposed by Steiner (1992):
R.=ICxCRF-SxSFF + A 3.2
where:

IC = Initial cost of investment in the automated devices.

S = Expected salvage value of the devices after ‘t' years of use.

A = Other time-dependent annual costs.

_ix(+iy

RE = 33
CRE= 1
i
= 3.4
SEE 1+ -1
where:

CRF = Capital recovery factor that converts the initial cost of investment (IC) into
an equivalent average annual value of equal series for given ‘i' and ‘¢ (see Appendix
4).

SFF = Sinking fund factor that converts ‘S’ into an equivalent average annual value
of equal series for given ‘i and ‘t'.

1 = Annual interest rate.

t = Expected economic life of the crane in years.

The values of CRF and SFF can be calculated from Equations 3.3 and 3.4 proposed
by Steiner (1992), Thuesen and Fabrycky (1993) and Guthrie and Lemon (2004). A

sensitivity analysis can be conducted when the value of ‘R is obtained.



* Manpower saving
Another direct benefit of automated and optimised operation of the QSCs may be

obtained from the savings in the number of labourers employed and hence the

labour cost.

»  Safer crane operation

The use of highly trained and skilful QSC drivers together with the application of
advanced operating and safety features such as crane monitoring, crane and trolley
collision avoidance, fault monitoring, self diagnostic systems ef., to harmonically
work with automation features may produce safer and smoother crane motions.
Consequently, risk of damage would be reduced and the crane would requite fewer
repairs and maintenance, experience fewer and shorter down-times, and enjoy an

extended useful life. The following benefits may be achieved:

a) Safety enhancement and a prolonged economic life.
b) Reduction of maintenance and repair.

3.2.4.2 Indirect benefits

There can be more economic benefits. These may include:

*  Reduction of the total duration of operation, which would reduce overhead

costs and management fees.

*  Reduction of human errors through scheduled technical and safety training

schemes for all of the staff involved.

»  Safer quayside operation.

It is worth mentioning that it is often difficult to quantify the above benefits

economically. However, a qualitative estimate of the benefits may be given.

3.2.5 Cost-benefit analysis

An investment in a project is deemed economically feasible, if the expected revenue
meets or exceeds an acceptable pre-determined level of return on the initial
investment. Traditionally, the Net Present Value (NPV), Annual Rate of Return
(ARR) and Payback Petiod (PBP) investment appraisal techniques have formed the

major component of feasibility studies. These three techniques ate based upon the
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time-cost-of-money principle and use slightly vatied procedures to forecast the
expected returns on an investment. The reliability of their output depends upon the
accuracy of the cost and benefit values and their timing as estimated by the

investots.

=  Payback Period (PBP)
The PBP in years illustrates how long it will take to get the investment back. An
investment’s payback period is equal to the initial investment divided by the

expected benefits of investment in a project. This can be expressed by Equation 3.5.

PBP = IC /AB 3.5
where:

IC = Initial cost of investment in £.

AB = Expected annual benefits in £.

£ = Pound Sterling.

®  Annual Rate of Return (ARR)
The ARR will indicate the yearly percentage of the gain in the investment. The ARR
can be defined in Equation 3.6.

ARR=AB/IC 3.6

* Net Present Value (NPV)
The NPV of the system may be found by the traditional method that incorporates
the net cash flow by deducting the total costs involved from the total benefits,

which are expected from the investment at the end of ‘t' years, therefore:

where:
NPV = Net present value to the investor in £.

t=1,2,..., T = Expected economic life of the crane in years.
B, = Expected annual benefits.

IC = Initial cost of investment in £.
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t = The discount rate calculated as follows:

1-f

= 3.8
1+f

r

1 = Expected average interest rate in ‘t' yeats.
f = Expected average rate of inflation in ‘t' years.

The present value of an investment should be cotrected by a discount rate (t). The
discount rate considers an annual interest rate together with an annual rate of
inflation. Discount rate can be calculated by the equation proposed by Steiner
(1992), Thuesen and Fabrycky (1993), UNCTAD (2002) and Guthrie and Lemon
(2004).

* Benefit-Cost Ratio (BCR)
The BCR can be obtained by dividing the net value of the present benefits from the
initial cost of investment in the automated technology. This can be defined as

follows:

BCR = NPV /IC 3.9

3.2.6 Sensitivity analysis
Finally, for the cost-benefit analysis of the study, a sensitivity analysis is required to

be carried out by generating aggregated combinations of the costs and benefits.

3.2.7 Uncertainty and risk

A fundamental limitation of the above procedures is that the various investment
parameters cannot be practically assumed with a higher degree of certainty. The
value of each parameter may be affected by a number of uncertainties and risks
which are often difficult to quantify. An element of uncertainty lies with each
prediction, which, alone or in combination, may have a significant impact on the
outcome of the economic analysis. Uncertainty, emanating from the operating
environment of the cranes and / or external factors, will always be present and
needs to be clearly identified in the decision-making process. The sources of
uncertainties and the likelihood of the fisks involved in the investment and

operation of the cranes undet study need to be identified.



3.3 Test case
The generic models produced in Section 3.2 are applied to a test case to

demonstrate their applicability to the QSCs in the container terminals.

Figures 3.1 and 3.2 illustrate a comprehensive schematic view of a conventional
single hoist post-Panamax QSC with a single trolley in a Single-Cycle Mode (SCM)

of a loading operation.

3.3.1 Quayside crane operation

For the concept of the analysis, the operation of a single hoist QSC with a single
trolley is broken-down into different steps. The crane operator can load or
discharge containers manually with a longer cycle-time or use automated optimum
path generators installed on the QSCs to complete the cycles in a much shorter
time. In the following illustrations, the dotted line indicates a manual operation and
the solid curved line a possible automated and optimised line of operation. For the

clarity of illustration, the cycle-paths graphs have been exaggerated in the diagrams.

3.3.1.1 Movement of the trolley from quayside to shipside

(Source: Author) LT T R S TR D TR T

Figure 3.1 Loading a container onto the ship



Step 1: Setting of the spreader over the container delivered either by a Tractor-
Trailer (T-T), by a Straddle Carrier (SC), or with an Automated Guided Vehicle
(AGV). With the application of smart identification and positioning systems, this

process can be fully automated.

Step 2: Automatic locking of the spreader onto the container.

Step 3: Transport of the container from the quayside with gradual hoisting of the

spreader towards a specific cell in the containership.

This process can be totally automated through systems in which optimum path
recognition techniques are used. These systems help the driver to automatically shift
the trolley and the spreader towards the intended cell and sice versa. If the driver
does this manually and the path seems to be more optimised than that of the one
previously stored in the memory of the crane system, then it can be re-stored in the

memory for the next run and perhaps for the next operation.

Step 4: Finding the cell guides.

Step 5: Lowering and placing the container into a pre-specified cell in the
containership.

Step 6: Unlocking the spreader and releasing the container.

Steps 4, 5 and 6 can also be fully automated if the following two sets of problems

could be permanently solved:

1)  The crane movement (bowing or praying effect), load snag and spreader sway.
The bowing or praying effect of a crane is the movement caused by wind force,
load snag and the trolleys de-acceleraion momentum when approaching the

extremities of the boom.

if) The ship movements (yaw, roll, pitch, sway, surge and heave).

3.3.1.2 Movement of the trolley from shipside to quayside
Step 7: Lifting of the spreader from the cell (reverse cycle of Step 5 without

container).



(Source: Author)

Figure 3.2 Returning the empty spreader to the quayside

Step 8: Transfer and gradual lowering of the spreader towards the quayside (reverse

cycle of Step 3 without container).

3.3.1.3 An example

Table 3.1 illustrates an example of a cycle-time obtained from one of the QSCs

under study. The cycle is broken-down into different sub-cycles that correspond to

the steps in Sections 3.3.1.1 and 3.3.1.2. The right hand-side column shows the

position of the trolley and the spreader in the cycle.

Table 3.1 A loading cycle-time obtained from a QSC

Setting the spreader 00:00:00:00 | 00:00:04:00 04.0

Locking the spreader 00:00:04:00 | 00:00:12:00 08.0 S 5
Moving the spreader to shipside | 00:00:12:00 | 00:00:30:42 187 S
Finding cell guides 00:00:30:42 | 00:00:33:42 03.0

Lowering the spreader 00:00:33:42 | 00:00:44:54 112 i i
Un-locking the spreader 00:00:44:54 | 00:00:49:42 | 0438 o ]

Hoisting the spreader 00:00:49:42 | 00:00:55:12 05.5 %

Moving the spreader to quayside | 00:00:55:12 | 00:01:07:18 121

Legends: D Spreader movement @

(Source: Author)

Trolley
movement

v/
% Driver justification [[[n

locking

Spreader locking / un-
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Without automatic devices, the manual cycles are catried out through a trial-and-
error process, based on feedback provided by the operator’s experience and
assessment. In addition to the time difference between the manual and the
automated cycles for Steps 3 and 8, in each cycle, the dtiver of the crane spends
some petcentage of the time controlling the sway of the spreader (at the end of Step
3 and 8), identifying cells and adjusting the spreader on top of the containers. Data
has been obtained from the Bandar Abbas Container Terminals (BACT), Iran, for
about 850 manually operated cycles with experienced drivers. An average of 92.5
seconds per cycle was recorded for the manual loading cycle-time.

The same crane fitted with automated devices may be able to achieve a much faster,
safer, more efficient and accurate cycle than the manual version. Referring again to
Figures 3.1 and 3.2, the position and path of the spreader, except its sway, can be
determined accurately by measuring its movement and controlling it at each pre-
planned point. With the automatic mode of operation, intelligent spreader
positioning, and container identification systems, the actual position of each point
can automatically be fed into the computer in real time and compared with the
pickup and drop-off positions. The computer will be able to make the necessary
calculations and instruct every motor to move accordingly, until the target is

reached and the container is positioned into the intended slot.

An automatic optimum path system linked with smart container identification
systems may produce considerable time-saving in the loading and discharging
operation. The robust scantling and configuration of QSCs can be equipped with
reliable, inexpensive, computer-based automated devices. As examined in the
separate studies conducted by Rosenfeld (1995) and Cranes Today (1996-a and
1996-b) automatic operation, spreader positioning and container identification
systems installed on a post-Panamax crane can benefit from the synergy among

three parties:

a) The operator’s human intelligence, judgment and improvisation skills.

b) The computer’s programmability, vast memory and rapid calculation
capabilities.

©) ‘The sensory devices’ accurate, real-time measurements and feedback.
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The concept inherent in QSC automation systems makes a distinction between

three parts of the spreader movement.

1) Optimum path travelling with fine movement between the point of picking-up

and drop-off points of containers.

2) Smart identification and positioning of containets on the chassis of trailers at

the quayside and slots in the containership cells.

3) Long-distance operation of the spreader between the quayside and the
shipside.

The automation systems offer an additional enhancement that addresses the
subsequent intelligent identification and positioning of the containers and smooth
manoeuvring steps of the trolley cycles with a view to reducing the number of
personnel involved in the process of loading or discharging of the containership.
This enhancement is based on the observation that manual operation and
controlling of the sway of the loads is neither efficient nor adequately safe. This is
particularly true when the container is far away from the driver, becomes obscured
from his or her sight, or when the positioning of the spreader demands high
precision such as when the containers are deep in the holds. The observations
conducted by the author during the research at the BACT, strongly suppott the idea
of minimising crane cycle-times, which should result in a shorter duration of the

container vessels turnaround-time.

3.3.2 Cycle-time analysis

The data collected for this study has been obtained by personal observation from
the ten newly automated QSCs in BACT. The QSCs were equipped with optimum
cycle path generating systems coupled with computing systems installed on the
cranes that enabled the drivers to measure, edit and provide a print-out of the time
and distance of different points in the cycle path with respect to a fixed point on the
quayside or onboard the ship. For one of the QSCs, these points were essentially
the same points indicated in Figures 3.1 and 3.2 (about 100 reliable single cycles of

automatic loading operations were obtained and compared with the similar results

from the manual cycles).
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The results obtained from one of the cranes are summarized in Table 3.2. The
duration of the cycle-times for each step or the combination of steps were obtained.
The mean duration of cycle-time, T, corresponding to the automation operations
was 67.3 seconds and will be used as a basis for the analysis. The mean and standard
deviations of the above cycle-times were calculated using Microsoft Excel. The
mean percentage of the spreader manoeuvring time out of the total cycle-times, S/,
for the observed automated loading operations was found to be in the range 15.3%
to 27.8% (these values are obtained by dividing the automated cycle-times of steps
with the average total cycle-time of the QSCs). For example, the percentage for
Steps 1 and 2 in the automated cycles is 12.0 divided by 67.3 that equals 0.178.
Automation would produce a potential saving in the crane’s manual cycle-times
derived mainly from the reduction of these percentages. The savings are significant
when the driver propetly uses the optimum path generator and sway control
systems to automatically control Step 3 and Step 8. On average, the automated

cycles wete found to be about 25.2 seconds faster than the manual ones.

Table 3.2 Cycle-times obtained from a QSC

Automated Operations Manual Operations
) Mean Percentage of] .
Openation | Duration of Cycle- Spreader Effected Spreader Average Ducation
Ph . - e of Cycle-times / | Standard
ases time / Seconds |[Manoeuvring Times| Manoeuvring Time L
o Seconds Deviation
T /% TS; T
: i
§
Steps 1+ 2 12.0 0.178 2100 16.2 4.0
Steps 3 18.7 0.278 5.200 25.6 5.0
Steps 4+5 14.2 0211 3.000 19.3 17.0
Steps 6+7 10.3 0.153 1.600 14.6 +3.0
Steps 8 121 0.180 2200 16.8 16.0
= 67.3 1.000 14.100 92.5

(Source: Author)

The automated and manual cycle-times were obtained where competent drivers
wete appointed for the operations of the ctanes under study. The comparison of
manual and automated cycles in Table 3.2 demonstrates that when QSCs operate
automatically, the efficiency would be increased by 27.24% (92.5-67.3 / 92.5 x 100).
This value is the fraction of ‘S/ that can be saved by using automatic devices.
Therefore, o = 27.24% may be used as a basis for calculation of the cycle-time
saving for all of the cranes. The obsetvations however, showed that in some time-

demanding cases, such as controlling the load snags and sway and time taken to
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lower the spreader into the cells, only a smaller fraction of the cycle-time may be
saved when compared with longer segments of the cycle, therefore, ‘a’ can be
assigned a smaller value. One may consider a smaller percentage of saving by
considering saving only the time taken by craned driver to justify and find cell
guides and where, setting, locking and unlocking of the spreader is done manually
and consumes a considerable portion of cycle-time. This is particularly valid since
observations showed that competent drivers load and discharge containers without
using optimum path generator system and dampen the sway of the load in 2
competent way to the automated systems. Therefore, ‘o’ can be conservatively

assigned with a smaller fraction.

The data obtained from the QSCs and Equation 3.1 are used to demonstrate the
mean percentage of time savings of the crane time. In calculating Equation 3.1, the
potential time-saver ‘B' was taken to be zero because the expetiments took place
only under single-cycle mode of operation. For the same reason, the analysis of time
cycles for a multi-task operation and therefore any ‘' related potential savings for
Equation 3.1 were left unexamined in the present analysis. Therefore, Equation 3.1

may be modified as:

P(T) = iTi (S;,)
=

Other factors that may have an effect on the time-savings are the processes
explained in Steps 1, 2 and 4 and the values assigned to ‘T;. This study uses the
method proposed by Rosenfeld (1992) to find the effected percentage of time-
saving and then apply ‘o’ to find the average percentage of crane operation time.
The effected percentage of saving in cycle-time, XT; S, for each crane operated
manually is calculated using the ‘T and ‘S; values. The calculations for about ten
QSCs are summarised in Table 3.3. The table represents three different manual
loading experiments involving 20-foot and heavy 40-foot export containers and
empty containers. In a similar way to Table 3.2, the effected duration of the
spreader manoeuvring times ascribed to the steps, ‘T, S, was obtained for all cranes.

The total 2T, ; for each tow and hence each crane may be considered as the saving

contribution of the crane’s productive time taken by the spreader travelling for that

respective full-cycle.
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Table 3.3 The percentage of spreader manoeuvring times

Operation Phases Steps 1+2 Step 3 Steps 4+5 | Steps 6+7 Step 8 ’(I‘S(::]m &) TTS
T, 14.700 23.300 17.900 13.800 15.500 [85.200
Qsc.1 [s 0.173 0.273 0.210 0.162 0.182
g O T T e | T [ B [ 2.820 17724
i g T 15.600 22100 17.300 13.800 14.900 |83.700
Ep‘ QsC.2 [§ | 018 0264 0207 0165 0178
: 5 TS 2.908 5.835 3.576 2.275 2,652 17.246
ki T, 21.300 25.600 21.300 19.600 17.5 [105.300
Qsc.3 [§ 0.202 0.243 0.202 0.186 0.166
TS 4.309 6.224 4.309 3.648 2.908 g 21.397
g 23900  28100]  21300]  21.800|  14.300 [109.400
QSCH4: 'S |7 Toxel " 0257 0.195 0.199 0.131
g TS 5.221 7.218 4.147 4344 1.869 22799
c T, 22.200 28.600 22.800 20.000 15.200 |108.800
S QsC.5 [s 0.204 0.263 0.210 0.184 0.140
g T S; 4530 7518 4.778 3.676 2124 22.626
T B 23.800 26.800 26.600 24.500 17.800 |119.500
g Qsce | 0.199 0.224 0.223 0.205 0.149
= TS 4740 6.010 5921 5023 2.651 24.346
R T, 22100 27.000 27.100 22.700 15.900 |114.800
- s oAy S B 0.193 0.235 0.236 0.198 0.139
. TS 4.254 6.350 6.397 4.489 2.202 23.693
T 22.200 27.400 28300 26.700 18.200 |122.800
QsC.8 | 0.181 0.223 0.230 0.217 0.148
TS 4013 6.114 6522 5.805 2.697 25,152
< T, 16.900 22,500 20.600 19.000 16.800 95.800
& QSC.9 [ 0.176 0.235 0215 0.198 0.175
53 g R 8 TS 2981 5.284 4.430 3768 2946 19.410
%" g T, 15.400 22.200 21.800 20.500 15.500 [95.400
O | Qsc.10 |§ 0.161 0.233 0229 0.215 0.162
TS 2486 5166 4982 4.405 2518 19.557
Average: 21.395
3.3.3 Analysis of the results

The results obtained for 2T, S, in Table 3.3 indicate that the possible cumulative
percentage of time-saving of the spreader travelling is in the range of 17.246 to
25.152 of the crane’s productive time. The average of XT; S, is therefore 21.395%.
Using the modified version of Equation 3.1 and the proposed method offered

Rosenfeld (1992), the total percentage of saving of the entire crane time is
calculated as follows:

P(T) = 0.21395 x 0.2724 = 0.058 = 6%

Thus, a fraction of 6% is used as the basis fot the economic analysis of this study.

3.3.4 Economic study

The economic feasibility analysis framework provided in this study aims to set-up
the basis for the terminal operator to make decisions regarding the application of

automated features. However, there are uncertainties and tied with them will be
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risks from the sourcing data, costs, and expected benefits due to the ongoing
advances in automation technologies. To overcome the inherent difficulties
involved in the economic feasibility study of QSC, the following measures have

been taken for the purpose of this study:

a) A conservative approach is adopted owing to the sensitivity of having high cost
values of automated features on the one hand and low benefit values on the

othet.

b) Data from previous studies may be used only as long as they are applicable to
QSCs. This includes those conducted by Michael and Jordan (2002), Davis and
Bischoff (1999), Rudolf (1995), Jordan and Rudolf (1995) and those conducted
on very large industrial cranes particularly in the analysis carried out by
Cheesman (1980) with the required modifications.

c) Approprately the modified data from simulation studies may be used only as

long as they are applicable to a QSC environment.

3.3.4.1 QSCs costs

The cost-benefit analysis carried out in this section is based on the terminal
operators’ interest rather than marketing costs and values for the producers. The
cost values are obtained from the BACT, Iran for the purpose of this research only.
The initial price of a QSC greatly depends on the ability of the crane to serve the
new generation of containerships and the number of moves it makes per hour. The
cranes under study in the BACT had an initial investment cost of about £3,500,000
(Bahrani, 2004). Table 3.4 provides a summary of the components of the time-
dependent annual costs that are considered as follows: maintenance 2.0% of the
initial price, (£68,750); enetgy 0.38% of the initial price, (£13,250); consumable costs
0.16% of the initial price, (£5,500); labour cost 11.25% of the initial cost, (£393,750);
insurance and other fees 1.5% of the initial cost, (£52,500) (Bahrani, 2004). These

costs are based on the following assumptions:

a) There are 3 shifts (3 x 8 hours) in a day and 2 crane drivers are working on each

crane in each shift.
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b)

d

Annual labour cost is estimated to be about £65,625 per person / year
(Bahrani, 2004). On the basis of the assumption made in section (a), the total
labour cost per crane for the manual operations would be 3 x 2 x £65,625 =
£393,750.

The economic life of the automated devices installed on the cranes according
to the manufacturer statement is about 5 million moves (Kalmar Ltd., 2004).
By considering an average cycle-time of 67.3 seconds per move, the economic
life-cycle of the devices, 't', is calculated to be approximately 10 years as

5,000,000 x 67.3
365 x 24 x 60 x 60

follows: ¢ =

=10 years

An average energy cost of £0.045 kW-hour (4.5 pence per kW-hout) is
considered for the QSCs while they are fully operational (Thomas, 2002 and
Bahrani, 2004).

An interest rate of about 8% is considered (Bahrani, 2004).
An inflation cost of 1.5 to 3.0% is considered throughout (Bahrani, 2004).

An equipment insurance cost of 1 to 1.5% of the initial cost is considered for

this study (Bahrani, 2004).

Table 3.4 Summary of the annual running costs, £ / QSC

Total Labour
Cost / QSC

Maintenance

Energy

Consumables

Insurance and
Other Costs

Total

393,750

68,750

13,250

5,500

52,500

533,750

(Source: Author)

Table 3.4 shows a summary of the annual running costs and Table 3.5 shows the

initial investment costs of automated devices that were installed on the single hoist

conventional post-Panamax QSCs in BACT.
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Table 3.5 Initial cost of an automated system in £

All of the parameters for the analysis are available and the study can be carried out

for cost-benefit analysis on the basis of time dependent components.

3.3.4.2 Direct benefits

Some of the benefits that are likely to be achieved from the investments are
monetarily quantifiable. These benefits may be categorised as the crane utilisation
benefits, manpower reduction benefits and the benefits to accrue from the safety

enhancement brought about by automation.

*  Benefits to accrue from crane utilisation

A considerable benefit to the terminal operators and consequently the customers
and end users may be attributed to a better utilisation of the crane through the
adoption of the automatic spreader travelling, identification and positioning system.
The economic value of ‘R’ brought about by a better utilisation of the crane stated
eatlier in Section 3.2.4.1 may be calculated from Equation 3.2 as follows:

R = 135,600 x 0.149 + 533,750 = £553,954
where:

IC = £135,600.

S=0.

It is usually difficult to estimate any market value for second hand QSCs and
automated devices. However, since the price of the devices installed on the QSCs at
the end of their economic life is very low relative to their purchase price, the effect
of its salvage value on ‘R.' will be marginal. For this reason ‘S’ is initially taken as

Z€ro.

Using Equation 3.3, the CRF was calculated approximately to be 0.149 for ‘t' = 10

yeats and ‘i' = 8% as follows:
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_ 0.08x(1+008)!"
04

CRF =0.149

(1+0.08)!

A = £533,750 (taken from Table 3.4).

With the application of automatic features, the crane would, on average, petform its
assignments 6% faster, as concluded above in the results of the time analysis in
Sections 3.2.2 and 3.2.3. Therefore, the economic value, B,, of this benefit can be

quantified as:

B, =£553,954 x 6% = £33,237 / crane / year

= Savings in manpower

Usually in container terminals there will be a spare QSC kept ready for operation in
any unexpected breakdown of the cranes under operation. Therefore, this study
considers that the dedicated cranes are continuously operational and the economic
impacts that may result from probable emergency stoppages and down-times are
negligible. In this study, the automatic operation will require only one crane driver
for each shift. Therefore, three crane drivers can be eliminated from the operation

which yields a labour cost saving of B, as follows:

B, =1x3x£65,625 = £196,875 / crane / year

* Risk reduction benefits

All of the safety measures in a container terminal are taken to provide optimum
control and minimal hazards and nsks. Application of safety equipment and
implementation of risk reduction and hazard monitoring and control policies mean
that the cranes may require fewer repairs and maintenance, expetience fewer and
shorter stoppages and down-time. Therefore, the cranes would have extended
economic life. Extension of the cranes’ economic life even for one ot two years
would be valuable and well respected by the port operators. However, it is difficult
to exactly quantify the expected savings to acctue from the prolonged economic life
monetarily and will be left as qualitative benefits in this study.

Thus, the annual direct benefits, B, are:

B =B, + B, = £33,237 + £196,875 = £230,112
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3.3.4.3 Indirect benefits
A safer operation of the QSCs, reduction in human errors, optimised and integrated
operation of the QSCs with container yatd systems will produce economics savings

which are difficult to quantify. Thus, in this study, they are leftina qualitative form.

3.3.4.4 Cost-benefit analysis
The cost-benefit analysis catried out for installing the automated features in this

study yielded the following results:

= Payback Period
A £230,112 benefit on an initial investment of £135,600 may be recovered within
(£135,600 / £230,112) 0.59 years (about 7.1 months).

* Annual Rate of Return
The Annual ARR can be obtained by dividing the total benefit by the initial cost of
investment in automation (the reverse action of Payback Period). Thus, the ARR

for a £135,600 cost would be about 1.70 (£230,112 / £135,600).

= Net Present Value (NPV)
The net value of the system is obtained for the average benefits over the expected
life of the automated devices by Equations 3.7 and 3.8 as follows:

230,112
NPV = 135,600 =
Z((1+0064)t ]

1 1 1 1
230,112 x T+ >+ 5t 5 |~ 135,600 = 1,526,153
(1+0064) (1+0064)° (1+0.064) (1+0.064)

where:

B = £230,112
t=1,23,...,10 years
IC = £135,600

_ 0.08-0.015

=0.064
1+0.015

i = Nominal interest of 8%
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f = Inflation rate of 1.5% (H.M. Treasury 2003 and Bank of England 2004).

= Benefit-Cost Ratio

BCR = £1,526,153 / £135,600 = 11.25

3.3.4.5 Sensitivity analysis

Terminal managers may require different schemes and hence, different altematives

for an investment to be analysed before a final decision is made. A sensitivity

analysis helps to examine different alternatives by varying the values of the initial

costs of investment, the expected annual benefits, PBP, ex., to find the most

suitable scheme to suit the needs of a particular terminal. Table 3.6 provides a

sensitivity analysis under assumptions of the above cost-benefit analysis. Instead of

addressing the numerous variables separately, aggregated combinations of costs and

benefits have been generated.

Table 3.6 Sensitivity analysis of the economic critetion

" Economic Criterion

2 .. Annual
B Initial Cost Benefit Payback Benefit-cost Net Present Annual Rate
E | 0o AB)©) | by | Ratio®CR) Valucg\’ i AR
i months (

1 135,600 230,112 71 11.25 1,526,153 1.70

2 271,200 230,112 141 5.13 1,390,553 0.85

3 135,600 196,785 83 9.48 1,285,482 1.45

4 135,600 33,237 49.0 0.78 104,421 0.25

The details of the alternatives in Table 3.6 are:

(1) The original assumptions remain unchanged. A cost of £135,600 and the
annual benefits of £230,112 provide a NPV of £1,526,153. The initial cost may
be covered within 7.1 months.

(2) The annual benefits of £230,112 remain unchanged and the initial cost is
doubled to £271,200, as a provision for possible rises of cost due to changing
market conditions, as well as for vatious other costs initially based on

estimation. Therefore, using Equation 3.7 the NPV would be £1,390,553.

(3) The initial cost of £135,600 remains unchanged. The expected benefits are
limited to B, (£196,785) if the automated devices are not used and the cranes

are run under the manual mode of operation. Under the above assumption, the



system would generate a net present value of £1,285,482 that is about 9.5 times
of the initial cost of investment. The initial cost of investment would be

covered in about 8.3 months.

(4) The initial cost of £135,600 remains unchanged, but the benefits are reduced to
B, (£33,237). This is the case where the terminal operator particularly in
developing countties does not intend to save on manpower but is only

interested in utilising the crane operation time and the safety enhancements.

The various economic criteria results obtained in this study illustrate that alternative
(1) is the most desirable case where the initial investment may be recovered within
7.1 months. The net benefits expected to be obtained for Cases (2) and (3) are
significant. Even under the least favourable assumptions considered in Case (4), the
cost of investment would be recovered in about 4 yeats and there would be a

marginal net benefit of about £104,421.

The results of the sensitivity analysis demonstrate that under a variety of situations

the system can generate positive benefits. The safety margin that the system
provides may yield additional un-quantified benefits.

3.3.5 Uncertainty and risk

The uncertainties and risks associated with them are dispersed throughout the
quayside operation of the container terminals. They need to be identified and
analysed before decisions are made. There may be uncertainty about the
achievement of the objectives and effectiveness of an immature automation
technology in the long-term. Uncertainty is dispersed patticularly in the
envitonment of the QSCs operation and the rapid technological advances that take
place both in the expected containership size, capacity and equipment and in the
quayside operating systems of the container terminals. The study may also indicate a
degree of uncertainty due to an optimistic estimation of the NPVs and thus the
values of ARR. However, the final decision-making of the terminal operator would
depend upon the strategies they take for mitigating risks and also their attitude
towards risk (Levy and Sarnat, 1994).

Table 3.7 provides a summary of the uncettainties and the probable risks associated

with them in the quayside operation environment. It should be noted that an exact
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and accurate evaluation of the sources of uncertainties and tisks requires a much

more profound examination and analysis that should be included in future studies.

Uncertainties in data estimation and technological innovations may lead to business
uncertainties and risks in the operational environment of the QSCs. These kinds of
risks are capable of being insured. However, the terminal operatots should consider

the following assumptions in their decision-making:

*=  Reducing the risk by finding an alternative way of increasing the productivity
of the QSCs.

Some-times the risk is so severe that it causes concern. This may be the case when
the potential impact on the overall operation of the quayside is severe and the
project is very likely to fail. An insurable risk should be reduced if it has both a high
likelhood of occurting and a high impact if it does occut. In the same way a
business risk should be reduced if the expected costs are very much gteater than the

expected benefits.

® Transferring the risk to other parties such as insurance companies or

contractors.

Risks with a low probability of occurring but with large impacts and also risks with
a high probability of occutring, but with a small impact are often insured.
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Table 3.7 Summary of uncertainty and risks in QSC automation

Associated

Sources of Uncertainty Risks

Prices.
Costs.
Time element.

Data estimate:
A
o=

[ ]
® Insurance.

®* Discount rate.

® Recoverty factor.

Business
risks

2. New generation of self loading and / or discharging containerships.

Technology
advances

1. The crane:
® Physical restrictions such as out reach, single or twin lift, ez.
®  Crane handling capacity.
® Idle-times and unexpected stoppages.
= Ability to operate 24 hours / day.
2. The transfer and the yard:
® Transfer vehicle availability.
®  Vehicle scheduling.
e Storage availability.
3. 'The containership: Insurable
Availability. risks
Capacity.
Size.
Stability (e.g. the limitation of list, roll, pitch, heave, ez and their
effects).
4. Containers:
® Standard, Non standard, empty, full.
5. The weather condition.
\ 6. The sea state.
7. Social considerations such as strikes, national holidays ex.

{ 1. Sudden appearance of full automatic QSCs.

Operational environment:

®  Accepting the risk can be the best strategy on some occasions. This is usually
the case for risks with a small to medium probability of occutring and a small to
medium impact if they occur. An example of this is the case where automation of
the traditional QSCs in the small to medium size container tetminals may result in
the idling of the cranes due to a limited number of ship calls. This may lead the
terminal operators into an undesirable loss of revenue in which expensive cranes
become idle and cannot provide extra setvices due to the non arrival of extra

containerships.

3.4 Conclusions and recommendations
This chapter has examined the economic efficiency and productivity of automated
QSCs. It has illustrated that QSCs can be made more productive by reducing
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loading and discharge cycle-times. The feasibility of reducing the cycle-times by

installing automatic features on existing QSCs is discussed.

This chapter has analysed the 1% and 2™ aims and objectives presented in Chapter 1.
The issues discussed in this chapter have n