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Abstract

With the design of an offshore vessel, a naval architect must address a highly complex problem
and constantly rely on expert knowledge to make decisions. During the Early-Stage Ship Design
(ESSD) phase, most of these decisions occur while developing the main aspects of the vessel
systems architecture, which comprises the mission, thruster, power generation, and auxiliary
systems. Due to the complexity and numerous interdependencies of these systems, errors are
not uncommon and can lead to costly setbacks. Model-Based Systems Engineering (MBSE),
combined with a Decision Support System (DSS), could provide the missing framework during
the ESSD decision-making process by offering traceability, centralised data, and configuration
suggestion capabilities.

This study first analyses the complexity of offshore vessel systems architecture by identifying
its main complexity drivers, system interdependencies, and design constraints. The current
design approach is evaluated together with the opportunities and challenges of applying MBSE.
Based on this analysis, the MBSE framework Capella is selected and combined with a DSS to
support early-stage cooling system architecture design.

An MBSE-DSS methodology is subsequently developed consisting of four stages: MBSE system
modelling, automated data extraction, design space generation, and multi-objective evaluation
based on risk and cost. The methodology is demonstrated using two offshore vessel case studies,
generating and evaluating approximately 8.8 million and 23.9 million feasible cooling system
configurations, respectively.

The results show that the proposed framework systematically explores design alternatives that
would be infeasible to evaluate manually while producing solutions that closely align with engi-
neering practice. Comparison with a cooling system design developed by Ulstein demonstrates
that the DSS identifies similar architectural design choices while providing quantitative insight
into the trade-offs between cost, cluster risk, and pump room risk. Furthermore, cross-case
analysis shows consistent design trends across vessels of different size and complexity, indicating
that the proposed methodology is robust beyond a single case study.

Overall, the developed MBSE-DSS improves the transparency, consistency, and traceability of
early-stage cooling system design by replacing experience-driven exploration with a structured
evaluation of design alternatives and data-driven decision-making. Although the framework
remains dependent on the availability of accurate cost and reliability data and is currently
limited by computational effort, it provides a promising foundation for future MBSE-based
decision support in offshore vessel systems architecture design.

i



Acknowledgements

With the completion of this thesis, I conclude my MSc in Marine Technology at Delft Uni-
versity of Technology. Looking back, this graduation project has been both a challenging
and rewarding experience, during which I have learned a great deal, both academically and
personally.

I would like to express my sincere gratitude to my supervisors for their guidance, valuable
feedback, and continuous support throughout this project.

First, I would like to thank Dr. A.A. Kana for his academic supervision. His constructive
feedback and critical questions continuously challenged me to improve both the quality of this
research and my own way of thinking. I greatly appreciated the freedom to explore my own
ideas while always being able to rely on his guidance when needed.

I am also grateful to Z.P. Oikonomou for his support, insightful discussions, and willingness
to share his expertise on MBSE throughout the project. His feedback and suggestions helped
strengthen both the methodology and the final thesis.

Furthermore, I would like to sincerely thank Ir. B. Daman from Ulstein Design & Solutions
B.V. for making this graduation project possible. His practical insights, extensive industry
experience, and continuous feedback ensured that the research remained closely connected to
real-world offshore vessel design. I am grateful for the opportunity to work on a topic that
combines academic research with industrial relevance.

Finally, I would like to thank my family and friends for their encouragement and support
throughout my studies.

I look back with great appreciation on this project and hope that the results presented in this
thesis contribute, even if only modestly, to the further application of Model-Based Systems
Engineering in offshore vessel systems architecture design.

AI Statement
During the preparation of this work, I utilised OpenAI. ChatGPT (August, 2026 version)
[Large Language Model]. https://chat.openai.com/chat to obtain inspiration for the overall
structure of the report and assist in reviewing and improving grammar, spelling, and expression.
Following the use of this tool, I carefully reviewed and edited the content as necessary and
assume full responsibility for the final content of this publication.

Jamie Hanselaar
Delft, August, 2026

ii

https://chat.openai.com/chat


Contents

Abstract i

Acknowledgements ii

Nomenclature xi

Glossary xii

1 Introduction 1
1.1 Context and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3.2 Research Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Offshore Vessel Systems Complexity 4
2.1 Complexity Drivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 System Interdependencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Direct Interdependencies . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 Indirect Interdependencies . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.3 Spatial Interdependencies . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 System Regulatory and Operational Constraints . . . . . . . . . . . . . . . . . 6
2.4 Offshore Vessel Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4.1 Mission Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4.2 Thruster Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.3 Power Generation Systems . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.4 Auxiliary Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.5 System Complexity Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Benefits and Challenges of Adopting MBSE 10
3.1 Systems Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1.1 V-Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Current Design Practice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2.1 Limitations and Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Benefits of MBSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4 Challenges of MBSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 MBSE Framework Evaluation 17
4.1 MBSE Framework Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

iii



Contents iv

4.1.1 Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1.2 Scoring Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.1.3 Threshold Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 MBSE Framework Candidates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2.1 Capella . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3 Trade-off Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Decision Support System 22
5.1 Decision-Making Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2 Decision Support Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.3 Benefits and Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.4 DSS Design Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.4.1 DSS Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.4.2 DSS Functionalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.4.3 DSS Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6 Methodology 28
6.1 Capella Cooling System Modelling . . . . . . . . . . . . . . . . . . . . . . . . . 31
6.2 Data Extraction from Capella . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.2.1 Extraction Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3 Design Space Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.3.1 Pump Room Load-Layout . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3.2 Pump Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

6.4 Configuration Scoring and Ranking . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.4.1 Cost Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.4.2 Risk Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.4.3 Multi-Criteria Decision Making . . . . . . . . . . . . . . . . . . . . . . . 48

7 Case Study 50
7.1 Reference Vessel S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

7.1.1 Generated Pump Room Configurations . . . . . . . . . . . . . . . . . . 51
7.1.2 Pareto Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.1.3 Optimal Configuration and Interpretation . . . . . . . . . . . . . . . . . 54
7.1.4 Alternative SWB Configuration . . . . . . . . . . . . . . . . . . . . . . . 57
7.1.5 Alternative Engine Room Configuration . . . . . . . . . . . . . . . . . . 59

7.2 Reference Vessel L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.2.1 Pareto Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.2.2 Optimal Configuration and Interpretation . . . . . . . . . . . . . . . . . 62

8 Validation 65
8.1 MBSE-DSS versus Ulstein Solution . . . . . . . . . . . . . . . . . . . . . . . . . 65

8.1.1 Ulstein versus MBSE-DSS Discussion . . . . . . . . . . . . . . . . . . . 71
8.2 Cross-Case Consistency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

8.2.1 Subsystem Behaviour Consistency . . . . . . . . . . . . . . . . . . . . . 72

9 Assessment of the MBSE-DSS Tool 74
9.1 Decision-Making Process Improvements . . . . . . . . . . . . . . . . . . . . . . 74
9.2 Design Space Exploration Impact . . . . . . . . . . . . . . . . . . . . . . . . . . 75

9.2.1 Exploration Capability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
9.2.2 Distribution of Design Alternatives . . . . . . . . . . . . . . . . . . . . . 76

9.3 Design Insights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



Contents v

9.3.1 Emergent Design Rules and Trends . . . . . . . . . . . . . . . . . . . . . 79
9.3.2 Objective Weight Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 79

9.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
9.4.1 Data and Input Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 84
9.4.2 Computational and Methodological Limitations . . . . . . . . . . . . . . 84
9.4.3 Knowledge Base and Expert Bias . . . . . . . . . . . . . . . . . . . . . . 85
9.4.4 Implementation Constraints . . . . . . . . . . . . . . . . . . . . . . . . . 85

9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

10 Conclusion and Recommendations 86
10.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
10.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

10.2.1 DP Cost-Risk System Investigation . . . . . . . . . . . . . . . . . . . . . 87
10.2.2 Transition to E-KOL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
10.2.3 Improved Design Space Exploration Strategy . . . . . . . . . . . . . . . 88

References 89

A Dynamic Positioning Regulation 95
A.1 Power System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
A.2 Cables and Piping systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
A.3 Requirements for Essential Non-DP Systems . . . . . . . . . . . . . . . . . . . . 96

B Excess Offshore Systems 97
B.1 Safety and Control Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
B.2 Hull Structure Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
B.3 Accommodation Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

C Open-Source MBSE Frameworks 99
C.1 Innoslate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
C.2 COMET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
C.3 POOSL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
C.4 SysON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
C.5 Papyrus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
C.6 Modelio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
C.7 SysIDE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
C.8 MBSE Evaluation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

D Capella JSON File 103

E Cost Assessment Model Example 104
E.1 Cost database . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
E.2 Component composition database . . . . . . . . . . . . . . . . . . . . . . . . . . 105
E.3 Cluster cost scaling and load sensitivity . . . . . . . . . . . . . . . . . . . . . . 105
E.4 Pump room cost scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

F DP Risk Assessment Model Example 108
F.1 Effect of Redundancy on DP Performance . . . . . . . . . . . . . . . . . . . . . 108
F.2 Risk Example: Calculation for CFG_B4_S2_M0_RS . . . . . . . . . . . . . . 110

F.2.1 Step 1: Failure probabilities . . . . . . . . . . . . . . . . . . . . . . . . . 110
F.2.2 Step 2: Example cluster calculation . . . . . . . . . . . . . . . . . . . . 110
F.2.3 Step 3: Total cluster risk . . . . . . . . . . . . . . . . . . . . . . . . . . 112
F.2.4 Step 4: Pump room risk . . . . . . . . . . . . . . . . . . . . . . . . . . . 112



Contents vi

G Numerical Verification and Sensitivity Checks 113
G.1 Monte Carlo Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

H Objective Weighting Figures Reference Vessel L 117



List of Figures

2.1 Key-One-Line Diagram of an Offshore Vessel [32] . . . . . . . . . . . . . . . . . 7
2.2 Offshore Vessel Systems Interdependencies Overview . . . . . . . . . . . . . . . 9

3.1 Life-Cycle Cost Impacts of Early Phase Decision-Making [42] . . . . . . . . . . 11
3.2 V-Model Representation of Systems Engineering [44] . . . . . . . . . . . . . . . 12
3.3 DBSE Data-distribution [48] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4 MBSE Data-distribution [48] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.5 Change of Work Hours Division [53] . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1 Capella Four Layer Framework [57] . . . . . . . . . . . . . . . . . . . . . . . . . 21

5.1 Decision-Making Process [61] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2 Decision Support Systems Classification [63] . . . . . . . . . . . . . . . . . . . . 24
5.3 DSS Components adapted from [69] . . . . . . . . . . . . . . . . . . . . . . . . 26

6.1 Overview of the processing pipeline for cooling water system configuration gen-
eration and evaluation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.2 Conceptual illustration of pump room and cluster decomposition within the
proposed modelling framework [4]. . . . . . . . . . . . . . . . . . . . . . . . . . 30

6.3 Capella Transition Add-on workflow illustrating the transition of system-level
elements to subsystem models across the OA, SA, LA, and PA layers. [71] . . . 31

6.4 OAB Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6.5 SAB Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.6 LAB Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.7 PAB Cooling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.8 Event tree representation of DP outcomes following a component failure under

different redundancy configurations. . . . . . . . . . . . . . . . . . . . . . . . . 47

7.1 Vessel Load-Layout of the Reference Vessel S [16] . . . . . . . . . . . . . . . . . 50
7.2 Pareto fronts of Baseline Reference Vessel S per Pump room risk . . . . . . . . 54
7.3 Electrical Key-One-Line (E-KOL) of the Reference Vessel S used as input for

the case study. [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.4 Pareto fronts per pump room risk for the Reference Vessel S case study if only

one main SWB is chosen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.5 Pareto fronts per pump room risk for the Reference Vessel S case study if two

engine rooms are considered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
7.6 Vessel Load-Layout of the Reference Vessel L [16] . . . . . . . . . . . . . . . . . 61

vii



List of Figures viii

7.7 Pareto fronts illustrating the trade-off between cluster risk and total cost for
different pump room configurations of the Reference Vessel L vessel. . . . . . . 62

7.8 Electrical Key-One-Line (E-KOL) of the Reference Vessel L used as input for
the case study. [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

8.1 Normalised score comparison between the MBSE-DSS-generated design and the
Ulstein baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

8.2 Ulstein cooling system design plotted against MBSE-DSS-generated configura-
tions with an equivalent pump room risk. . . . . . . . . . . . . . . . . . . . . . 66

8.3 Cross-case comparison of SW backup unit distribution for identical pump room
risk level (Rp = 0.0125), showing consistent redundancy trends across vessel
scales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.4 Cross-case comparison of PHE backup unit distribution for identical pump room
risk level (Rp = 0.0150), highlighting differences in redundancy activation be-
tween vessel scales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

8.5 Cross-case comparison of FW duty unit distribution, showing consistent opti-
mality of low-duty configurations across both vessels for the same stern,bow
strategy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

9.1 Design trade-off space showing the relationship between cluster risk, pump room
risk, and cost, with colour indicating pump room and cluster configurations. . . 76

9.2 Design trade-off space for the FW subsystem illustrating how duty and backup
units relate to cluster risk, pump room risk, and cost. . . . . . . . . . . . . . . 77

9.3 Design trade-off space for the SW subsystem illustrating redundancy behaviour
across cost and risk objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

9.4 Design trade-off space for the PHE subsystem showing how redundancy decisions
vary across the explored design space. . . . . . . . . . . . . . . . . . . . . . . . 78

9.5 (Reference Vessel S) Distribution of optimal pump room and cluster configura-
tions across different weighting strategies (cost, cluster risk, pump room risk). . 81

9.6 (Reference Vessel L) Distribution of optimal pump room and cluster configura-
tions across different weighting strategies (cost, cluster risk, pump room risk). . 82

9.7 (Reference Vessel S) Effect of objective weighting on FW pump redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

9.8 (Reference Vessel S) Effect of objective weighting on SW pump redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

9.9 (Reference Vessel S) Effect of objective weighting on PHE subsystem redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

C.1 MBSE Frameworks Comparison and Ranking against Evaluation Criteria . . . 102

E.1 Relationship between cooling load and the estimated cluster cost for clusters
containing a single operating unit, shown as (a) absolute cost and (b) percentage
contribution to the total cost. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

E.2 Relative cost increase of FW pump duty/backup redundancy configurations with
respect to the [1;0] duty/backup reference configuration. . . . . . . . . . . . . . 107

E.3 Total pump room cost as a function of cooling load . . . . . . . . . . . . . . . . 107

F.1 Expected DP performance of the freshwater pump subsystem, where du = de-
notes the number of duty pumps and ba = the number of backup pumps. . . . 108



List of Figures ix

F.2 Expected DP performance of the plate heat exchanger subsystem, where du =
denotes the number of duty PHE units and ba = the number of backup PHE
units. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

F.3 Expected DP performance of a pump room . . . . . . . . . . . . . . . . . . . . 109

G.1 Correlation between constants and parameters for vessel Reference Vessel S (only
showing the 0.2 =< |correlation|) . . . . . . . . . . . . . . . . . . . . . . . . . . 115

G.2 Correlation matrix of parameters and constants for the Reference Vessel S case
study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

H.1 (Reference Vessel L) Effect of objective weighting on FW pump redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

H.2 (Reference Vessel L) Effect of objective weighting on SW pump redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

H.3 (Reference Vessel L) Effect of objective weighting on PHE subsystem redundancy
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118



List of Tables

2.1 Dominant Complexity Types per System Group in ESSD . . . . . . . . . . . . 9

3.1 Overview of MBSE Benefits and Challenges . . . . . . . . . . . . . . . . . . . . 16

4.1 Trade-off Criteria with Associated Weights . . . . . . . . . . . . . . . . . . . . . 19
4.2 Overview of Open-Source MBSE Frameworks . . . . . . . . . . . . . . . . . . . 20

5.1 Overview of DSS Benefits and Challenges . . . . . . . . . . . . . . . . . . . . . 24
5.2 Classification of decision support functionalities developed for this study in col-

laboration with Ulstein Design & Solutions B.V., tailored to the ESSD phase. . 25

6.1 Cooling load factor per unit [m3 h−1MW−1] based on Ulstein’s historical data [4] 43

7.1 E-KOL input of Case Study Reference Vessel S . . . . . . . . . . . . . . . . . . 51
7.2 E-KOL input of Case Study Reference Vessel S if only one main SWB is chosen 57
7.3 E-KOL input of Case Study Reference Vessel S if two Engine Rooms . . . . . . 59
7.4 E-KOL input of Case Study Reference Vessel L . . . . . . . . . . . . . . . . . . 61

8.1 Overview of the design spaces for case studies Reference Vessel S and Reference
Vessel L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

C.1 Trade-off Table for MBSE Frameworks against Evaluation Criteria . . . . . . . 102

E.1 Piping and the reference cost for 20 cooling load for components, equipment
units, and infrastructure elements. . . . . . . . . . . . . . . . . . . . . . . . . . 104

E.2 Component composition per equipment unit used for cost estimation. . . . . . 105

G.1 Varied parameters during Monte Carlo analysis . . . . . . . . . . . . . . . . . . 113

x



Nomenclature

Abbreviations
Abbreviation Definition

AI Artificial Intelligence
BESS Battery Energy Storage System
DBSE Document-Based Systems Engineering
DP Dynamic Positioning
DSS Decision Support System
E-KOL Electrical Key-One-Line
ESSD Early-Stage Ship Design
FW Fresh Water
GUI Graphical User Interface
INCOSE International Council on Systems Engineering
KS Knowledge System
LA Logical Architecture
LAB Logical Architecture Blank
MBSE Model-Based Systems Engineering
MCDA Multi-Criteria Decision Analysis
MTBF Mean Time Between Failures
OA Operational Architecture
OAB Operational Architecture Blank
PAC Pyhton4Capella
PA Physical Architecture
PAB Physical Architecture Blank
PHE Plate Heat Exchanger
PPS Problem-Processing System
SA System Architecture
SAB System Architecture Blank
SE Systems Engineering
SoI System of Interest
SW Sea Water
SWB Switchboard

xi



Glossary

Complexity
A measure of how difficult it is to understand how a system will behave or to predict the
consequences of changing it. It occurs when there is no simple relationship between what an
individual element does and what the system as a whole will do, and when the system includes
some element of adaptation or problem solving to achieve its goals in different situations [1].

Complex System
A system in which there are non-trivial relationships between cause and effect: each effect may
be due to multiple causes; each cause may contribute to multiple effects; causes and effects
may be related as feedback loops, both positive and negative; and cause-effect chains are cyclic
and highly entangled rather than linear and separable [2].

Cluster
A subsystem consisting of cooling system components connected in series that together provide
cooling for one or more vessel loads. Within this research, clusters represent the lowest level
at which redundancy, reliability, and Dynamic Positioning performance are evaluated.

Cluster Risk
The expected annual loss of Dynamic Positioning capability caused by failures of cooling system
components within individual clusters. Cluster risk represents single-failure scenarios and is
closely related to DP2 redundancy requirements.

Decision Support Systems (DSS)
An interactive computer-based system or subsystem intended to help decision makers use
communications technologies, data, documents, knowledge, and/or models to identify and
solve problems, complete decision process tasks, and make decisions. Decision support system
is a general term for any computer application that enhances a person or group’s ability to
make decisions [3].

Early-Stage Ship Design (ESSD)
Represents the initial phase of the ship design process, encompassing both the concept design
and basic design stages. During the concept design stage, key requirements are established,
design freedom is high, and initial concepts are generated. Cost estimations are also developed
at this point. Through multiple iterations, the design is refined into the basic design, which
serves as the foundation for the subsequent design phases. In this stage, the main constraints
and parameters that will guide the vessel’s further development are defined.

xii
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Electrical Key-One-Line (E-KOL)
A high-level representation of the vessel electrical architecture showing power generation,
switchboards, power distribution, and electrical consumers. The E-KOL serves as the primary
architecture input for the developed decision-support methodology [4].

Logical Architecture (LA)
A simplified representation of a system that illustrates its components and their interconnec-
tions using single lines and standard symbols to provide a given service or function, without
necessarily depicting their actual physical locations [5].

Model-Based Systems Engineering (MBSE)
The formalised application of modelling to support system requirements, design, analysis, ver-
ification and validation activities beginning in the conceptual design phase and continuing
throughout development and later life cycle phases [2].

MBSE Framework
The combination of the three pillars: languages, methodologies and tools [6, 7, 8].

MBSE Pillar 1: Languages
Serves as the foundation for the MBSE framework. It defines the standard methodology, con-
sisting of syntax, grammar and notation, by which stakeholders communicate system require-
ments, design, and behaviour. This communication can be visual, textual, or a combination
of both, ensuring that each stakeholder can clearly understand the perspectives of different
disciplines.

MBSE Pillar 2: Methodologies
Define the MBSE process and provide a framework for the involved tools and stakeholders. So
the methodology shows how the systems architecture can be build.

MBSE Pillar 3: Tools
Facilitates the systems architecture with the use of the rules and guidelines from the used
language(s). A MBSE tool is different from the tools the naval architects use. A MBSE tool
ensures that the elements of the system are stored and connected with each other.

Operational Architecture (OA)
Represents the spatial and physical characteristics of the system and of its environment [5].

Physical Architecture (PA)
Describes temporal behaviour of a system, including human-system interactions to some extent
[5].

Pump Room
A physical compartment containing cooling system equipment and one or more cooling clusters.
Pump rooms form the spatial level at which compartment-failure scenarios are analysed.

Pump Room Risk
The expected annual loss of Dynamic Positioning capability resulting from complete compart-
ment failures, such as flooding or fire. Pump room risk represents DP3-related failure scenarios.

Stakeholder
Any group or individual who can effect or is affected by the achievement of the firm’s objective
[9].
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System
The combination of elements that function together to produce the capability required to meet
a need [10].

Systems Architecture (SA)
The system architecture design defines system behaviour and structure characteristics in accor-
dance with derived requirements. The architecture ensures that the system elements operate
together in the applicable operating environment to satisfy stakeholder needs [11].

Systems Engineering (SE)
The transdisciplinary and integrative approach to enable the successful realisation, use, and
retirement of engineered systems, using systems principles and concepts, and scientific, tech-
nological, and management methods [12].

Vessel Systems Architecture
Represents the vessel as an integrated system by defining its physical, logical, and operational
architectures [5].



Chapter 1
Introduction

1.1. Context and Motivation
Traditionally, the early stages of vessel design have relied on the Design Spiral and the ex-
pertise of naval architects. This conventional approach makes the initial design process both
time-consuming and error-prone, as engineers must manually navigate extensive sets of require-
ment documents [13, 14]. Moreover, because many low-level system interconnections remain
unnoticed, design flaws are sometimes only detected in later development phases, which can
lead to costly revisions and project delays [15].

This problem has also been identified by Ulstein, a naval architecture company specialised in
the design of complex offshore vessels [16]. One potential solution is the use of Model-Based
Systems Engineering (MBSE). MBSE employs languages, methodologies, and tools to provide
a framework to integrate data from different programs [17, 18]. During the Early-Stage Ship
Design (ESSD) phase of a vessel, requirements can be entered into an MBSE tool and accessed
more easily. More importantly, the system can automatically issues identify and flag unmet
requirements, thereby preventing costly mistakes early in the process [19]. Since in MBSE
the system architecture is linked to its elements and requirements, multiple stakeholders can
work in parallel while the data and requirements lists are continuously updated in the MBSE
environment, ensuring that everyone operates with the most recent information [20].

Furthermore, MBSE is particularly advantageous because vessel systems are often highly in-
tertwined. While the main system connections are relatively easy to identify, the interdepen-
dencies at the lower levels of the system hierarchy are nearly impossible for a human to fully
grasp [21]. An example is the cooling pump system, where possible system architectures may
include varying numbers of pumps, different redundancy concepts, and differing impacts on
structural layout, power demand, and space requirements. These subtle interconnections can
nevertheless have a significant effect on the overall effectiveness and performance of the vessel
[15].

To make use of the potential benefits of MBSE, Ulstein has expressed interest in exploring how
decision-support functions could be integrated into a future MBSE framework. Such functions
would leverage system interdependencies to indicate how design choices affect various subsys-
tems and to provide guidance in evaluating alternative configurations. For example, when
determining which Dynamic Positioning (DP) class the vessel should comply with, the frame-
work could propose multiple options along with their respective advantages and disadvantages
[18], ultimately leading to corresponding requirements for the thrusters and propulsion units.

1
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This type of guidance not only reduces design errors but also supports naval architects in
exploring a wider range of viable solutions [13].

By applying MBSE, the time required for the initial design phases may be significantly reduced,
while also improving the overall quality and robustness of offshore vessel designs [14].

1.2. Problem Definition
The early stages of offshore vessel design currently lack a dedicated framework that enables
designers to identify system interdependencies, compare design alternatives, and trace how
early decisions propagate through the ship’s systems. Although there is considerable potential
for MBSE, it is unclear how it should be applied to ESSD, which modelling approaches are
suitable for such a workflow, and what effects it may have on the design process. This absence
of a defined MBSE framework prevents naval architects from exploiting the benefits of MBSE
for configuration exploration and error reduction in ESSD.

1.3. Research Objective
The objective of this thesis is to develop an MBSE-based Decision Support System (DSS)
to assist in the early concept design of offshore vessels, focusing on the configuration and
evaluation of the vessel systems architecture. The proposed MBSE-DSS will integrate decision-
support functionality to help naval architects evaluate multiple design configurations, such
as the number of propulsion units, arrangement of engine rooms, degree of redundancy, and
auxiliary system sizing. By systematically comparing the advantages and disadvantages of each
configuration, the tool will enable informed design decisions, improve traceability of system
interdependencies, and reduce the likelihood of errors in the early design phase.

1.3.1. Research Questions
Main research question:

To what extent can a model-based systems engineering tool with integrated
decision-support functionality assist in the configuration and evaluation of the
vessel systems architecture during the early design phase of offshore vessels?

To reach the objective and answer the main research question, five sub-questions have been
defined:

RQ1: Which system interdependencies and technical factors contribute to the complexity of
offshore vessel systems architecture?

RQ2: Which benefits and challenges are associated with adopting MBSE for the early design
phase in the maritime sector?

RQ3: Which MBSE frameworks are most suitable for developing an MBSE decision-support
tool that can model system architecture and compare system configurations?

RQ4: How can the MBSE-DSS facilitate the identification of system interdependencies and
support the evaluation of design trade-offs across different vessel configurations?

RQ5: To what extent can the use of an MBSE-DSS improve the decision-making process, reduce
design errors, and support early estimation of cost, layout, and system performance,
compared to the approach Ulstein uses?
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1.3.2. Research Scope
This thesis focuses on the early design phase of offshore vessels, specifically the concept and
basic design stages. The research is limited to the main onboard systems within the vessel
systems architecture, including mission, thruster, power generation, and auxiliary systems.
These systems form the basis of the logical architecture, which is represented by the electrical
key one-line diagram used in Ulstein’s ESSD process. The scope places emphasis on system-
level configuration and the interactions between the main onboard systems.

The scope includes the identification and modelling of system interdependencies, the generation
and evaluation of alternative system configurations, and the development of an MBSE-based
decision-support approach to support early-stage design decisions. The proposed approach will
be demonstrated through a representative case study and evaluated using measurable indicators
related to the design decision-making process. Detailed engineering design, component sizing,
control system implementation, and analyses beyond the concept and basic design stages are
outside the scope of this research.



Chapter 2
Offshore Vessel Systems Complexity

Offshore vessels do not represent a single vessel type, but rather a broad category encompassing
vessels that support activities in the offshore wind and offshore oil and gas industries. Because
offshore projects are highly complex, the vessels that support them are likewise specialised and
sophisticated.

As Ulstein primarily focuses on complex offshore vessels, this study considers the following
vessel types: wind farm installation vessels, heavy lift crane vessels, pipelay vessels, rock
installation vessels, shallow draught construction support vessels, and drill vessels [16].

Each vessel type has specific operational requirements and onboard systems, resulting in dif-
ferent system interdependencies. Understanding these interdependencies is essential before
developing a decision support system. This chapter addresses RQ1 by first introducing the
factors contributing to vessel complexity in Section 2.1, followed by the different types of inter-
dependencies in Section 2.2. Section 2.3 discusses the regulatory and operational constraints,
while Section 2.4 presents the ESSD systems, their interdependencies, and their impact on
offshore vessels.

2.1. Complexity Drivers
Ship design is an inherently complex process, with vessels considered among the most com-
plex massive, and expensive engineering products in existence today [22]. This complexity
results from multiple factors such as vessel size, hull form [23], the number and diversity of
onboard systems, and the interactions between these systems [24, 25]. Furthermore, ship de-
sign is a specific customer-oriented and customer-dominated process [24], making each offshore
vessel effectively a unique, one-off design. On top of that, vessels increasingly resemble open,
highly interconnected systems with fewer rigid subsystem boundaries, further amplifying their
complexity [26].

Before examining the systems of offshore vessels in detail, it is essential to define and structure
the relevant complexity types. As this study focuses on the ESSD phase, a subset of complexity
types is selected from the framework proposed by Ebrahimi et al. [24]. The full framework
includes structural, temporal, behavioural, spatial, contextual, perceptual, decision-making,
directional, and technological complexity. However, not all of these are equally relevant within
the scope of this study. Complexity types related to temporal, behavioural, contextual, per-
ceptual, and technological complexity are not explicitly considered, as the DSS is applied at a
fixed design stage with predefined system behaviour and established technology assumptions.

4
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The following complexity types are therefore selected as most relevant for ESSD offshore vessel
system architecture design:

CT1: Structural complexity, referring to the number and variety of systems and components,
including their interdependencies and interfaces.

CT2: Decision-making complexity, referring to the number, diversity, and influence of
decisions and decision makers involved in the design process.

CT3: Spatial complexity, referring to the physical placement and interactions of systems
and components within the available space.

These complexity types are selected because they directly relate to the ESSD phase, where
naval architects define system architectures, evaluate alternative configurations, and allocate
systems and subsystems. The other complexity types, proposed by Ebrahimi et al. [24], were
excluded because they fall outside the scope of the present study. The next section builds on
these complexity drivers by examining the specific offshore vessel systems and their contribution
to overall vessel complexity.

2.2. System Interdependencies
This section examines the internal interdependencies between offshore vessel systems, describ-
ing how they interact and influence one another within the vessel. For the purpose of this study,
these interdependencies are categorised into three groups: direct, indirect, and spatial interde-
pendencies. This classification is adapted from the interdependency framework proposed by
Rinaldi, Peerenboom, and Kelly [27], who distinguish between physical, geographic, cyber, and
logical interdependencies. To better reflect the interactions encountered during offshore vessel
design, these categories are translated into direct, indirect, and spatial interdependencies. This
terminology also avoids ambiguity with the functional, logical, and physical architecture layers
used later on in Capella. External interdependencies, referring to dependencies between the
vessel and its operational environment, are acknowledged but fall outside the scope of this
study. The specific systems that depend on one another are discussed in Section 2.4, while this
section focuses on the nature of the interdependencies themselves.

2.2.1. Direct Interdependencies
Direct interdependencies occur when the operation of one system directly depends on another
system. In other words, one system cannot perform its intended function without the support
of another. A typical example is the cooling system of a diesel generator: without sufficient
cooling, the generator overheats and can no longer operate. Identifying these direct interde-
pendencies is therefore essential for developing a functional vessel systems architecture. They
primarily contribute to structural complexity (CT1), as they determine the interfaces and
connections required between systems.

2.2.2. Indirect Interdependencies
Indirect interdependencies arise when one system influences another without being directly
required for its operation. Instead, the interaction occurs through operational constraints or
dependencies elsewhere in the vessel. For example, a failure of the DP system prevents a
heavy-lift crane from performing lifting operations safely, even though the crane itself remains
fully operational. Because these relationships are less explicit than direct interdependencies,
they are more easily overlooked during the design process. Indirect interdependencies mainly
increase decision-making complexity (CT2), as they require designers to consider secondary
effects across multiple systems.
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2.2.3. Spatial Interdependencies
Spatial interdependencies arise from the physical arrangement of systems within the vessel.
They include constraints related to machinery spaces, compartment layouts, cable and piping
routes, accessibility, and maintenance requirements. Since many systems compete for limited
space, their placement directly influences the feasible arrangement of other systems. Conse-
quently, naval architects must balance operational, safety, and accessibility requirements to
achieve an efficient vessel layout [4]. These interdependencies primarily contribute to spatial
complexity (CT3), as they determine how systems can be integrated within the available space.

2.3. System Regulatory and Operational Constraints
In addition to complexity arising from interdependencies between systems, regulatory and
operational constraints further increase overall complexity. System regulatory and operational
constraints affect mainly the decision-making complexity (CT2).

This means that an offshore vessel must, first and foremost, comply with national and inter-
national regulations [28]. Every system has its own requirements that must be met to ensure
that the vessel can be operated safely and does not harm the environment [29].

In addition, the vessel must meet the requirements set by the customer. Customer requirements
also cause an increase in complexity [24]. For example, the type of missions the vessel has to
perform influences the overall systems architecture. This may require a specific DP class, which
in turn affects the regulatory redundancy requirements and thereby increases the overall system
complexity. Similarly, the required number of operational hours before refuelling influences the
amount of fuel and provisions that must be stored on board.

The main complexity driver of the vessel systems architecture in terms of regulatory and opera-
tional constraints is the DP class. DP refers to offshore operations that require high positioning
precision, for which maintaining a stable and stationary platform and a safe operating environ-
ment is essential. The DP class defines the required level of redundancy and fault tolerance
of the vessel systems. Offshore vessels can be equipped with one of three DP classes, namely
DP1, DP2, or DP3, each with increasing redundancy and reliability requirements [29, 30, 31].

DP1: is the most basic class, providing automated position and heading control without manual
intervention. It has no redundancy, meaning that a failure in any critical system can
result in total loss of positioning capability. DP1 is typically suitable only for operations
in low-risk environments. Due to the heavy equipment and harsh conditions encountered
in offshore operations, DP1 is generally not relevant for such vessels.

DP2: offers automated positioning and heading control, combined with sufficient redundancy
to tolerate the failure of any single component without losing positioning capability. For
instance, if one engine fails, the vessel can continue full operation. DP2 is generally
applied in medium-risk operations, such as offshore construction.

DP3: provides the highest level of redundancy. In contrast to DP2, a DP3 system remains
fully operational even after the loss of an entire compartment, such as a complete engine
room, without compromising positioning capability. This level is used for high-risk op-
erations requiring precise coordination, where failure could have severe or catastrophic
consequences, for example on drilling vessels.

Relevant requirements which correspond to the DP classes are listed in Appendix A.
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2.4. Offshore Vessel Systems
An offshore vessel comprises multiple complex systems, each contributing to the overall design
complexity. For vessels, the mission determines the main functions the systems must be able
to perform [28]. In the ESSD phase of offshore vessel design, the main onboard systems of
the vessel systems architecture form the starting point of this phase, shown in Figure 2.1, only
these systems are considered to be within the scope of this study.

The ESSD specific logical architecture used, defined as the electrical key-one-line (E-KOL)
diagram, illustrates the overall architecture of the electrical system. In this configuration, four
engines drive generators that produce electrical power. This power is distributed through two
main switchboards, which supply power to several consumers: frequency converters feeding
electric propulsion motors, and transformers that step down voltage levels for low-voltage
systems and auxiliary equipment.

Figure 2.1: Key-One-Line Diagram of an Offshore Vessel [32]

These systems can be grouped into the following categories based on Ulstein’s Ship Functional
Identification (SFI) document [33] and [34]: mission, thruster, power generation and auxiliary
systems. During the ESSD process based on the defined requirements, the mission systems and
the corresponding thruster systems are selected first [4]. Based on these selections, the power
generation systems are subsequently determined. Finally, the auxiliary systems are chosen, as
they primarily support the operation of the other systems. These high-level systems are highly
interconnected and can be further divided into subsystems, which themselves exhibit inter-
dependencies. Consequently, understanding the behaviour and interactions of these systems
is a critical component of the ESSD phase. An overview of the high-level interdependencies
between these systems is provided in Section 2.5.

Other systems not mentioned here fall outside the scope of this study but must still be consid-
ered in later stages of the ship design process, as they may contribute to overall complexity.

2.4.1. Mission Systems
Mission systems enable the vessel to perform its intended offshore operations. Depending on the
vessel type, these systems include equipment such as cranes, drilling equipment, cable-laying
equipment, and rock installation systems [35].
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Mission systems exhibit both direct and spatial interdependencies. Large mission equipment
requires electrical power, auxiliary services, structural support, and sufficient deck space. For
example, heavy lifting operations require substantial electrical power, affecting both the power
generation and auxiliary systems, while also relying on the DP system to maintain vessel
position. In addition, the large physical footprint of mission equipment places significant
constraints on the vessel layout. Simply increasing the vessel size is often not economically
feasible and may introduce operational limitations, such as restrictions on port depth, beam,
or air draft.

Consequently, mission systems exhibit high structural and spatial complexity. Decision-making
complexity is considered medium, as the overall mission equipment is largely determined by
customer requirements, while naval architects primarily optimise its integration within the
vessel [4].

2.4.2. Thruster Systems
Thruster systems comprise all systems responsible for propelling and manoeuvring the offshore
vessel, including propellers, azimuth thrusters, tunnel thrusters, and shafting arrangements [34].
As shown in Figure 2.1, the example vessel employs stern thrusters, bow thrusters, and azimuth
thrusters.

The primary function of these systems is to generate the forces required for propulsion and DP
[36]. Thruster systems exhibit strong direct interdependencies with both the electrical power
system and the DP control system. The DP controller depends on the available thrusters
to execute positioning commands, while the thrusters rely on the electrical power system for
operation. To satisfy DP redundancy requirements, these direct dependencies are partially
decoupled through redundant power distribution, reducing the impact of single failures while
increasing overall system complexity [4].

As a result, thruster systems exhibit high structural complexity due to their numerous direct
interdependencies, while decision-making and spatial complexity remain moderate because
their configuration and physical arrangement are relatively well defined.

2.4.3. Power Generation Systems
The power generation system is responsible for generating and distributing electrical energy
to all onboard consumers [34]. The vessel’s operational profile strongly influences the required
installed power. Offshore operations typically involve highly variable electrical loads, requiring
a flexible power generation architecture rather than a constant power output [36]. Flexibility
is commonly achieved by installing multiple generator sets that can be operated according to
demand, while battery energy storage systems can further improve operational flexibility by
supplying reserve capacity and absorbing load peaks.

Because virtually every onboard system depends on electrical power, the power generation
system forms the backbone of the vessel systems architecture and therefore exhibits numerous
direct interdependencies [4]. In addition, indirect interdependencies arise through regulatory
requirements such as the selected DP class, which influences redundancy arrangements, engine
room configuration, and overall system architecture. The physical separation required for
higher DP classes also introduces spatial interdependencies.

Consequently, the power generation system exhibits very high decision-making complexity,
high structural complexity, and medium spatial complexity.
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2.4.4. Auxiliary Systems
Auxiliary systems support the operation of the vessel’s primary systems and ensure safe and
reliable operation. These systems include cooling systems, pumps, piping, lubrication systems,
HVAC, fresh water production, waste handling, and heat exchangers [34]. Together, they
provide essential services to the mission, thruster, and power generation systems [28, 37].

Auxiliary systems exhibit all three types of interdependencies. Direct interdependencies arise
because engines and other major equipment require cooling, lubrication, and other auxiliary
services to operate. Indirect interdependencies occur because design decisions elsewhere in the
vessel architecture, such as increasing the number of engines, affect the required cooling capac-
ity, pump sizing, and auxiliary equipment, even though these relationships are not immediately
visible in the high-level system architecture. Finally, spatial interdependencies arise because
pumps, piping, and heat exchangers must be integrated within the limited machinery spaces
while satisfying accessibility, redundancy, and routing constraints [4].

Due to this combination of direct, indirect, and spatial interdependencies, auxiliary systems
are considered the most complex system group. They exhibit very high structural and decision-
making complexity and high spatial complexity.

2.5. System Complexity Overview
Table 2.1 provides an overview of the complexity scores for each system group defined in this
chapter. As shown, the auxiliary and power generation systems are the most complex systems
during the ESSD phase. Additionally, the mission and thruster systems also have high scores,
making them important to consider in the naval architect’s decision-making process when
iterating between different designs.

Table 2.1: Dominant Complexity Types per System Group in ESSD

System group CT1: Structural CT2: Decision-making CT3: Spatial

Auxiliary Systems Very High Very High High
Power Generation Systems Very High High Medium
Mission Systems High Medium High
Thruster Systems High Medium Medium

Figure 2.2 shows an overview of the interdependencies between the high-level systems of an
offshore vessel. Note that these interdependencies can vary depending on the type of offshore
vessel. For instance, the mission systems of heavy lift crane vessels have a much greater
influence on the other systems due to their very large lifting capacities, compared to, for
example, an offshore support vessel. The core idea remains unchanged: the auxiliary and
power generation systems are the primary complexity drivers and should be addressed first
during the ESSD phase.

2.4.2
Thruster
Systems

2.4.4
Auxiliary
Systems

2.4.3
Electrical Power

Systems

2.4.1
Mission
Systems Direct Indirect Spatial

Figure 2.2: Offshore Vessel Systems Interdependencies Overview



Chapter 3
Benefits and Challenges of Adopting

MBSE

This chapter addresses RQ2, examining the key benefits and challenges of applying MBSE in
the ESSD phase. First, Section 3.1 and Section 3.2 outline the principles of systems engineering
and the current ship design practices, as well as their limitations. Next, Section 3.3 explores
the advantages of adopting MBSE in ESSD compared to the traditional Design Spiral and
DBSE. Finally, Section 3.4 discusses the main challenges involved in implementing MBSE. An
overview of these benefits and challenges is presented in Section 3.5.

3.1. Systems Engineering
Before exploring the current systems engineering approach and potential future MBSE meth-
ods, it is important to understand the fundamentals of Systems Engineering (SE).

As engineering projects such as shipbuilding became increasingly complex [6], collaboration
between multiple stakeholders became necessary, with each stakeholder aiming to optimise
their own interests. In such complex projects, optimising individual components does not
necessarily result in an optimal overall design [38]. This is largely due to interdependencies
between system components, where even small changes can produce significant effects on the
overall system. Consequently, the ideal solution is often not known in advance [39, 40].

A more structured approach was needed to manage the complexity of ship design projects
involving numerous components. This need gave rise to Systems Engineering. SE is a process-
oriented methodology that focuses on balancing the interests of all stakeholders. Instead of
optimising individual components, SE aims to achieve a design that satisfies all stakeholders
requirements by providing guidance throughout the design process. This improves stakeholders
understanding of the project and clarifies the ultimate goal, which is delivering a vessel that
meets the defined requirements, performance objectives, and operational needs [40, 41].

Stakeholders in SE include all groups with direct influence on or interest in the project. These
typically include customers, who define requirements and request the end-product that fulfils
all stakeholder requirements, engineers, who optimise their specialised components, regulatory
bodies, who are responsible for verifying that the vessel complies with applicable standards,
and management, who ensure the project remains economically feasible and on schedule.

10
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SE plays a leading role in early project stages by defining system boundaries, defining and
allocating requirements, evaluating design trade-offs, reducing risks associated with identifying
interdependencies, and providing a structured approach to verification and validation [10].
While SE introduces additional effort, it is crucial for complex ship design projects because
errors made later are more costly to fix than the upfront investment in systems engineering
[6]. Figure 3.1 illustrates the typical life-cycle costs in a design project. Early-phase decisions
determine a significant proportion of total project costs, and revisiting earlier phases later can
lead to substantial rework [10]. Therefore, SE emphasises cost-effective decision-making by
ensuring necessary information is available and selecting safe options that meet requirements,
minimise cost and schedule impact, and reduce risk.

Figure 3.1: Life-Cycle Cost Impacts of Early Phase Decision-Making [42]

3.1.1. V-Model
The SE process can be represented using the V-Model, shown in Figure 3.2. This model com-
bines a top-down and bottom-up approach. The primary purpose of the V-Model is to establish
a clear understanding of the end goal and to verify and validate the design throughout the
development process. Verification ensures that the requirements are satisfied, while validation
confirms that the design effectively meets stakeholder requirements in the intended operational
environment.

The process starts at the top-left by defining the vessel’s purpose as determined by the customer.
Next, the vessel’s functions and requirements are specified, which are then decomposed into
sub-requirements. During the concept phase, iterative exploration of design options occurs,
as it is the most cost-effective time for evaluating alternatives [43]. Moving down the left
side of the V-Model, the design transitions from high-level system definitions to lower-level
subsystems. This allows engineers to handle complexity and focus on their expertise while
maintaining alignment with the overall system [26].

The right side of the V-Model addresses integration and testing. Subsystems are verified against
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requirements and, if necessary, redesigned. As subsystems are integrated, interdependencies
are assessed and tested. This process continues until the complete system meets stakeholder
expectations and satisfies all requirements [10].

Figure 3.2: V-Model Representation of Systems Engineering [44]

3.2. Current Design Practice
As mentioned earlier in Section 1.1, the Design Spiral, which is a document-centric approach,
is traditionally used in the ESSD phase. In addition, traditional systems engineering relies
on Document-Based Systems Engineering (DBSE) [6]. The main difference is that the De-
sign Spiral focuses more on iteratively developing the vessel concept by progressively refining
the design, whereas DBSE focuses on capturing, dividing, and subsequently integrating the
systems architecture. In a typical ship design project, multiple stakeholders collaborate simul-
taneously. Each stakeholder contributes their own expertise while working in parallel with
others. Throughout the design phase, information is exchanged through documents, spread-
sheets, and other files. These files not only facilitate communication but also represent the
evolving state of the design and serve as input for subsequent engineering phases. A design
process is considered document-based when every activity ultimately results in the creation of
new documents.

Because these files are static [45], they capture only one specific moment in the design pro-
cess. This characteristic causes problems and limits flexibility during design iterations. The
limitations and errors are described in Subsection 3.2.1, which are adapted from [46].
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3.2.1. Limitations and Errors
Communication
A key challenge of document-centric approaches
is that communication between stakeholders re-
lies heavily on document publication, as illus-
trated in Figure 3.3. Stakeholders frequently
have to wait for updated information from oth-
ers, which slows down the design cycle. Addi-
tional visualisations or presentations are typi-
cally created only upon request. Since infor-
mation is spread across multiple documents, it
becomes difficult to locate relevant data [46, 47].
This problem is increased by the complexity of a
vessel’s systems architecture, which is not easily
represented in static formats. When errors oc-
cur in these documents, the time needed to cor-
rect, redistribute, and revalidate information in-
creases even further.

Figure 3.3: DBSE Data-distribution [48]

Interpretation
Each document produced during the project contains a different aspect of the design. Some
information is difficult to capture in text or tables, which can lead to misinterpretations or
ambiguity [46]. Moreover, converting diverse inputs into a uniform notation often increases
documentation time. If mistakes or inconsistencies arise, additional time is required to identify,
clarify, and correct them.

Traceability
With information scattered across numerous documents, identifying interdependencies between
the vessel’s systems becomes challenging. A modification to one part of the design can have
significant consequences elsewhere. Even if these relationships are known, stakeholders must
still wait for updated document releases before they can proceed. If a stakeholder updates
something that affects system requirements, other documents may become outdated immedi-
ately [46]. When such inconsistencies or errors appear, resolving them requires extra effort and
extends the overall design timeline.

3.3. Benefits of MBSE
MBSE provides numerous advantages across the entire design and development lifecycle. By
integrating system information, promoting consistent communication, and supporting auto-
mated analyses, MBSE enhances both the quality and efficiency of engineering activities. The
International Council on Systems Engineering (INCOSE) likewise identified these benefits, not-
ing that MBSE was intended to address the shortcomings of traditional DBSE methods [2, 49].
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Centralised Data
Instead of exchanging documents between
stakeholders, MBSE stores all system data in
one central repository, as illustrated in Fig-
ure 3.4. This ensures that every stakeholder
works with the most up-to-date information, re-
ducing inconsistency errors and preventing the
use of outdated data. Because everyone con-
tributes to and retrieves information from the
same location, the project maintains a single
source of truth [15, 50]. This centralisation also
enables stakeholders to work in parallel without
waiting for each other to release revised docu-
ments, thereby improving overall workflow effi-
ciency [51]. This is especially relevant in ESSD,
where core elements such as the hull design and
the E-KOL are developed simultaneously.

Figure 3.4: MBSE Data-distribution [48]

Standardised Modelling
MBSE uses standardised modelling languages, ensuring that all stakeholders employ consistent
notations and terminology [52]. This uniformity improves the clarity, accuracy, and integration
of system information. It also simplifies collaboration and reporting because all contributors
rely on the same structure, data types, and metrics. Different stakeholders are able to under-
stand each other’s work even if they are not in the same discipline, as they can interpret the
standardised notation, such as a systems diagram. As a result, communication becomes more
transparent and misunderstandings are reduced [45, 50].

Automated Documentation
A major advantage of MBSE is the ability to automatically generate documentation directly
from the model [15]. This eliminates the need to manually create static documents [45], freeing
up time that can instead be used to explore alternative solutions or refine the design. Because
the underlying model is centralised, any design modification becomes immediately visible to
all stakeholders, enabling faster reviews and more efficient iteration cycles [52]. This is par-
ticularly important in the ESSD phase, where multiple design concepts must be evaluated in
quick succession and changes in the key parameters such as length, width, and draught are
automatically updated and analysed.

Integrated Requirements
In MBSE, requirements are embedded directly into the central system model. This integra-
tion allows automatic checking of whether requirements are satisfied. When a requirement is
violated, warnings or error messages identify the source of the issue, greatly improving trace-
ability [15, 50]. For example, when a DP3 redundancy level is required, the MBSE tool, with
requirements linked to the relevant systems, checks whether each system meets them. If a sys-
tem does not satisfy these requirements, the corresponding requirement will trigger a warning.
As the vessel’s system complexity increases, the model captures and documents these changes
consistently across the entire project. This reduces the risk of oversight and supports more
reliable decision-making.
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Improved Decision-Making
Because requirements, constraints, and interdependencies are integrated into the model, MBSE
supports more informed and efficient decision-making. Engineers can easily visualise how
changes in one component affect others and can analyse system behaviour dynamically. This
enables exploration of a wider range of design options and facilitates selection of a more optimal
final solution. Additionally, MBSE supports the development of Decision Support Systems
(DSS), further enhancing accuracy, robustness, flexibility, and time efficiency [52].

Reusability
MBSE tools and models are not limited to a single project. Once the modelling environment
and structure are established, they could be reused for future projects [6, 52]. Only specific
elements such as requirements or constraints may need updating. Because changes propagate
automatically throughout the model, updates become more efficient and consistent for all
stakeholders. Despite the initial setup effort, as seen in Figure 3.5, MBSE leads to long-term
efficiency gains across multiple design cycles.

Figure 3.5: Change of Work Hours Division [53]

3.4. Challenges of MBSE
MBSE holds significant potential to revolutionise ship design, but it is not a silver bullet.
Several challenges need to be addressed before MBSE can be fully leveraged. These challenges
span technical, cultural, and research aspects, as outlined below.

Limited Empirical Evidence
A major challenge of MBSE is that much of its perceived value is based on expectations rather
than empirical evidence. Studies suggest that up to two-thirds of the claimed benefits are
derived from perceived advantages rather than documented practical results [6]. This creates
uncertainty and could potentially lead to an "MBSE bubble", where expectations exceed actual
performance.

Transition to MBSE
Before implementing MBSE in the ESSD phase, a careful transition from traditional DBSE
is required. DBSE relies heavily on previous successful designs and is deeply ingrained in
the ship design culture [15, 51]. This cultural shift can lead to scepticism and resistance
among experienced naval architects, who may be reluctant to fully adopt a new methodology.
Additionally, MBSE may sometimes suggest solutions that contradict an architect’s intuition,
either due to the inherent complexity of system interdependencies or errors in MBSE setup,
which can result in trust issues [15]. Furthermore, a lack of knowledge about MBSE and SE
within the maritime sector can cause confusion and mistakes during adoption [6, 52].
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Complexity
Ship design is inherently multi-disciplinary, and meeting the expectations of all stakeholders
requires significant time, resources, and intensive communication. Setting up an MBSE frame-
work that integrates all interdependencies is particularly challenging due to the highly complex
and intertwined nature of vessels [52].

Platform Limitations
Current MBSE platforms have limitations because they have not yet been widely implemented
in the maritime sector [6]. Companies adopting MBSE early face higher risks due to the lack
of empirical feedback for improvement of the platforms. As a result, quantifying the return on
investment is challenging, and actual benefits may fall short of expectations [51].

Conservatism in the Maritime Sector
The maritime sector is generally conservative in adopting new methodologies, primarily due to
high capital costs and complex design regulations. This conservative culture can slow MBSE
adoption, as stakeholders are cautious about changing well-established design practices without
clear and proven benefits [6].

Methodological Issues
Integrating MBSE with traditional ship design is challenging due to the differences in method-
ology [6]. MBSE employs a different terminology and approach compared to naval architecture,
which can lead to communication difficulties, increase the likelihood of errors, and slow down
adoption [15].

3.5. Summary
Table 3.1 below summarises the benefits from Section 3.3 and the challenges from Section 3.4.
As shown, MBSE has significant potential with numerous benefits. It could transform the way
naval architects approach a ship design problem by providing a more structured methodol-
ogy while allowing greater design flexibility. However, MBSE also presents several challenges
that counterbalance these benefits, with the limited empirical evidence being the most signif-
icant concern. Without sufficient proof, the advantages may remain theoretical. This further
emphasises the need for a thorough study of the effects MBSE has on the ESSD phase.

Table 3.1: Overview of MBSE Benefits and Challenges

Benefits of MBSE Challenges of MBSE

• Centralised Data - Single source of truth,
fewer inconsistencies, parallel workflows.

• Standardised Modelling - Common no-
tation, clearer communication, fewer misun-
derstandings.

• Automated Documentation - Model-
driven documentation, faster updates,
quicker iteration.

• Integrated Requirements - Automatic
requirement checks, strong traceability.

• Improved Decision-Making - Insight
into system dependencies, supports DSS.

• Reusability - Models and structures
reusable across projects.

• Limited Empirical Evidence - Many
benefits perceived rather than proven.

• Transition to MBSE - Cultural resis-
tance, trust issues, lack of awareness.

• Complexity - High integration effort, mul-
tidisciplinary nature.

• Platform Limitations - Limited
maritime-specific maturity, unclear ROI.

• Conservatism - Risk-averse industry, slow
adoption of new methods.

• Methodology Gap - Different terminol-
ogy, communication challenges.



Chapter 4
MBSE Framework Evaluation

This chapter evaluates the available MBSE frameworks for developing a decision-support tool,
in order to address RQ3. First, the trade-off framework is introduced in Section 4.1, where the
criteria for assessing the MBSE frameworks are defined, the scoring scheme is established, and
the threshold limits are presented. Section 4.2 discusses the available MBSE frameworks. Sub-
sequently, each MBSE framework is evaluated against these criteria. The results are presented
in Section 4.3.

4.1. MBSE Framework Selection
To determine which MBSE framework is best suited for the ESSD phase and can support
the integration of a decision support system, it is first necessary to establish the framework
selection criteria. As a prerequisite, the framework should be accessible without restrictive
commercial licensing. This enables the development of a practical proof of concept from which
meaningful conclusions can be drawn.

Furthermore, preference is given to open-source frameworks, as they reduce vendor lock-in, min-
imise dependency on commercial software, enable customisation to the specific requirements
of the ESSD phase, and facilitate faster implementation of new features and improvements. In
addition, the absence of licensing costs makes open-source frameworks particularly attractive
for research and prototype development [54].

4.1.1. Criteria
Based on the defined interdependencies in Chapter 2 and the current limitations in Chapter 3,
the criteria are defined and grouped into two main categories: Decision Support Capabilities
and Workflow Integration. These categories reflect the essential aspects required to support
informed decision-making and efficient design workflows in the ESSD phase.

Decision Support Capabilities Criteria
As the main goal of implementing the MBSE tool is to support naval architects in making
quicker, well-substantiated decisions, having a tool with strong decision support capabilities is
crucial. Criteria in this category assess how effectively the tool enhances insight, comparability,
and analytical depth during the ESSD decision-making process.

D1: Visualisation: The extent to which the tool enables clear visualisation of system archi-
tectures, relationships, performance indicators, and trade-off impacts.
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D2: Traceability: The ability to automatically trace system interdependencies, propagate
changes across the model, and provide warnings when functional, logical, or physical
conflicts arise.

Workflow Integration Criteria
In addition to supporting the decision-making process in the ESSD phase, it is important
that implementing the MBSE framework does not negatively affect the current design process.
The adoption threshold should be low, avoiding additional complexity or radical changes to
established working methods. Criteria in this category assess how well the tool supports
efficient workflow integration, collaboration, and the iterative work typical of the ESSD phase.

W1: Usability: How easily naval architects without MBSE expertise can learn and apply the
tool during iterative ESSD cycles.

W2: Applicability: The range of design stages (e.g., ESSD) for which the tool offers relevant
support.

W3: Interoperability: The extent to which the tool integrates with other design, simulation,
or documentation environments relevant for the ESSD workflow.

W4: Reusability: How easily existing models can be updated, adapted, and reused for new
design projects.

4.1.2. Scoring Scheme
The score for each criterion is calculated as Ni = wi ·Ai, where Ni is the weighted score, wi is
the weight of the criterion, and Ai is the absolute score assigned to the MBSE framework for
that criterion. These weighted scores are then summed, after which the MBSE frameworks are
ranked in descending order. The MBSE framework with the highest total score is identified as
the most suitable option for the MBSE decision-support tool.

Total Score =
∑

Ni = (0.4 ·ADS + 0.6 ·AWI)

where ADS , AWI are the absolute scores for decision support capabilities and workflow inte-
gration, respectively, for each MBSE framework. The weights of the sub-criteria are shown
in Table 4.1. The weighting of the criteria reflects the primary objective of this study, which
is to improve the quality of decision-making during the ESSD phase. Consequently, greater
emphasis is placed on decision support capabilities than on workflow integration.

The decision support capabilities criteria have each assigned an equal weight of 0.20, resulting
in a total weight of 0.40. These sub-criteria directly relate to the ability of an MBSE framework
to support design decisions, which is considered the core functionality of the proposed decision-
support tool. Workflow integration criteria have each assigned a weight of 0.15, resulting
in a total weight of 0.60. Although workflow integration is important for ensuring practical
applicability and usability, it is considered secondary to decision support capabilities. The
underlying assumption is that improvements in decision quality should not come at the expense
of the efficiency of the workflow.
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Table 4.1: Trade-off Criteria with Associated Weights

Criteria Weight
Decision Support Capabilities [0.40]
D1: Visualisation 0.2
D2: Traceability 0.2
Workflow Integration [0.60]
W1: Usability 0.15
W2: Applicability 0.15
W3: Interoperability 0.15
W4: Reusability 0.15

Each MBSE framework is scored on a scale from 1 to 5 for each criterion, with 1 representing
the least desirable outcome and 5 the most favourable.

The scoring for the decision support capabilities criteria was defined as follows:

1. Minimal visualisation, no traceability.
2. Limited visualisation, limited manual traceability.
3. Basic visualisation, partial automatic traceability.
4. Good visualisation, largely automatic traceability, with conflicts often detected.
5. Interactive visualisation, fully integrated automatic traceability with conflict warnings.

The scoring for the workflow integration criteria was defined as follows:

1. Very steep learning curve, not applicable to the ESSD phase, no integration with other
tools, no reusability.

2. Steep learning curve, limited applicability to the ESSD phase, limited integration with
other tools, partly reusable.

3. Moderate learning curve, applicable to the ESSD phase, integration with other tools
possible, reusable with minor adaptations.

4. Small learning curve, excels in the ESSD phase, integrated with other tools, easily mod-
ified and reused.

5. Very user-friendly, excels in the ESSD phase and subsequent phases, fully integrated with
other workflows, flexible modelling, and fully reusable.

4.1.3. Threshold Limits
If any MBSE framework scores 1 in one or more criteria, it is excluded from further consider-
ation, as it does not meet the minimum requirements in that category. For example, a score
of 1 in decision support capabilities indicates that the MBSE framework cannot support even
basic decision-making compared to DBSE, thereby reducing its decision support effectiveness.

Similarly, a score of 1 in workflow integration suggests that the work environment for stake-
holders would be significantly impacted, potentially increasing the time and cost of the ESSD
phase and making the framework less feasible than DBSE.
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4.2. MBSE Framework Candidates
With these criteria established, it is possible to evaluate the available MBSE frameworks. As
visualised by the OMG [55] and the MBSE4U platform [56], a wide range of MBSE frameworks
are available. Table 4.2 presents the MBSE frameworks that are open-source.

Table 4.2: Overview of Open-Source MBSE Frameworks

Languages Methodologies Tool
Arcadia Language Arcadia Capella
LML, SysML v1 LML Lifecycle Methodology Innoslate
ECSS-E-TM-10-25 ECSS Concurrent Engineering COMET
SysML v2 MagicGrid, OOSEM SysON
POOSL POOSL POOSL
SysML v1 MagicGrid, OOSEM, Harmony SE Eclipse Papyrus
SysML v1, BPMN MagicGrid, OOSEM Modelio
SysML v2 MagicGrid, OOSEM SysIDE

These frameworks are built on three fundamental pillars: languages, methodologies, and tools
[6, 7, 8].

To support the evaluation, the most relevant MBSE frameworks identified in Section 4.2 are
briefly described. Since Capella emerged as the most promising candidate during the evaluation
process, it is discussed in detail within this section. The remaining frameworks are described
in Appendix C, as they serve primarily as comparison baselines in the trade-off analysis.

4.2.1. Capella
Capella [57] is an open-source MBSE framework that makes use of the ARCADIA (ARChi-
tecture Analysis and Design Integrated Approach) methodology. In contrast to SysML-based
frameworks, it places greater emphasis on the functional aspects of a system rather than on re-
quirements [58]. Its primary aim is to make users more aware of the consequences and benefits
of design decisions and to facilitate clearer communication of the system architecture.

Capella employs its own language, which is considered easier to understand and more powerful
than SysML [59]. This contributes to its applicability across different domains and enables
more effective user guidance through the tighter, in-house integration of the MBSE framework.
Capella also promotes collaboration throughout the design process [58]. While requirements are
not the central focus, they can be incorporated to define constraints, linked to model elements,
and used for verification and validation of systems and subsystems, thereby supporting the
justification of design decisions and enhancing transparency.

Traceability is strengthened through Capella’s four-layer framework, consisting of: (1) what
users need to accomplish, (2) what the system needs to accomplish, (3) how the system will op-
erate, and (4) how the system will be realised. This layered structure is illustrated in Figure 4.1.
System modelling can be performed using top-down, bottom-up, or iterative frameworks, in
line with the V-model, which improves both traceability and flexibility [58, 60]. In addition,
the semantic browser enables consistency checks across model elements.
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Figure 4.1: Capella Four Layer Framework [57]

Flexibility is further enhanced by the possibility of applying Capella at different levels of a
project. However, the predefined methodology tightly coupled to the tool can also reduce
flexibility. For example, it is not possible to directly allocate a system function to a phys-
ical component without passing through the logical layer. Additionally, the lack of built-in
versioning limits flexibility when working iteratively [14, 60].

Capella offers extensive visualisation capabilities that improve comprehensibility for all in-
volved stakeholders, although these require an initial learning effort. The use of homogeneous
colour schemes enhances diagram readability and coherence, while filters and chain highlight-
ing support the tracking of subsystems and components. A drawback of these detailed visual
diagrams is that restructuring models can be time-consuming [60]. Finally, [14] concludes
that Capella performs particularly well in the ESSD phase, making it a suitable candidate for
application in this study.

4.3. Trade-off Conclusion
Based on the defined criteria and the framework descriptions provided in this chapter (with
additional details in Appendix C), each MBSE framework was evaluated using the scoring
scheme introduced in Section 4.1.

After evaluating all MBSE frameworks, Capella was identified as the most suitable framework
for supporting the ESSD decision-support tool, achieving the highest overall score across the
defined criteria. The results of the trade-off analysis are presented in Section C.8.



Chapter 5
Decision Support System

This chapter addresses the integration of a Decision Support System (DSS) within the MBSE
framework in the ESSD phase, in order to answer RQ4. The DSS is particularly relevant
for supporting decisions under conditions of high system interdependencies and regulatory
constraints, where design choices in one system affect multiple other systems. First, Section 5.1
briefly explains the general decision-making process. Next, Section 5.2 discusses the different
DSS methods. Once the process and methods are clearly defined, Section 5.3 goes over the
benefits and Section 5.4 elaborates on the tool requirements, the capabilities, and the overall
architecture that could support the naval architect. Finally, Section 5.5 concludes the key
findings and design considerations presented in this chapter.

5.1. Decision-Making Process
Before discussing DSS, it is first necessary to understand the general decision-making process
of a naval architect. Figure 5.1 illustrates the three main stages of decision-making [61]. First,
the problem that needs to be solved is identified and formulated, and possible alternatives
are generated. The potential solutions are evaluated based on these alternatives. As the
ESSD phase involves multiple conflicting criteria, the use of a Multi-Criteria Decision-Making
(MCDM) approach within the DSS is common during this phase [62]. Finally, from the per-
spective of the naval architect, the most suitable solution or the one with the lowest perceived
risk or negative impact is selected. The DSS fits primarily within the evaluation step of the
decision-making process and, depending on its capabilities, partly within the framing step. In
this role, the DSS supports the decision-making process, rather than altering the underlying
process itself.

Figure 5.1: Decision-Making Process [61]
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Decisions can generally be divided into two categories, namely programmed and non-programmed
decisions [61]. Programmed decisions are automated decisions that follow predefined rules and
principles and do not require human intervention. In this case, the decision-making process
is fully executed by the computer. These decisions are most commonly applied at the lower
system levels. Non-programmed decisions are unique decisions that rely on the expertise, ex-
perience, and judgement of the naval architect. These decisions typically occur at the higher
system levels [61].

For naval architects, it would be beneficial to have a DSS that supports decision-making across
hierarchical system levels, while enabling automated decisions at the component level. For
example, the required diameter of cooling water pipes could be automatically determined
based on the selected pumps and the system that requires cooling.

5.2. Decision Support Methods
In addition to understanding the general decision-making process of a naval architect, it is
also necessary to identify which methods can be applied within a DSS. Figure 5.2 presents the
different DSS methods as defined by [63]. As shown, these methods can be grouped into three
main classes, namely model-focussed, data-focussed, and knowledge-focussed decision support
systems.

Model-focussed relies on mathematical models and algorithms to support the analysis of
available data. These models provide insight into possible design options and help evaluate
different scenarios. This approach often includes simulations and analytical tools that test
variables, explore scenarios, and identify optimised outcomes [64, 65, 66]. For example, naval
architects can adjust input parameters and evaluate the impact on the performance outputs.
This approach allows rapid scenario testing and informed decision-making based on quantita-
tive data.

Data-focussed is suited to projects that produce large data sets. This approach helps naval
architects by storing data in a structured format and enabling thorough analysis. The processed
data can be used in reporting and visualisation, for example through graphs or other analytical
outputs [64, 65, 66]. For example, a DSS can collect and analyse current data from operational
vessels to identify performance trends, inefficiencies, or areas for improvement, providing naval
architects with a clear overview of potential shortcomings and supporting data-driven decisions.

Knowledge-focussed also known as expert-driven decision-making supports the provision
of factual and specialised guidance. This includes established procedures throughout all phases
of a project as well as relevant legislation. It also stores findings and recommendations from
previous projects, which allows users to benefit from accumulated organisational knowledge
[64, 65, 66]. For example, conclusions from previous projects can be stored in the DSS, so
could the finding that a vessel with a certain number of engines performs optimally with a
specific pump redundancy layout. For future projects, the system can then recommend the
most suitable layout by pre-loading proven system configurations, allowing designers to benefit
from accumulated organisational knowledge.
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Figure 5.2: Decision Support Systems Classification [63]

Choosing a single DSS classification is not mandatory. To benefit from the strengths of multiple
classes, a compound oriented DSS is the most suitable option, as it combines the characteristics
of the three DSS types. This combined approach can also be referred to as a model-driven
DSS [67] or MBSE-DSS.

5.3. Benefits and Challenges
With the integration of MBSE into ESSD, the potential of integrating a DSS within MBSE
becomes particularly relevant. However, before developing a DSS, it is crucial to understand
the expected benefits in order to achieve its full potential. Due to the supportive and suggestive
nature of a DSS, a lack of understanding of its advantages increases the likelihood that it will
be neglected or underutilised [61]. An overview of some important benefits and challenges of
DSS are presented in Table 5.1, based on [3, 61, 64, 65, 68]. As seen, the challenges are partly
comparable to those of MBSE, as the DSS is intended to operate in conjunction with MBSE
and is likewise perceived as a new technology.

Table 5.1: Overview of DSS Benefits and Challenges

Benefits of DSS Challenges of DSS

• Better Informed Decisions Provides struc-
tured and meaningful information and presents
multiple perspectives on complex problems.

• Faster Problem Solving Enables quicker re-
sponses to evolving requirements, reducing time
and cost.

• Configuration Exploration Allows evalua-
tion of a larger set of design alternatives, trade
off analyses, and scenario simulations.

• Manage Complexity A DSS helps naval
architects to gain a clearer understanding of
the complex system resulting from system con-
straints and interdependencies.

• Reliability Risk that naval architects rely
on the DSS as a decision maker instead of a
decision-support tool.

• Information Overload Information overload
due to a large number of configurations.

• Transition to DSS Cultural resistance, lim-
ited trust, and lack of awareness.

• Conservatism Slow adoption of new methods
and tools.
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5.4. DSS Design Specifications
As stated by [67], identifying an existing decision model for a DSS is extremely rare and, even
when a model has already been developed, it generally requires substantial adaptation for a
specific implementation. Therefore, in most cases it is necessary to develop a DSS from scratch.

5.4.1. DSS Requirements
When developing the MBSE-DSS it is necessary to satisfy a number of standard requirements
in order to provide naval architects with useful and high-quality decision support suggestions.
The requirements defined by [67] should be met to achieve this objective. These requirements
are known as the 5C-requirements and are listed below.

• Completeness: All relevant aspects of the decision are considered, and the information
covers all possible inputs or scenarios.

• Comprehensibility: The information is presented in a clear and understandable way
for the user.

• Consistency: The information is logically coherent and free from contradictions in
reasoning or preferences.

• Convenience: The information is easy to access, provided at the right time, and appro-
priate for both the task and the user.

• Correctness: The information is accurate and valid, and directly supports the decision
that needs to be made.

5.4.2. DSS Functionalities
The decision support functionalities listed in Table 5.2 are considered valuable for enhancing the
exploration activities of naval architects during the ESSD phase and will be further investigated
in the upcoming case study. These functionalities were derived from the complexity factors
identified in Chapter 2, the current limitations described in Chapter 3, and consultations with
naval architect experts [4]. The main goal of these functionalities is to improve traceability of
system interdependencies and design decisions, while effectively managing project constraints.

Table 5.2: Classification of decision support functionalities developed for this study in collaboration with
Ulstein Design & Solutions B.V., tailored to the ESSD phase.

DSS Type Decision Support Functionalities

Model What-if scenarios simulation
Visual representation of design conflicts and constraint violations
Detection of constraint violations
Visualisation of design choices
Support for risk analysis using models
Support for multi-criteria decision analysis (MCDA)

Knowledge Automated checking of requirements
Integration of regulatory and class requirements
Traceability of design choices
Support for suggesting system layouts
Support for risk assessment guidelines
Support for collaborative decision-making

Data + Model Visual representation of system architectures
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DSS Type Decision Support Functionalities

Visual representation of interdependencies between systems
Automated comparison of configurations

Data + Knowledge Pre-loading of standard configurations
Pre-loading of standard equipment

5.4.3. DSS Architecture
Lastly, for the development of the MBSE-
DSS, the general architecture needs to be
clearly defined. Figure 5.3 presents the
main components of a generic DSS archi-
tecture [69]. In this figure, the DSS is vi-
sualised by the light-grey box and consists
of the Graphical User Interface (GUI), the
Problem-Processing System (PPS), and the
Knowledge System (KS).

Figure 5.3: DSS Components adapted
from [69]

Graphical User Interface
The Graphical User Interface (GUI) is the component of the DSS that enables interaction
between the naval architect and the tool. This interaction is realised through visualisations
such as diagrams, as well as through buttons, windows, and menus. The primary objective
of the GUI is to provide a user-friendly and intuitive interaction environment, rather than
requiring users to interact directly through code [62, 70]. Each DSS has a GUI tailored to
the needs of the intended stakeholders. For an MBSE-DSS in the ESSD phase, the GUI
should specifically support decision-making related to the main systems of the vessel systems
architecture.

Problem-Processing System
The Problem-Processing System (PPS) functions as the intermediary between the GUI and
the KS. Its main role is to transform raw data into meaningful and usable information without
overwhelming the naval architect [62]. Within this component, MBSE models, external mod-
els, and the previously defined decision-support functionalities are implemented. The PPS is
therefore responsible for analysing information, executing models, and generating suggestions
that support the decision-making process during ESSD.

Knowledge System
The Knowledge System (KS) manages both internal and external knowledge on which the
DSS relies to support decisions [62]. In the context of an MBSE-DSS, the KS consists of a
combination of data modelling and expert modelling. Data modelling involves analysing past
projects and decisions to identify patterns or regularities, which can then be used to suggest
possible system configurations. Expert modelling captures the experience and knowledge of
naval architects and embeds this expertise within the DSS. This knowledge is typically repre-
sented using models such as decision trees, multi-criteria decision models, Bayesian networks,
and similar techniques [67].
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5.5. Conclusion
The analysis presented in this chapter indicates that an MBSE-based DSS could enhance the
ability of naval architects to identify system interdependencies and evaluate design trade-offs
across vessel configurations. By integrating model-focussed, data-focussed, and knowledge-
focussed functionalities, such a DSS enables both automated analysis of lower level decisions
and informed guidance at higher system levels.

With the considered DSS functionalities, focusing on what-if scenario simulations, visualisa-
tion of design conflicts and interdependencies, and requirements checking, directly facilitate the
recognition of how changes in one system affect others. Combined with a structured architec-
ture, the DSS could provide a transparent and interactive environment for exploring multiple
design alternatives while respecting project constraints and regulatory requirements.

Overall, the findings suggest that an MBSE-DSS could serve as a tool for supporting complex
design decisions in the ESSD phase, improving both efficiency and the quality of outcomes
through systematic consideration of interdependencies and informed trade-off analyses.



Chapter 6
Methodology

To set up the MBSE-DSS and answer RQ5, a processing pipeline was developed based on the
proposed methodology, consisting of four main stages. First, the cooling system is modelled
in Capella, as described in Section 6.1. Based on this model, data is extracted from Capella
to obtain the required system representation, which is detailed in Section 6.2. Subsequently, a
design space is generated in which pump room configurations are systematically constructed,
including different pump and room arrangements, as explained in Section 6.3. Finally, each con-
figuration is evaluated and ranked using the scoring model introduced in Section 6.4, enabling
comparison of alternative designs within the generated design space.

6.1 Capella Cooling
System Modelling

- MBSE decomposition
- Cooling system defined as Sys-
tem of Interest

6.2 Data Extrac-
tion from Capella

- Extraction of system require-
ments and properties
- System topology, loads, and
dependencies

6.3 Design Space
Generation

- Pump room & cluster layout
generation
- Load distribution
- Combinatorial pump configu-
ration generation

6.4 Configuration
Scoring and Ranking

- Cost estimation
- Risk calculation
- Pareto ranking

Figure 6.1: Overview of the processing pipeline for cooling water system configuration generation and
evaluation.

After applying the DSS, a verification study is performed in Appendix G using a Monte Carlo
analysis to assess whether the model behaves as intended and responds consistently to varia-
tions in input parameters.

The cooling system is selected as a representative case for the MBSE-DSS because it exhibits
strong interactions between cost, redundancy, and system reliability, while also being directly
linked to DP performance. These characteristics make it suitable for evaluating how design de-
cisions propagate through system architecture and affect multiple competing objectives, which
is central to answering RQ5.

To systematically generate alternative cooling system architectures, the MBSE-DSS represents
the system using two hierarchical modelling concepts. These concepts form the basis for the
design space generation and subsequent evaluation of alternative configurations. Therefore,
the terms pump room and cluster are defined before describing the generation process in more
detail.

28
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Definition of Pump Rooms and Clusters
Within the proposed framework, the cooling system architecture is represented using two hier-
archical levels: pump rooms and clusters. This abstraction enables systematic generation and
evaluation of design configurations independent of a specific vessel layout.

A pump room represents a physical compartment within the vessel that contains one or multiple
cooling system functions and their associated equipment. It defines the spatial grouping level
at which compartment-based failure scenarios are evaluated in the risk model.

Within the proposed MBSE-DSS, each pump room consists of clusters. A cluster is defined
as a functional subsystem consisting of components connected in series that together form an
independent cooling circuit. Clusters therefore represent the lowest level at which redundancy
and functional performance are evaluated.

Figure 6.2 provides a conceptual illustration of this decomposition. The example highlights
how multiple clusters can coexist within a single pump room (highlighted in the red box), where
each cluster corresponds to a distinct functional cooling path (genset, thruster, auxiliary, or
mission-related cooling). The colouring is used solely for visual separation of clusters.
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Figure 6.2: Conceptual illustration of pump room and cluster decomposition within the proposed modelling
framework [4].
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6.1. Capella Cooling System Modelling
Before introducing the DSS, the cooling system is first modelled using an MBSE approach
in Capella [57]. Each architectural layer builds upon the previous one, ensuring traceability
from operational architecture (OA) to system architecture (SA), logical architecture (LA),
and finally physical architecture (PA), as described by Sideris [14] and in Subsection 4.2.1.
Each phase is summarised by its blank diagram. By following the Capella methodology, a
structured and traceable system model is created that forms the foundation for the DSS. This
ensures consistency between stakeholder needs, system functions, and physical realisations,
while enabling the systematic evaluation of design alternatives.

In this research context, an offshore vessel is initially considered as the System of Interest (SoI).
By applying the transition add-on in Capella (see Figure 6.3), the system is progressively
decomposed into lower-level subsystems through a refinement process, consistent with the
MBSE system hierarchy.

Within this decomposition, the SoI is not considered static, but is redefined at each modelling
level. At the highest level, the vessel is treated as the SoI, while at lower abstraction levels the
focus shifts to subsystems of increasing detail. At the lowest relevant level for this research,
the cooling system becomes the SoI, as it represents the subsystem under investigation for
configuration generation and analysis.

Due to the scope of this research, the intermediate transition steps are omitted, and only the
final stage, where the cooling system is treated as the SoI, is explicitly modelled. This does
not imply that the other system levels are ignored in the design process, but rather that they
are considered part of the underlying MBSE decomposition performed within Capella and are
therefore not repeated in detail in this work.

Figure 6.3: Capella Transition Add-on workflow illustrating the transition of system-level elements to
subsystem models across the OA, SA, LA, and PA layers. [71]
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The modelling process begins with the Operational Architecture Blank (OAB) diagram, shown
in Figure 6.4. This diagram captures the operational context by describing what stakeholders
expect to achieve with the system. At this stage, only external systems interacting with the SoI
are considered. These include the thruster system, power generation system, mission systems,
and auxiliary systems. Additionally, seawater is treated as an external system, as it serves as
the cooling medium for the seawater cooling loop. The cooling system itself is not yet explicitly
defined in this phase.

Figure 6.4: OAB Cooling System

Subsequently, the System Architecture Blank (SAB) diagram is developed (see Figure 6.5).
This phase focuses on defining what the system must do to fulfil stakeholder needs. The
cooling system is introduced as a functional system, and interactions between systems are
further decomposed into more detail. At this stage, the seawater system becomes part of the
cooling loop, reflecting its functional integration.

Next, the Logical Architecture Blank (LAB) diagram (see Figure 6.6) is constructed, describ-
ing how the system should operate. In this phase, the system is decomposed into logical
components, and internal functional relationships are defined in greater detail.

Finally, Figure 6.7 presents the Physical Architecture Blank (PAB) diagram of a standard
offshore vessel. This phase describes how the system is physically realised, including the
allocation of components to physical locations. The PAB serves as the primary input for
the Python4Capella add-on, which is used to generate and evaluate the top cooling system
configurations for this vessel type.
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Figure 6.5: SAB Cooling System
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Figure 6.6: LAB Cooling System
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Figure 6.7: PAB Cooling System
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6.2. Data Extraction from Capella
The data extraction process forms the first step of the evaluation model and is responsible for
converting the system architecture defined in Capella into a structured dataset suitable for
quantitative analysis. Using the Python4Capella (P4C) API, the script accesses the Physical
Architecture Blank (PAB) diagram of the offshore vessel cooling system and converts the model
into usable datasets.

6.2.1. Extraction Methodology
The extracted data from the PAB (Figure 6.7), as described in Section 6.1, consists of two main
categories: requirement elements and property value groups. In the Capella diagram visualisa-
tion shown, the property value groups are displayed as grey boxes linked to the corresponding
physical components, while the requirement elements are shown as purple boxes representing
system-level requirements at ship level. Together, they define both system constraints and
quantitative system characteristics.

The property values represent a structured abstraction of an underlying electrical power sys-
tem architecture. They are not arbitrarily defined, but originate from a preliminary E-KOL
diagram that ensures a consistent power balance between generation, distribution, and con-
sumers. In this sense, the PAB acts as a higher-level system architecture template derived
from the electrical design baseline, from which configuration-relevant parameters are extracted
for further system-level analysis.

This electrical baseline is constructed such that installed generation capacity and consumer
demand are balanced under design operating conditions, including DP operation. The DP re-
quirement therefore indirectly governs the sizing and distribution of major electrical consumers,
while the PAB captures the resulting architectural configuration.

The requirement elements are used to determine high-level system constraints set by the cus-
tomers, including the DP class of the vessel. Based on the requirement definitions in the model,
the system is classified as DP1, DP2, or DP3.

All extracted data is exported into a structured JSON file serving as the primary machine-
readable input for the decision-support workflow. An example of this JSON is shown in
Appendix D.

6.3. Design Space Generation
Based on the data extracted (Section 6.2) from the Capella model, the design space exploration
is constructed in the P4C API. This process is divided into two main steps: pump room load-
layout generation 6.3.1 and pump configuration generation 6.3.2.

The first step in the evaluation framework focuses on generating the design space of possible
cooling system architectures. This is achieved by transforming the extracted system data into
a set of feasible physical configurations.

Following the generation of pump room load-layout, each configuration is further expanded into
a detailed pump configuration space. This step defines the sizing and redundancy of cooling
equipment for each cluster and pump room.
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6.3.1. Pump Room Load-Layout
The pump room load-layout phase explores combinations of layout parameters while enforcing
system and regulatory constraints. This process consists of three substeps, which are further
detailed below:

• 6.3.1.1 Configuration design generation constraints
• 6.3.1.2 Definition of the number and type of pump rooms
• 6.3.1.3 Spatial distribution of system loads (thrusters, gensets, mission systems, battery

energy storage system (BESS), auxiliary systems)

6.3.1.1. Configuration Design Generation Constraints
Before exploring all possible pump room load-layout configurations, the generation process is
first constrained to ensure that only viable options are produced. To reduce computational
complexity and eliminate infeasible solutions, a set of design rules is applied during the clus-
tering process. These rules were derived through discussions with Ulstein and reflect practical
design knowledge and industry experience regarding feasible cooling system arrangements [4].
In this sense, the configuration generation process follows a knowledge-based decision-support
approach, where expert knowledge is embedded within the design space exploration.

Each rule is defined both conceptually and through a formal feasibility condition to ensure
reproducibility.

• Separation of critical subsystems

This rule ensures that critical electrical subsystems are not combined in a way that would
violate redundancy requirements. For example, combining different genset switchboard
groups within a single cluster would result in a single-point-failure scenario leading to a
total loss of power.

Formal feasibility condition:

A cluster C is infeasible if any of the following co-occurrences is present:

{mission, thruster} ⊆ C or {genset,mission} ⊆ C or {genset, thruster} ⊆ C

Additionally, genset switchboard groups must not be merged across clusters (handled
separately in the SWB allocation rule).

• Maximum number of system loads per cluster

This rule limits the number of mission systems and thrusters assigned to a single cluster
to reduce the impact of a cluster failure on vessel performance and redundancy. Although
higher limits are technically possible, they are not considered in the baseline case, as they
would both reduce system redundancy and significantly increase the computational effort
required to explore the design space.

Formal feasibility condition:

nmission(C) ≤ 1, nthruster(C) ≤ 2

• Exclusion of incompatible load combinations

This rule prevents physically and operationally infeasible combinations, such as coupling
systems with vastly different cooling demands within the same cooling circuit.

Formal feasibility condition:
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A cluster C is infeasible if:

{genset, thruster} ⊆ C or {genset, aux} ⊆ C

• Pump room quantity constraints

This rule prevents the generation of too few stern and bow pump rooms when DP3
compliance is required. This is necessary to ensure adequate separation for compartment-
failure scenarios, ensuring that in the event of a stern or bow pump room failure, thrusters
in other locations remain operational and can still provide DP capability.

The maximum number of pump rooms is not derived from an explicit geometric optimisa-
tion within the model, but is instead defined by the naval architect based on a qualitative
assessment of the remaining available layout space in the vessel. This reflects the early-
stage design context, where exact spatial allocation is not yet fixed but constrained by
practical design experience. For example, in the case study presented in Section 7.2, a
configuration containing nine pump rooms would be challenging to accommodate and
would introduce considerable design complexity.

Formal feasibility conditions:

DP3 minimum requirement:
Nbow ≥ 2, Nstern ≥ 2

Maximum bounds (design input):

Nbow ≤ Nmax
bow , Nstern ≤ Nmax

stern

A configuration is accepted if all rules are satisfied.

6.3.1.2. Definition of the number and type of pump rooms
With the design constraints defined, pump rooms are generated by systematically combining
engine room configurations, thruster capacity limits, and spatial thruster distributions.

The generation procedure considers three main inputs:

• Engine room locations
• Thruster positions (bow, stern, midship)
• Maximum number of thrusters per pump room

At this stage, only the pump room topology is defined (the number, type, and location of pump
rooms). System loads are assigned in a subsequent step.

First, different configurations for the number of pump rooms associated with engine rooms are
generated. Let NER denote the number of engine rooms. The number of corresponding pump
rooms is varied as:

NPR,ER ∈ {1, 2, . . . , NER} (6.1)

For each value of NPR,ER, pump rooms are created and assigned to the engine room locations
defined in the input model. This allows both combined and separated configurations of gensets
to be considered within the design space.

Engine rooms are regarded as co-located when they share the same location label (bow, stern,
or midship) in the input data. Since the number of engine room pump rooms is varied inde-
pendently of these locations, both merged and distributed configurations for co-located engine
rooms are inherently included.
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Next, thrusters are grouped according to their spatial position:

T = Tbow ∪ Tstern ∪ Tmid (6.2)

For each location l, the number of thrusters nl is determined. The maximum number of
thrusters that can be assigned to a single pump room at that location, denoted as kl, is then
varied over all feasible values:

kl ∈ {1, 2, . . . , nl} (6.3)

This range may be further restricted by a user-defined upper bound Nmax
l reflecting spatial

design limitations:
kl ≤ Nmax

l (6.4)

For each selected value of kl, the number of pump rooms required at location l is determined
using:

NPR,l =

⌈
nl

kl

⌉
(6.5)

Separate pump rooms are subsequently created for each location (bow, stern, midship) based
on this relation. Through the combined variation of NPR,l and kl, a comprehensive set of
feasible pump room configurations is generated, which forms the basis for the subsequent load
allocation and clustering process.

6.3.1.3. Spatial distribution of system loads
Once the pump room topology has been defined, system loads are allocated to the available
pump rooms. The following load categories are considered:

• Thrusters (tunnel, propulsion, retractable, azimuth)
• Gensets (linked to engine rooms)
• Mission systems
• Auxiliary systems
• BESS systems

Thrusters are first grouped based on their spatial location (bow, stern, midship) and their
SWB connection. Only pump rooms located at the same spatial position are considered valid
candidates. Within each location, thrusters are sorted based on their switchboard connection
and assigned iteratively to pump rooms until the maximum number of thrusters per room is
reached. If multiple pump rooms exist at a given location, thrusters are distributed in a cyclic
manner across these rooms. This ensures that the predefined capacity per pump room is not
exceeded and that thrusters are distributed as evenly as possible across the available rooms.

Gensets are assigned exclusively to pump rooms associated with engine rooms. Let NPR,ER

denote the number of engine room pump rooms. If NPR,ER = 1, all gensets are assigned to
a single pump room. If NPR,ER > 1, gensets are grouped based on their main switchboard
connection and distributed across engine room pump rooms such that gensets connected to
different switchboards are separated. This ensures that electrically independent subsystems
are not co-located, thereby avoiding single-point failures ranging across multiple redundancy
groups.

Mission systems are allocated based on predefined location inputs provided in the system model.
For each mission system, only pump rooms at the specified location are considered. If multiple
candidate pump rooms are available, preference is given to pump rooms that already contain
a thruster connected to the same switchboard. If no such match exists, the mission system is
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assigned to the first available pump room at the required location. This ensures that mission
systems are placed in physically feasible locations and remain electrically compatible with the
surrounding systems.

Auxiliary loads are assigned based on the number of thrusters present in each pump room:

Naux,room = Nthrusters,room (6.6)

This implies that each thruster introduces one auxiliary load, reflecting the modelling assump-
tion that every thruster requires a dedicated auxiliary cooling demand within the same pump
room.

Finally, BESS loads are assigned based on both spatial location and switchboard connection.
For each BESS unit, pump rooms at the corresponding location are considered. If a matching
pump room is found that contains a thruster with the same switchboard connection, the BESS
is assigned to that room. Otherwise, the BESS is assigned to the first available pump room at
the required location. In the final configuration, auxiliary and BESS loads connected to the
same switchboard may be merged into a single combined auxiliary-BESS load, representing
shared cooling functionality.

6.3.2. Pump Configurations
For each pump room load-layout, multiple pump configurations are generated by varying:

• Number of cooling pumps (FW and SW systems)
• Number of plate heat exchanger units (PHE)
• Number of backups

Each configuration represents a unique combination of equipment sizing strategies, defined by
variations in the number of duty and backup FW, SW, and PHE units. Duty units refer to the
actively operating components required to meet the nominal cooling demand, while backup
units are redundant components installed to ensure system availability in case of failure or
maintenance of duty units. It is assumed that the duty units collectively provide 100% of
the required cooling capacity under normal operating conditions per cluster. Furthermore,
each backup unit is assumed to be identical in capacity to a duty unit, providing a one-to-one
redundant replacement rather than additional cooling capacity.

Cluster-Based Equipment Sizing
For each cluster, the required number of cooling units is determined based on the cluster load:

NFW,i = ⌊fFW,i ·Xcluster⌋ (6.7)

where:

• Xcluster = number of loads in the cluster
• fFW,duty = scaling factor = [0.5, 1.0, 1.5]
• fFW,backup = scaling factor = [0.0, 0.5, 1.0]

To reduce the number of configurations and remove unrealistic solutions, constraints are in-
troduced based on domain knowledge from Ulstein and general reliability considerations in
redundant pump systems, shown below [4]. When the backup factor is 0.0, configurations with
a duty scaling factor of 1.5 are excluded, since increasing the number of active pumps without
redundancy increases the probability of system-level failure. Conversely, the number of backup
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units is limited to a maximum of twice the number of duty units, preventing unrealistic levels
of redundancy and overly engineered designs.

fFW,backup = 0 → fFW,duty ̸= 1.5

NFW,backup ≤ 2 ·NFW,duty

Similarly, for each cluster the seawater and plate heat exchanger equipment options are ex-
plored:

NSW ∈ {1, 2} NSW,backup ∈ {0, 1, 2}
NPHE ∈ {1} NPHE,backup ∈ {0, 1}

Because of the low failure probability of the PHE subsystem, as shown in Figure F.2, increas-
ing the number of PHE units has only a limited influence on the expected DP performance.
Therefore, a reduced number of configuration options is considered for the PHE subsystem in
the current implementation. However, this simplification is not fixed and can be adjusted if
future analysis or updated reliability data indicate a higher impact on system availability.

Special Configurations
Certain cluster types follow predefined rules. These rules are not strictly fixed and may be
adjusted based on naval architectural constraints or customer preferences. Such adjustments
do not affect the integrity of the DSS, as the underlying cost and sizing models remain modular
and independent of these configuration rules.

• Genset clusters: each genset has always one freshwater duty pump and backup pump,
as these systems are integrated into each other.

• Mission clusters: each mission system has one duty and backup to provide for redun-
dancy reliability and reduce amount of computations.

Configuration Space Exploration
The pump system design space is generated by combining possible configurations of different
FW, SW and PHE strategies. Each configuration represents a unique combination of duty
and backup assignments for a selected set of system elements. The full configuration space is
defined as:

Cpump =
∏
t∈T

Ot (6.8)

where:

• T = set of cluster categories
• Ot = possible configurations for category t

This means that for each element in T , multiple operating strategies are defined, and all
combinations across these elements are evaluated. Each resulting configuration corresponds to
a specific combination of duty and backup units across the cooling system.

The definition of the set T determines the level of detail of the design space exploration.
Different configuration modes are introduced to control the size of the design space and the
associated computational effort:

• System load mode: In this mode, operational strategies are defined per load category:

T = {thruster, genset,mission}
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This means that all thrusters share the same duty/backup strategy, and no distinction
is made between locations or types. This results in a limited number of configurations
(1,152), but provides only coarse resolution of the design space.

• Location mode: In this mode, thrusters are grouped by spatial location:

T = {stern, bow, genset,mission}

This allows different operational strategies to be assigned to bow and stern thrusters, in-
troducing spatial differentiation while keeping the problem computationally manageable.
For the case study, this results in 110,592 configurations.

• Thruster type mode: In this mode, thrusters are distinguished by type:

T = {propulsion, tunnel, retractable, genset,mission}

or, if azipods are included:

T = {propulsion, tunnel, retractable, azipod, genset,mission}

This results in a highly detailed exploration where each thruster type can have a distinct
operational strategy, leading to up to 1.0× 107 and 1.0× 109 configurations. While this
provides a high level of detail, the computational effort increases significantly.

• Cluster mode: In this mode, operational strategies are assigned at the cluster level
rather than per component type:

T = {cluster1, cluster2, . . . , clustern, genset,mission}

where n is the number of clusters in a given configuration. This approach allows maximum
flexibility, as each cluster can be controlled independently. However, the number of
configurations grows exponentially with n, reaching up to 7.98 × 1020 configurations,
which is computationally infeasible without additional sampling or pruning.

The different configuration modes therefore represent different levels of abstraction within the
design space. As the level of detail increases, the analysis becomes more accurate, but the
number of possible configurations increases rapidly, leading to an explosion in the size of the
design space.

As a result, a trade-off must be made between computational workability and modelling accu-
racy. Using a reduced set T limits the number of configurations and allows rapid evaluation,
but may neglect certain design options or interactions between subsystems. Conversely, a more
detailed definition of T captures a larger portion of the design space but requires significantly
more computational resources.

For the case studies presented in Chapter 7, the Location configuration mode was selected, as
it provides a balance between spatial resolution and computational feasibility. This mode cap-
tures the primary spatial distinctions in the vessel layout (bow versus stern) without incurring
the excessive computational cost associated with thruster type or cluster exploration.

6.4. Configuration Scoring and Ranking
After generating the possible design solutions of the cooling system, the configurations are,
in the P4C API, ranked by comparing cost (Subsection 6.4.1) and risk (Subsection 6.4.2).
Subsequently, the cost and risk values are normalised (Subsection 6.4.3) and a Pareto front is
constructed, resulting in a set of non-dominated configurations that represent the most optimal
trade-offs between both criteria.
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6.4.1. Cost Model
The total cost of each cooling system configuration is estimated using two cost contributions:
the cluster cost and the pump room cost, as defined in Equation 6.9. The cluster cost represents
the combined cost of the cooling equipment, valves, instrumentation, and piping required
within each cluster. These costs are estimated using reference component costs and scaling
relations based on the required cooling capacity. The pump room cost captures the additional
cost associated with providing the required pump room infrastructure, including both fixed
costs and size-dependent costs. The methodologies used to estimate these contributions are
presented in the following sections.

Ctotal = Ccluster + Cpump room (6.9)

with:

• Ccluster = total cost of all cooling system clusters, including equipment, valves, instru-
mentation, and piping

• Cpump room = total cost associated with the required pump rooms

Cooling Demand Scaling Function
To estimate the cost of the cooling system components, an approximation of the required
component size is needed. In the proposed approach, component sizing is determined indirectly
from the cooling demand of each cluster and pump room. The cooling demand is calculated
using Equation 6.10.

fload = P · L (6.10)
with:

• P = power of cluster or pump room [MW ]
• L = cooling load factor per unit [m3 h−1MW−1]

The cooling load factors presented in Table 6.1 are derived from historical E-KOL diagrams
and cooling system data from previous Ulstein vessel projects. By comparing installed power
ratings with the corresponding cooling capacities, a correlation between installed power and
required cooling flow was established. The cooling factor is subsequently used as a scaling
parameter to estimate the cooling demand and, consequently, the required component size for
each generated configuration.

Table 6.1: Cooling load factor per unit [m3 h−1 MW−1] based on Ulstein’s historical data [4]

Propulsion Tunnel Retractable Azipod Genset Mission BESS Aux
L 1.37 1 1.25 1 5.91 1 1 1

Table 6.1 shows for example that a propulsion thruster needs 1.37 times more cooling than a
tunnel thruster.

For the mission system due to the varying cooling requirement of different mission systems
for now the cooling factor is just caped at 1, because the mission system is assumed to be
a fixed solution in the DSS code, this would not influence the result of the final score. The
specific cooling requirements for mission equipment are instead determined at a later design
stage based on customer and naval architect preferences.

For auxiliary systems, the power demand is already represented as an estimated percentage of
the associated thruster load. Introducing an additional scaling factor would therefore increase
compound uncertainty without improving model fidelity.
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For azipod configurations, no historical reference data is currently available within Ulstein’s
project database. However, the proposed framework allows for straightforward integration of
such data once vessels with azipod propulsion systems are encountered in future projects.

Cluster cost
The cluster cost is estimated using Equation 6.11 by the summation of the cost of valves,
instruments, equipment units, and piping. With use of the size estimations and a reference
cost value, obtained from Table E.1, the cost can be estimated. Costs are calculated per cluster,
since each cluster has its own cooling demand and configuration in terms of duty and backup
units. For the valves and instruments the number of units is derived from previous cooling
system designs and are shown in Table E.2.

Ci,cluster =
∑
i

[Ci,piping + Ci,ref ·
(
fi,load
fref

)0.6

] · (Ni,duty +Ni,backup) (6.11)

The cost is assumed to follow a six-tenths scaling behaviour, meaning that the rate of cost
increase, decreases with increasing system size [72]. This reflects the diminishing marginal
increase in cost that is commonly observed as equipment size increases. In this formulation,
the first term represents the fixed piping and installation cost per unit, while the second term
captures the size-dependent cost contribution of the equipment itself.

It should be noted that these values remain estimates. Using detailed cost data for multiple
cooling component sizes would improve accuracy, but this was not feasible due to scope limi-
tations, time constraints, and limited availability of data. For this reason, the presented cost
formulation was adopted.

Pump room cost
The pump room cost, similar to the cluster cost, is assumed to follow a six-tenths scaling
behaviour with increasing system size, expressed in terms of pump room power. The pump
room cost is defined by Equation 6.12. In this formulation, Cj,Addtl represents the fixed cost
associated with the existence of a pump room, independent of its size, while the second term
captures the size-dependent cost contribution.

Cj,pump room =
∑
j

[Cj,Addtl + Cj,ref ·
(
fj,load
fref

)0.6

] (6.12)

If multiple pump rooms share an identical layout, a cost discount of 7% is applied to reflect
reduced engineering effort and increased reuse potential. This discount is based on internal
engineering judgement in collaboration with Ulstein and represents a approximation of design
reuse effects. The discount increases with the number of identical layouts but is capped at 25%
to prevent unrealistic cost reductions.

The applied values are intended as configurable parameters within the DSS and may be updated
when more detailed shipyard cost data becomes available. However, such data is typically not
publicly accessible, making precise validation of reuse-related cost effects challenging.

Cdiscounted = Cpump room · (1− d) (6.13)

with:

• d = min(n · δ, dmax)

• δ = 0.07

• dmax = 0.25
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6.4.2. Risk Model
As the cooling system design of an offshore vessel is directly linked to its DP capabilities, DP
performance is proposed to be used as a metric for estimating the risk of a given cooling system
configuration. Risk is divided into two categories: cluster risk and pump room risk. Cluster risk
captures the effects of single-point failures, while pump room risk captures compartment-level
failure scenarios. These correspond respectively to DP2 and DP3 failure cases.

In this model, risk is defined as the expected loss of DP capability over an exposure period of
one year. Due to the rarity of full compartment-level events, pump room and cluster risks are
chosen to be scored separately to ensure making it possible to choose between different cluster
configurations and different pump room configurations.

• RCluster = expected DP capability loss per year due to component failures
• RPump room = expected DP capability loss per year due to compartment failures

DP Capability Assessment
The risk model is based on the relationship that cooling system failures ultimately affect the
DP capability of the vessel. Consequently, DP capability is used as the performance metric
from which both cluster and pump room risks are derived.

DP capability is evaluated based on the available thrust capacity after failure events while
accounting for the spatial distribution of thrusters across the vessel. Thrusters located in the
bow and stern contribute differently to the overall force and moment balance. Due to moment
equilibrium requirements (

∑
M = 0), the loss of a bow thruster cannot always be compensated

by the remaining thrusters operating at full capacity.

This is because each thruster contributes not only to a net horizontal force but also to a yawing
moment, depending on its position relative to the vessel’s centre of rotation. During operations
requiring zero yaw, the thrusters are coordinated to collectively ensure moment equilibrium is
maintained. However, when a thruster fails and the remaining thrusters are operated at their
maximum capacity, non-zero yaw moments can arise.

As a result, opposing thrusters may need to reduce their thrust output to restore moment
equilibrium, which in turn reduces the overall available DP capability. This is because a reduced
number of opposing yawing moments from the thruster configuration limits the systems ability
to counteract external disturbances such as wind and waves.

In addition to spatial effects, electrical dependencies are considered. Genset clusters are linked
to switchboards supplying power to multiple thruster systems. Failure of a genset cluster may
therefore result in indirect loss of thrust capacity through associated switchboard failures.

The resulting loss of available thrust is translated into a reduction of DP capability. This
reduction is represented by the parameter α, which quantifies the contribution of a cluster or
pump room to the overall DP performance of the vessel.

Cluster Risk
Due to the single-failure criterion, the loss of an individual component within a cooling cluster
does not necessarily lead to a loss of DP capability. Following Tsekouras and Kanellos [73],
component reliability with a constant failure rate over time is modelled using an exponential
distribution. The time-dependent failure probability pi(t) over an operational period t is
therefore defined as the complement of the reliability function:

pi(t) = 1− e−
t

MTBF (6.14)
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The component-specific Mean Time Between Failures (MTBF) values for an exposure time t
(expressed in years) used in this study are based on Ware and Collette [74]:

MTBFFW = 1.97, MTBFSW = 1.97, MTBFPHE = 6.85

Because cooling clusters often include redundancy through duty and backup units, DP cooling
clusters often exhibit partial capacity failure rather than full failure. This means that the
cluster can still contribute to the overall DP capability, but at a reduced level depending on
how many units remain operational.

The methodology used by Tsekouras and Kanellos [73] did not account for this behaviour in
parallel configurations. To capture this behaviour, the expected DP performance of a cluster
is modelled using a binomial distribution, which represents the likelihood of having exactly k
failed units within a cluster of size n over a time horizon t. This makes it possible to consider
every possible failure state rather than only full success or full failure.

The expected DP performance of a cluster is therefore computed as a weighted sum over all
possible states, as shown in Equation 6.15.

Ei(t) =
n∑

k=0

(
n

k

)
pi(t)

k(1− pi(t))
n−k ·DP (k) (6.15)

where:

• n = total number of duty and backup units
• k = number of failed units within time horizon t

• pi(t) = time-dependent failure probability of a single component

The function DP (k) describes how the remaining operational cooling capacity translates into
DP capability. As shown in Equation 6.16, the resulting DP capability depends on whether
the number of remaining cooling units is sufficient to satisfy the required cooling load. If the
required number of units, req, is not met, the system experiences a reduction in DP capability.

DP (k) = 1− αcluster ·
(
1− n− k

req

)
(6.16)

with:

• αcluster = DP contribution of the cluster
• req = number of required operating units

The parameter αcluster is derived from the DP capability assessment described above and
therefore reflects the impact of a cluster on the overall DP performance of the vessel. Clusters
containing critical thrusters or power supply elements such as gensets will generally exhibit
higher αcluster values than clusters containing less critical loads. Figure 6.8 provides a visual
representation of how the binomial formulation operates.
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Component Failure Occurs
Probability pi(t)

Backup available

Duty unit fails
Backup takes over

DP = 100%
No performance loss

Not enough backup available

Multiple duty units
configuration

Single duty unit
configuration

DP = 1−∆α
Partial degradation

DP = 0%
Complete loss

Redundant configuration Critical configuration

Figure 6.8: Event tree representation of DP outcomes following a component failure under different
redundancy configurations.

By incorporating the time-dependent failure probability into the discrete state-space formula-
tion, the expected DP performance of each subsystem can be determined.

The cluster risk is then calculated using Equation 6.17. Here, the individual subsystem per-
formances are assumed to be independent, allowing the combined cluster performance to be
calculated as the product of the expected DP capabilities of the freshwater, seawater, and plate
heat exchanger subsystems.

Rcluster,i = 1−
∏
i

EDP,i i ∈ {FW, SW,PHE} (6.17)

The total cluster risk is obtained by combining the average risk with a worst-case penalty to
avoid asymmetric designs:

Rtot,cluster =
1

2
(Ravg,cluster +Rworst,cluster) [%DPloss/year] (6.18)

where:

Ravg,cluster =
1

N

N∑
i=1

Rcluster,i (6.19)

Rworst,cluster = max
i

(Rcluster,i) (6.20)

The inclusion of the worst-case term penalises configurations with highly uneven risk distribu-
tion, for example a single highly vulnerable cluster combined with otherwise robust clusters.
This aligns the model with DP redundancy principles and single-point failure considerations.

Pump Room Risk
Pump room risk evaluates vulnerability to full compartment-level events such as fire or flooding,
which are representative of DP3 failure scenarios. The probability of pump room failure is
modelled using a constant failure rate, reflecting the low likelihood of compartment-level events.

Similar to the cluster-level assessment, the DP capability loss is evaluated based on the re-
duction in available thrust capacity across different spatial groups. This ensures consistency
between cluster-level and pump room-level risk modelling.

For each pump room, the risk is defined as the expected DP performance loss associated with
complete compartment failure. For example, if a pump room contains three clusters with α
values of 0.2 each, the total loss equals 0.6, leaving the vessel at 40% DP capability during
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complete pump room failure. Due to the low probability of such events, this value is scaled by
the probability that the failure occurs, as shown in Equation 6.21.

Rpump room,j = 1− (1− p(t) · αpump room,j) (6.21)

with:

• αpump room,j = DP capability loss due to complete pump room failure
• p(t) = time-dependent failure probability of a compartment failure cases

The compartment-specific MTBF values (expressed in years) used in this study are not di-
rectly available in the literature, as no publicly reported data exist for flooding or fire events
specifically in offshore vessel cooling-system pump rooms.

Instead, representative order-of-magnitude values were defined as engineering assumptions,
constrained by reported vessel-level incident statistics and offshore risk literature.

MTBFFlooding cannot be directly obtained from maritime statistics as stand-alone events,
since flooding is typically a consequence of collision, grounding, or structural damage. Also
the chance that this event would occur in the pump room reduces the risk. Therefore with the
probability mentioned in Vanem and Skjong [75], a value of 1 · 104 was chosen.

MTBFFire is estimated with use of the reported engine-room fire occurrence rates in marine
insurance data Gard P&I [76] and assuming only 2-5% of this data would occur in an pump
room.

The adopted values are not intended to represent measured or directly derived failure rates,
but rather bounded design parameters for comparative system evaluation.

MTBFFlooding = 1 · 104, MTBFFire = 2 · 104,

The total pump room risk is determined using the same approach as the cluster risk:

Rtot,pump room =
1

2
(Ravg,pump room +Rworst,pump room) [%DPloss/year] (6.22)

where:

Ravg,pump room =
1

N

N∑
j=1

Rpump room,j (6.23)

Rworst,pump room = max
j

(Rpump room,j) (6.24)

These formulations allow consistent evaluation of both component-level and compartment-level
risks within a unified decision-support framework.

6.4.3. Multi-Criteria Decision Making
The most suitable designs are identified using a Pareto-based evaluation considering cost, clus-
ter and pump room risk as the three main criteria. In this step, all configurations are evalu-
ated simultaneously on both objectives, where cost, cluster and pump room risk are treated
as competing performance indicators. Pareto-optimality is applied to identify the set of non-
dominated solutions, ensuring that only configurations that cannot be improved in one ob-
jective without worsening the other are retained. This reduces the design space to the most
relevant trade-off solutions for further analysis.
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A configuration A is said to dominate configuration B if it performs at least as well in both
objectives and strictly better in at least one:

CA ≤ CB ∧ Rcluster,A ≤ Rcluster,B ∧ Rpumproom,A ≤ Rpumproom,B ∧

(CA < CB ∨ Rcluster,A < Rcluster,B ∨ Rpumproom,A < Rpumproom,B)

where C denotes total system cost and R denotes cluster or pump room system risk. The
resulting Pareto front therefore consists of all configurations that are not dominated by any
other configuration in the evaluated design space and represents the fundamental trade-off
between economic efficiency and system robustness.

To enable a meaningful comparison between cost and the risks within this Pareto set, the raw
values are normalised using Equation 6.25. In this formulation, higher scores represent better
performance. This ensures that both lower cost and lower risk correspond to higher normalised
scores, enabling consistent interpretation across both criteria.

Sx = 1 + 9 · Cx,max − C

Cx,max − Cx,min
(6.25)

The overall performance of each Pareto-optimal design is then determined using a weighted
aggregation of the normalised cost and risk scores:

Final Score =
wc · Scost + wcl,r · Scluster,risk + wpu,r · Spump room,risk

wc + wcl,r + wpu,r
(6.26)

with:
wc = 0.50

wcl,r = 0.50− wpu,r

wpu,r =

{
0.025 if min(NER, Nmain,SWB) = 1

0.100 if min(NER, Nmain,SWB) = 2

The weights are set to a baseline assumption of equal importance between cost and risk, reflect-
ing the absence of explicit stakeholder preference at this stage of the analysis. The cluster and
pump room risk weight distribution is based on the assumption that configurations with higher
levels of redundancy in the E-KOL place greater importance on compartment-level failures. As
redundancy increases, the relative significance of pump room risk becomes larger compared to
cluster risk.

However, these weights can be adjusted in later MBSE-DSS scenarios to reflect different design
priorities, such as cost-driven or risk-averse decision strategies.

Finally, the aggregated score is used to rank the Pareto-optimal configurations, allowing the
DSS to present a prioritised subset of the most relevant design alternatives for decision-making.



Chapter 7
Case Study

To evaluate the contribution of the MBSE-DSS to the decision-making process, as stated in
RQ5, two case studies are performed. Together, these case studies assess whether the MBSE-
DSS can generate realistic cooling system architectures, support design-space exploration, and
provide consistent decision support across vessels of different size and complexity.

The first case study concerns the Reference Vessel S, discussed in Section 7.1, with an overall
length of 119.50 meters. The delivered E-KOL is used as a reference design and is com-
plemented by several what-if variations. This case study is used to evaluate whether the
MBSE-DSS produces realistic solutions for different situations.

The second case study, discussed in Section 7.2, considers the Reference Vessel L, with an
overall length of 229.60 meters. Owing to its substantially larger size and more complex
system architecture, this case study is used to assess the scalability and robustness of the
MBSE-DSS when applied to a significantly larger design space. Comparing the results of both
case studies further enables the consistency of the methodology to be evaluated across different
vessel types.

7.1. Reference Vessel S
The first vessel used for validation of the MBSE-DSS is the Reference Vessel S. As discussed
in Chapter 6, the initial step is to apply the Capella cooling system template to define the
structure in which the E-KOL data, shown in Figure 7.3, will be incorporated. To provide a
better understanding of the vessel systems architecture, Figure 7.1 highlights the load layout
of the vessel. The resulting E-KOL inputs are summarised in Table 7.1. The vessel has an
overall length of 119.50 metres and represents a relatively small offshore vessel configuration
designed to comply with DP2 operational requirements. Consequently, the design focus for
the naval architect is primarily on cluster risk and cost.

Figure 7.1: Vessel Load-Layout of the Reference Vessel S [16]

50
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Regarding pump room risk, the selected number of pump rooms is largely driven by the naval
architect’s design preference, reflecting a trade-off between cost and risk. However, considering
the most critical compartment failure scenario, the use of a single engine room implies that a
loss of the pump room supplying cooling to the gensets would result in a complete loss of DP
capability. In such a case, introducing additional bow or stern pump rooms does not provide
meaningful risk reduction for this failure mode. Given the very low probability of a complete
pump room loss and the fact that only DP2 redundancy requirements must be met, additional
pump rooms would primarily increase cost without a proportional reduction in risk.

Therefore, prior to executing the MBSE-DSS, it is already anticipated that the optimal config-
uration will consist of one bow and one stern pump room.

Table 7.1: E-KOL input of Case Study Reference Vessel S

Parameter Eng. rooms Engines & gen. Power dist. Mission Tunnel Propulsion Retractable
N 1 4 (eng), 4 (gen) 4 (swb), 2 (main) 2 2 2 2
Power [MW] – 3.34 – 1.8 1.3 2.925 2
Location bow – – bow, stern bow, bow stern, stern bow, bow
SWB Connections – – 1A, 1B, 2A, 2B 1B, 2A 1A, 2B 1A, 2B 1B, 2A

7.1.1. Generated Pump Room Configurations
After incorporating all required inputs into Capella, the MBSE-DSS can be executed. This
process generates 30 feasible configurations that satisfy the layout constraints. These configu-
rations are listed in Listing 7.1.

Listing 7.1: Generated pump room load-layout configurations for the Reference Vessel S case study
Active DP level: DP2

[CFG] ER=1 | B=1 S=1 M=0
CFG_B1_S1_M0_RS(ER[2],BOW[2,1,1],STERN[2,1]) | rooms=6 | clusters=9

[CFG] ER=1 | B=1 S=2 M=0
CFG_B1_S2_M0_RS(ER[2],BOW[2,1,1],STERN[2]) | rooms=5 | clusters=8
CFG_B1_S2_M0_RS(ER[2],BOW[2,1,1],STERN[3]) | rooms=5 | clusters=9

[CFG] ER=1 | B=2 S=1 M=0
CFG_B2_S1_M0_RS(ER[3],BOW[1],STERN[2,1]) | rooms=4 | clusters=7
CFG_B2_S1_M0_RS(ER[3],BOW[2],STERN[2,1]) | rooms=4 | clusters=8
CFG_B2_S1_M0_RS(ER[4],BOW[1],STERN[2,1]) | rooms=4 | clusters=8
CFG_B2_S1_M0_RS(ER[4],BOW[2],STERN[2,1]) | rooms=4 | clusters=9

[CFG] ER=1 | B=2 S=2 M=0
CFG_B2_S2_M0_RS(ER[3],BOW[1],STERN[2]) | rooms=3 | clusters=6
CFG_B2_S2_M0_RS(ER[3],BOW[2],STERN[2]) | rooms=3 | clusters=7
CFG_B2_S2_M0_RS(ER[3],BOW[1],STERN[3]) | rooms=3 | clusters=7
CFG_B2_S2_M0_RS(ER[3],BOW[2],STERN[3]) | rooms=3 | clusters=8
CFG_B2_S2_M0_RS(ER[4],BOW[1],STERN[2]) | rooms=3 | clusters=7
CFG_B2_S2_M0_RS(ER[4],BOW[2],STERN[2]) | rooms=3 | clusters=8
CFG_B2_S2_M0_RS(ER[4],BOW[1],STERN[3]) | rooms=3 | clusters=8
CFG_B2_S2_M0_RS(ER[4],BOW[2],STERN[3]) | rooms=3 | clusters=9

[CFG] ER=1 | B=3 S=1 M=0
CFG_B3_S1_M0_RS(ER[4],BOW[1],STERN[2,1]) | rooms=4 | clusters=8
CFG_B3_S1_M0_RS(ER[5],BOW[1],STERN[2,1]) | rooms=4 | clusters=9

[CFG] ER=1 | B=3 S=2 M=0
CFG_B3_S2_M0_RS(ER[4],BOW[1],STERN[2]) | rooms=3 | clusters=7
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CFG_B3_S2_M0_RS(ER[4],BOW[1],STERN[3]) | rooms=3 | clusters=8
CFG_B3_S2_M0_RS(ER[5],BOW[1],STERN[2]) | rooms=3 | clusters=8
CFG_B3_S2_M0_RS(ER[5],BOW[1],STERN[3]) | rooms=3 | clusters=9

[CFG] ER=1 | B=4 S=1 M=0
CFG_B4_S1_M0_RS(ER[4],STERN[2,1]) | rooms=3 | clusters=7
CFG_B4_S1_M0_RS(ER[5],STERN[2,1]) | rooms=3 | clusters=8
CFG_B4_S1_M0_RS(ER[6],STERN[2,1]) | rooms=3 | clusters=9

[CFG] ER=1 | B=4 S=2 M=0
CFG_B4_S2_M0_RS(ER[4],STERN[2]) | rooms=2 | clusters=6
CFG_B4_S2_M0_RS(ER[4],STERN[3]) | rooms=2 | clusters=7
CFG_B4_S2_M0_RS(ER[5],STERN[2]) | rooms=2 | clusters=7
CFG_B4_S2_M0_RS(ER[5],STERN[3]) | rooms=2 | clusters=8
CFG_B4_S2_M0_RS(ER[6],STERN[2]) | rooms=2 | clusters=8
CFG_B4_S2_M0_RS(ER[6],STERN[3]) | rooms=2 | clusters=9

TOTAAL CONFIGURATIONS: 30

To clarify the meaning of each configuration code, an example output is provided in Listing 7.2.
The notation B# denotes the number of bow thrusters assigned to a bow pump room. The
vessel is equipped with four bow thrusters. In this case the configuration with B = 2 results in
two bow pump rooms. Due to the physical arrangement of the generators, one of these pump
rooms also functions as an engine room pump space. Similarly, S# represents the number
of stern thrusters assigned per stern pump room. The M# parameter denotes the number of
midship pump rooms, which is zero for this case study. Such configurations are mainly relevant
for smaller vessels where combined bow and stern cooling within a single pump room may be
feasible. Finally, RS() indicates the number of clusters assigned to each pump room based on
their physical locations.

Within the room and pump overview, the switchboard (SWB) connections are also included.
These are assigned based on the E-KOL inputs and, where possible, physically distributed
across separate pump rooms. This is illustrated by the bow clusters, where SWB group 1 is
located in PR1_ER and SWB group 2 is located in PR3_BOW . This separation ensures that
switchboard redundancy is aligned with pump room redundancy and reduces the likelihood
that a single pump room failure affects multiple redundant electrical groups.

For each pump room layout, a corresponding cooling system configuration is assigned. Each
cluster specifies the required number of seawater pumps, plate heat exchangers, freshwater
pumps, and overboard connections. Within the overview, each cluster is represented by the
connected loads followed by the selected cooling equipment configuration. The notation x+ y
indicates the number of duty and backup units, respectively, where the first value represents
duty units and the second value represents backup units.
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Listing 7.2: Example generated room layout for the Reference Vessel S.
CONFIGURATIE CFG_B2_S2_M0_RS(ER[3],BOW[2],STERN[2])

--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 3
Total clusters : 7

ER : 3 (sizes: [4, 1, 4])
STERN : 2 (sizes: [4, 1])
BOW : 2 (sizes: [2, 2])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 19 (7 duty + 12 backup)
PHE units : 11 (7 duty + 4 backup)
FW pumps : 30 (12 duty + 18 backup)
Overboard : 7
Seachest : 6

=== ROOM & PUMP OVERVIEW ===
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), retractable(bow SWB=1B), aux, aux
SW 1+2 | PHE 1+0 | FW 2+4 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 3: genset (SWB=1A), genset (SWB=1B), genset (SWB=2A), genset (SWB=2B)
SW 1+2 | PHE 1+1 | FW 4+4 | OB 1

Room PR2_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), propulsion(stern SWB=2B), aux, aux

SW 1+2 | PHE 1+1 | FW 2+4 | OB 1
- Cluster 2: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Room PR3_BOW (tag: BOW) | SC 2
- Cluster 1: retractable(bow SWB=2A), aux

SW 1+2 | PHE 1+0 | FW 1+2 | OB 1
- Cluster 2: tunnel(bow SWB=2B), aux

SW 1+2 | PHE 1+0 | FW 1+2 | OB 1

7.1.2. Pareto Analysis
After generating 30 configurations, an additional factor was introduced for freshwater systems
(factor 2 for duty and 1.5 for backup) to investigate its influence on the solution space, justified
by the increased design flexibility available in this relatively small vessel. This adjustment
results in a larger set of evaluated configurations compared to the baseline case. A total of
292,032 pump design variants per configuration were evaluated with respect to cost, cluster
risk, and pump room risk.

The outcome of this evaluation is a set of Pareto fronts corresponding to different pump room
risk levels. The Pareto front per pump room risk level is shown in Figure 7.2. The Pareto fronts
show the trade-off between cluster risk and total cost for different pump room configurations.
Each colour represents a distinct parameter combination (Pump room risk (Rp), maximum
thruster in a stern room (S) and maximum thruster in a Bow room (B), illustrating how risk
reduction is achieved at increasing cost. As shown, each step towards a lower pump room risk
causes the Pareto front to shift upwards. This is because reducing pump room risk generally
requires a larger number of pump rooms, which increases the overall system cost.
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Figure 7.2: Pareto fronts of Baseline Reference Vessel S per Pump room risk

7.1.3. Optimal Configuration and Interpretation
Based on the defined objective weighting and the assumption of a single engine room, the
MBSE-DSS identifies the configuration shown in Listing 7.3 as the optimal solution. The
selected architecture represents the preferred trade-off between cost, cluster risk, and pump
room risk. Furthermore, the result aligns with the intended design philosophy derived from
the E-KOL inputs, where a limited number of pump rooms is preferred while maintaining
sufficient redundancy to satisfy DP2 requirements.

Listing 7.3: Best-performing architecture for the Reference Vessel S baseline case study
CONFIGURATION CFG_B4_S2_M0_RS(ER[4],STERN[2])
Cost : 1.66 [MEUR]
Cluster risk : 22.014 [%DP-Loss/year]
Pump room risk : 0.015 [%DP-Loss/year]
Final score : 7.300

--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 2
Total clusters : 6

ER : 4 (sizes: [4, 4, 1, 4])
STERN : 2 (sizes: [4, 1])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 14 (6 duty + 8 backup)
PHE units : 10 (6 duty + 2 backup)
FW pumps : 26 (12 duty + 14 backup)
Overboard : 6
Seachest : 4

=== ROOM & PUMP OVERVIEW ===
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), retractable(bow SWB=1B), aux, aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 2: retractable(bow SWB=2A), tunnel(bow SWB=2B), aux, aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1
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- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B), genset (SWB=2A), genset (SWB=2B)
SW 1+2 | PHE 1+0 | FW 4+4 | OB 1

Room PR2_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), propulsion(stern SWB=2B), aux, aux

SW 1+2 | PHE 1+0 | FW 2+4 | OB 1
- Cluster 2: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Besides the fact that the MBSE-DSS solution follows the intended design philosophy of using
only two pump rooms, several other aspects are noteworthy.

Starting with the SW pumps, every cluster is equipped with at least one backup unit, while
the genset and propulsion thruster clusters are provided with two backup units. This is be-
cause these clusters can result in a 100% DP capability loss if the entire cluster fails. The
additional redundancy therefore provides a noticeable improvement in reliability. Also found
in Appendix F. As a result, the total installed cooling capacity for these subsystems reaches
up to 300% of the required capacity. In practice, the naval architect may choose to operate
a single pump at full load or multiple pumps at partial load. However, operational control
strategies are outside the scope of this study.

For the PHE units, due to the significantly lower probability of failure and relatively high cost,
only one duty unit is chosen for this configuration. Adding backup units to clusters would
increase costs more than it would reduce risk, making such configurations less attractive. It
can be argued that for adding an additional PHE for the genset cluster, however, due to the
very high cooling demand of this subsystem, PHE units become relatively expensive, causing
the cost increase to outweigh the associated risk reduction.

For the FW pumps, the preferred solution follows a configuration of one duty and one backup
pump per thruster and auxiliary cluster in the bow location, and one duty and two backup
pumps per thruster and auxiliary cluster in the stern location. This distinction is made because
the stern propulsion cluster has a greater influence on DP capability, which justifies the addi-
tional redundancy. This is also consistent with the cost model, which favours larger pumps over
multiple smaller units, reflecting the assumption that equipment costs scale according to the
six-tenths rule. Consequently, using a single larger FW pump is generally more cost-effective
than installing multiple smaller units to provide the same cooling capacity.
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Figure 7.3: Electrical Key-One-Line (E-KOL) of the Reference
Vessel S used as input for the case study. [16]
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7.1.4. Alternative SWB Configuration
In addition to the baseline configuration of the Reference Vessel S, different E-KOL configura-
tions are explored to assess their influence on the resulting cooling system design. In particular,
the current configuration places all gensets within a single compartment. From a DP3 perspec-
tive, a compartment-level failure affecting this engine room would therefore result in a complete
loss of power.

In contrast, the power distribution system is split into two SWB groups (1 and 2). Conse-
quently, a DP3-type failure would lead to a reduction of approximately 50% of the available
SWB capacity. One could argue that, if the probability of such DP3 failure events is comparable
between engine rooms and main switchboards, a configuration with a single main switchboard
could also be considered a viable alternative, due to the fact that the vessel is made for DP2.

For this what-if scenario, the impact of reducing the system to a single main SWB is investi-
gated. The resulting changes in the E-KOL are shown in Table 7.2. As illustrated, only the
number of main SWBs is modified, while the number of downstream SWB connections remains
unchanged. This leads to a relabelling of the SWB connections, where codenames 2A and 2B
are replaced by 1C and 1D.

Table 7.2: E-KOL input of Case Study Reference Vessel S if only one main SWB is chosen

Parameter Eng. rooms Engines & gen. Power dist. Mission Tunnel Propulsion Retractable
N 1 4 (eng), 4 (gen) 4 (swb), 1 (main) 2 2 2 2
Power [MW] – 3.34 – 1.8 1.3 2.925 2
Location bow – – bow, stern bow, bow stern, stern bow, bow
SWB Connections – – 1A, 1B, 1C, 1D 1B, 1C 1A, 1D 1A, 1D 1B, 1C

Below, in Figure 7.4, the Pareto front is shown. Compared to the baseline Pareto of the
Reference Vessel S, the Pareto front is identical. This outcome is expected, as the cooling
system in the baseline case was already designed to withstand the worst-case failure scenario
of losing all gensets within a single engine room. Consequently, reducing the number of main
SWBs from two to one does not introduce a more severe failure case and therefore does not
affect the preferred cooling system architecture.

Figure 7.4: Pareto fronts per pump room risk for the Reference Vessel S case study if only one main SWB is
chosen
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Below, Listing 7.4 shows the best-performing cooling system architecture for the scenario with
a single main SWB. As can be seen, the resulting configuration is largely identical to the
baseline solution. The only differences are found in the SWB connections, which is a direct
consequence of the modified E-KOL input.

Listing 7.4: Best-performing architecture for the Reference Vessel S case study if only one main SWB is
chosen

CONFIGURATION CFG_B4_S2_M0_RS(ER[4],STERN[2])
Cost : 1.66 [MEUR]
Cluster risk : 22.014 [%DP-Loss/year]
Pump room risk : 0.015 [%DP-Loss/year]
Final score : 7.300

--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 2
Total clusters : 6

ER : 4 (sizes: [4, 4, 1, 4])
STERN : 2 (sizes: [4, 1])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 14 (6 duty + 8 backup)
PHE units : 10 (6 duty + 2 backup)
FW pumps : 26 (12 duty + 14 backup)
Overboard : 6
Seachest : 4

=== ROOM & PUMP OVERVIEW ===
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), retractable(bow SWB=1B), aux, aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 2: retractable(bow SWB=1C), tunnel(bow SWB=1D), aux, aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B), genset (SWB=1C), genset (SWB=1D)
SW 1+2 | PHE 1+0 | FW 4+4 | OB 1

Room PR2_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), propulsion(stern SWB=1D), aux, aux

SW 1+2 | PHE 1+0 | FW 2+4 | OB 1
- Cluster 2: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1
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7.1.5. Alternative Engine Room Configuration
As discussed in Subsection 7.1.4, the baseline E-KOL design contains more redundancy in
the main switchboards than in the engine room arrangement. After investigating the what-if
scenario in which the number of main switchboards is aligned with the number of engine rooms,
an alternative scenario is considered in which the engine room redundancy is instead increased
to match the level of the switchboard system.

In this configuration, an additional engine room is introduced. As a result, a DP3-type com-
partment failure would no longer lead to a complete loss of power from a single engine room,
but instead would result in an approximate 50% reduction in available power. The correspond-
ing adaptation of the baseline E-KOL is shown in Table 7.3. The highlighted changes indicate
that only the number of engine rooms and the associated engine room location have been
modified.

Table 7.3: E-KOL input of Case Study Reference Vessel S if two Engine Rooms

Parameter Eng. rooms Engines & gen. Power dist. Mission Tunnel Propulsion Retractable
N 2 4 (eng), 4 (gen) 4 (swb), 2 (main) 2 2 2 2
Power [MW] – 3.34 – 1.8 1.3 2.925 2
Location bow, bow – – bow, stern bow, bow stern, stern bow, bow
SWB Connections – – 1A, 1B, 2A, 2B 1B, 2A 1A, 2B 1A, 2B 1B, 2A

For this what-if case study the Pareto front should have the same lines but also extra ones for
the separation of the gensets (highlighted in red). This is seen in Figure 7.5. Here it is seen
that having two pump rooms dedicated for the gensets results in pump room risk reduction
and cluster risk reduction. This is due to the gensets now being distributed over multiple
compartments, reducing the impact of a single compartment failure.

Figure 7.5: Pareto fronts per pump room risk for the Reference Vessel S case study if two engine rooms are
considered

Executing the MBSE-DSS with the same weights as used for the baseline and one-SWB sce-
narios (0.5 for cost, 0.475 for cluster risk, and 0.025 for pump room risk) would result in the
same optimal cooling system configuration.
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However, as shown in Listing 7.5, the increased redundancy in both the engine rooms and main
switchboards justifies assigning greater importance to compartment-level failures. Therefore,
the cluster risk and pump room risk weights were adjusted to 0.40 and 0.10 respectively, as
defined in Subsection 6.4.3. Under these revised weights, the best-performing solution consists
of a configuration with four pump rooms, reducing both cluster risk and pump room risk.
Compared to the baseline configuration, this indicates that increasing the number of pump
rooms improves overall system robustness, but at the expense of higher cost.

From a design perspective, this alternative may be considered if increased redundancy is desired
or if DP3 capability becomes a requirement.

Listing 7.5: Best-performing architecture for the Reference Vessel S case study if two engine rooms are
considered

CONFIGURATION CFG_B2_S1_M0_RS(ER[3,2],STERN[2,1])
Cost : 1.87 [MEUR]
Cluster risk : 18.241 [%DP-Loss/year]
Pump room risk : 0.007 [%DP-Loss/year]
Final score : 7.493
--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 4
Total clusters : 8

ER : 5 (sizes: [4, 1, 2, 4, 2])
STERN : 3 (sizes: [2, 1, 2])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 16 (8 duty + 8 backup)
PHE units : 10 (8 duty + 2 backup)
FW pumps : 26 (12 duty + 14 backup)
Overboard : 8
Seachest : 8

=== ROOM & PUMP OVERVIEW ===
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), retractable(bow SWB=1B), aux, aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 3: genset (SWB=1A), genset (SWB=1B)
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: retractable(bow SWB=2A), tunnel(bow SWB=2B), aux, aux

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1
- Cluster 2: genset (SWB=2A), genset (SWB=2B)

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), aux

SW 1+1 | PHE 1+0 | FW 1+2 | OB 1
- Cluster 2: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), aux

SW 1+1 | PHE 1+0 | FW 1+2 | OB 1
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7.2. Reference Vessel L
The first case study demonstrated that the MBSE-DSS is capable of exploring the design
space of a relatively small offshore vessel. To further assess the scalability of the approach, a
second case study is performed using a larger reference vessel. The Reference Vessel L has an
overall length of 229.60 metres and is designed to comply with DP2 operational requirements.
As shown in Figure 7.6, Table 7.4, and Figure 7.8, this vessel contains a significantly larger
number of system parameters compared to the Reference Vessel S. For example, the vessel is
equipped with five bow thrusters and four stern thrusters, compared to four bow thrusters and
two stern thrusters for the smaller reference vessel. This increase in system complexity results
in a substantially larger design space, as the MBSE-DSS must evaluate a greater number of
possible configurations and redundancy combinations.

Figure 7.6: Vessel Load-Layout of the Reference Vessel L [16]

Table 7.4: E-KOL input of Case Study Reference Vessel L

Parameter Eng. rooms Engines & gen. Power dist. Mission Energy storage
N 2 6 (eng), 6 (gen) 6 (swb), 2 (main) 2 2
Power [MW / MWh] – 6.45 – 4.4 2.5 (E)
Location bow, bow – – bow, stern –
SWB Connections – – 1A, 1B, 1C, 2A, 2B, 2C 1C, 2B 1C, 2B

Parameter Tunnel Propulsion Retractable
N 3 4 2
Power [MW] 3.5 3.3 2.4
Location bow, bow, bow stern, stern, stern, stern bow, bow
SWB Connections 1A, 1C, 2C 1A, 1B, 2B, 2C 1B, 2B

7.2.1. Pareto Analysis
When executing the MBSE-DSS, the design load layout of Subsection 6.3.1 generates 216
options. With the combination of the Subsection 6.3.2 23.8 million configurations are generated.
For each pump room risk the Pareto is again made, shown in Figure 7.7. As expected for this
vessel the cost scale is higher then for the first case study. This is due to the larger number of
system loads which causes the cooling system to have already a higher baseline cost.
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Figure 7.7: Pareto fronts illustrating the trade-off between cluster risk and total cost for different pump
room configurations of the Reference Vessel L vessel.

7.2.2. Optimal Configuration and Interpretation
Below in Listing 7.6 the best solution is shown. For the scoring, the weight of 0.5 for cost, 0.4
for cluster risk and 0.1 for pump room risk was used. The solution is again a configuration
which matches the E-KOL vision of redundancy.

The solution follows a similar design philosophy as observed for the other case study vessel.
The number of duty units is minimised, as larger units reduce overall cost. This also explains
the grouping of multiple thrusters within a single cluster, allowing them to share duty and
backup capacity, resulting in fewer but larger units and therefore lower cost.

In addition, each cluster is assigned only one PHE unit. This is consistent with the high
cost and relatively low failure probability of PHE systems, making additional redundancy less
beneficial from a cost-risk perspective.

Overall, the solution appears promising and represents a viable configuration for this vessel.
A comparison with the design produced by Ulstein would be valuable to further evaluate the
differences and provide insight into the decision-making behaviour of the MBSE-DSS versus
industry practice. This comparison is presented in Section 8.1.
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Listing 7.6: Best-performing architecture for the Reference Vessel L case study
CONFIGURATION CFG_B3_S2_M0_RS(ER[4,2],STERN[1,2])
Cost : 3.06 [MEUR]
Cluster risk : 18.513 [%DP-Loss/year]
Pump room risk : 0.0085 [%DP-Loss/year]
Final score : 7.105

--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 4
Total clusters : 9

ER : 6 (sizes: [2, 4, 1, 3, 4, 3])
STERN : 3 (sizes: [4, 4, 1])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 18 (9 duty + 9 backup)
PHE units : 11 (9 duty + 2 backup)
FW pumps : 34 (17 duty + 17 backup)
Overboard : 9
Seachest : 8

=== ROOM & PUMP OVERVIEW ===
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), aux
SW 1+1 | PHE 1+0 | FW 1+1 | OB 1

- Cluster 2: retractable(bow SWB=1B), tunnel(bow SWB=1C), aux, aux/bess
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B), genset (SWB=1C)
SW 1+1 | PHE 1+0 | FW 3+3 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: retractable(bow SWB=2B), tunnel(bow SWB=2C), aux, aux

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1
- Cluster 2: genset (SWB=2A), genset (SWB=2B), genset (SWB=2C)

SW 1+1 | PHE 1+0 | FW 3+3 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), propulsion(stern SWB=1B), aux, aux

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), propulsion(stern SWB=2C), aux/bess, aux

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1
- Cluster 2: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1



Figure 7.8: Electrical Key-One-Line (E-KOL) of the Reference
Vessel L used as input for the case study. [16]



Chapter 8
Validation

After applying the MBSE-DSS to the two case studies, the resulting cooling system config-
urations are evaluated to assess whether the generated solutions are realistic and consistent
with established naval engineering practice. The objective of this validation is to determine
whether the MBSE-DSS produces credible design outcomes and whether its behaviour aligns
with engineering expectations.

The validation is carried out using two complementary approaches. First, the MBSE-DSS-
generated solution for the Reference Vessel L case study is compared with the reference design
provided by Ulstein in Section 8.1. This benchmark comparison assesses whether the MBSE-
DSS is capable of reproducing or approximating an industry-validated design solution. For the
Reference Vessel S case study, such a comparison is not possible, as a corresponding reference
cooling system layout from Ulstein is not available. Second, a cross-case consistency analysis
is performed in Section 8.2, in which the behaviour of the MBSE-DSS is evaluated across both
vessel sizes (Reference Vessel S and Reference Vessel L). This analysis assesses whether the
model exhibits consistent and logically explainable trends when applied to different system
scales, thereby providing insight into the robustness of the MBSE-DSS.

8.1. MBSE-DSS versus Ulstein Solution
With the MBSE-DSS results available, it is interesting to compare the generated cooling sys-
tem configuration with the cooling system layout selected by Ulstein. Since the MBSE-DSS
evaluates all feasible design solutions within the defined constraints, the Ulstein solution is
also located within the evaluated design space. This makes it possible to directly compare the
cost, cluster risk, and pump room risk of the MBSE-DSS solution with the Ulstein design. The
normalised scores of both solutions are shown in Figure 8.1.

0 1 2 3 4 5 6 7 8 9 10

Pump Room Risk

Cluster Risk

Cost

8.2

7.05

6.93

8.55

8.91

3.2
MBSE-DSS Ulstein

Figure 8.1: Normalised score comparison between the MBSE-DSS-generated design and the Ulstein baseline.
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As shown in Figure 8.1, the Ulstein solution performs better in both risk categories, particularly
in terms of cluster risk, while the difference in pump room risk is relatively small. However,
this improved robustness comes at a significantly higher cost. Before analysing the design
differences in more detail, it is useful to examine where the Ulstein solution is located within
the design space. Therefore, the Ulstein configuration is plotted together with all MBSE-DSS-
generated solutions having the same pump room risk of 0.008182, as shown in Figure 8.2. Note
that the MBSE-DSS solution has a different pump room risk value. For clarity, the comparison
is presented as a two-dimensional slice of the three-dimensional Pareto space at the pump room
risk level of the Ulstein design.

Figure 8.2: Ulstein cooling system design plotted against MBSE-DSS-generated configurations with an
equivalent pump room risk.

The Ulstein solution lies close to the Pareto front, indicating that it is already an efficient design.
Nevertheless, several configurations achieve a more favourable balance between cost and cluster
risk while maintaining a similar pump room risk. It should be noted that Ulstein may have
based certain design decisions on company-specific experience, operational considerations, or
proprietary data that are not included in the MBSE-DSS. To understand why the Ulstein
solution does not lie directly on the Pareto front, the two configurations are compared in more
detail in the following sections. Listing 8.1 presents the Ulstein solution, while Listing 8.2
shows the highest-scoring MBSE-DSS configuration.

Overall, the Ulstein solution achieves a normalised score of 6.019, whereas the MBSE-DSS
solution achieves a score of 7.105. The difference is primarily driven by cost, as the MBSE-
DSS only introduces additional redundancy when it provides a sufficient reduction in cluster
or pump room risk.

Pump Room Comparison
The first noticeable difference is the number of pump rooms. Ulstein’s design contains one
additional pump room compared to the MBSE-DSS solution. According to the MBSE-DSS,
the reduction in pump room risk from 0.008494 to 0.008182 does not justify increased cost.

For both designs, the most severe compartment-failure scenario is the loss of pump room
PR1_ER. The MBSE-DSS recognises that losing this pump room also results in the loss of
all thrusters connected to SWB-A. Consequently, the additional bow pump room provides
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only a limited reduction in overall risk while increasing cost, as its SWB-A connection is also
lost during a PR1_ER compartment failure. Ulstein’s solution included additional spatial
constraints, resulting in an extra pump room being the more cost-effective configuration. This
demonstrates that identifying and incorporating such spatial requirements is essential when
evaluating alternative system architectures. Apart from this difference, the general pump room
arrangement of both solutions is largely comparable.

Cluster Comparison
The cluster configurations reveal a more significant difference between the two solutions. The
Ulstein design consists of 13 clusters, whereas the MBSE-DSS solution contains only 9 clusters.

In the Ulstein design, each cluster typically serves a single thruster and its associated auxiliary
system. This limits the DP impact of a cluster failure and therefore reduces cluster risk. The
MBSE-DSS, however, groups multiple loads within the same cluster whenever possible. By
sharing cooling equipment between loads, larger cooling units can be installed, resulting in
more cost-efficient configurations. This approach increases the potential impact of a cluster
failure but reduces overall system cost.

FW Pump Comparison
For the FW pumps, the MBSE-DSS primarily uses a FW factor of 0.5, whereas the Ulstein
design effectively follows a factor of 1.0. The MBSE-DSS therefore favours sharing FW pumps
between thrusters and auxiliary systems whenever possible. This approach reduces cost by
allowing larger and more cost-efficient pumps to be installed. However, it also increases cluster
risk because more loads depend on the same cooling equipment. Consequently, the Ulstein
design achieves a lower cluster risk through increased separation and redundancy.

The difference in redundancy is clearly visible in the number of installed FW pumps. Ulstein
employs 26 duty and backup FW pumps, compared to only 17 in the MBSE-DSS solution.
While the larger number of pumps increases the total probability of component failures, the
consequences of individual failures are reduced due to the higher level of redundancy and
separation.

It should be noted that the FW pump cost model is based on estimated scaling relationships.
Detailed supplier cost data could influence the optimal configuration. Certain pump sizes
may be unavailable or exhibit non-linear cost behaviour. Nevertheless, the results indicate
that sharing cooling capacity and using larger FW pumps is generally more cost-effective than
installing many smaller units.

PHE Unit Comparison
For the PHE subsystem, the main difference is the inclusion of backup PHE units in the
Ulstein design. The MBSE-DSS does not select backup PHE units because of their relatively
low failure probability and high cost.

From the MBSE-DSS perspective, the additional cost of installing backup PHE units outweighs
the associated reduction in risk. However, the final decision remains sensitive to the assumed
failure probabilities and cost estimates. More detailed reliability and cost data could therefore
strengthen or weaken the argument for installing redundant PHE units.

SW Pump Comparison
For the SW pumps, both designs converge towards essentially the same solution. Both the
MBSE-DSS and Ulstein identify the SW subsystem as highly influential on overall DP capa-
bility and therefore provide substantial redundancy. This similarity provides confidence that
the MBSE-DSS correctly identifies the critical role of seawater cooling.
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Listing 8.1: Ulstein solution Reference Vessel L
CONFIGURATION CFG_B2_S2_M0_RS(ER[4,3],BOW[1],STERN[2,3])
Cost : 4.17 [MEUR]
Cluster risk : 10.998 [%DP-Loss/year]
Pump room risk : 0.0082 [%DP-Loss/year]
Final score : 6.019
--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 5
Total clusters : 13

ER : 7 (sizes: [2, 2, 1, 3, 2, 2, 3])
STERN : 5 (sizes: [2, 2, 2, 2, 1])
BOW : 1 (sizes: [2])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 26 (13 duty + 13 backup)
PHE units : 26 (13 duty + 13 backup)
FW pumps : 52 (26 duty + 26 backup)
Overboard : 13
Seachest : 10
--- ROOM & PUMP OVERVIEW ---
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), aux
SW 1+1 | PHE 1+1 | FW 2+2 | OB 1

- Cluster 2: retractable(bow SWB=1B), aux
SW 1+1 | PHE 1+1 | FW 2+2 | OB 1

- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B),
genset (SWB=1C)
SW 1+1 | PHE 1+1 | FW 3+3 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: tunnel(bow SWB=2C), aux

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1
- Cluster 2: retractable(bow SWB=2B), aux

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1
- Cluster 3: genset (SWB=2A), genset (SWB=2B),

genset (SWB=2C)
SW 1+1 | PHE 1+1 | FW 3+3 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), aux

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1
- Cluster 2: propulsion(stern SWB=1B), aux

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), aux/bess

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1
- Cluster 2: propulsion(stern SWB=2C), aux

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1
- Cluster 3: mission

SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Room PR5_BOW (tag: BOW) | SC 2
- Cluster 1: tunnel(bow SWB=1C), aux/bess

SW 1+1 | PHE 1+1 | FW 2+2 | OB 1

Listing 8.2: Best MBSE-DSS solution Reference Vessel L
CONFIGURATION CFG_B3_S2_M0_RS(ER[4,2],STERN[1,2])
Cost : 3.06 [MEUR]
Cluster risk : 18.513 [%DP-Loss/year]
Pump room risk : 0.0085 [%DP-Loss/year]
Final score : 7.105
--- PUMP ROOMS & CLUSTERS ---
Total pump rooms : 4
Total clusters : 9

ER : 6 (sizes: [2, 4, 1, 3, 4, 3])
STERN : 3 (sizes: [4, 4, 1])
BOW : 0

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 18 (9 duty + 9 backup)
PHE units : 11 (9 duty + 2 backup)
FW pumps : 34 (17 duty + 17 backup)
Overboard : 9
Seachest : 8
--- ROOM & PUMP OVERVIEW ---
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), aux
SW 1+1 | PHE 1+0 | FW 1+1 | OB 1

- Cluster 2: retractable(bow SWB=1B), aux,
tunnel(bow SWB=1C), aux/bess
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B),
genset (SWB=1C)
SW 1+1 | PHE 1+0 | FW 3+3 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: retractable(bow SWB=2B), aux,

tunnel(bow SWB=2C), aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 2: genset (SWB=2A), genset (SWB=2B),
genset (SWB=2C)
SW 1+1 | PHE 1+0 | FW 3+3 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), aux,

propulsion(stern SWB=1B), aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), aux/bess,

propulsion(stern SWB=2C), aux
SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

.
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Pareto Front Comparison
Besides comparing the overall best MBSE-DSS solution with the Ulstein reference design, it
is also valuable to analyse Pareto-optimal solutions located close to the Ulstein configura-
tion. These solutions demonstrate the design changes required to improve one objective while
maintaining another at approximately the same level. The solution presented in Listing 8.3
represents the Pareto-optimal configuration with a total cost comparable to the Ulstein design,
whereas the solution in Listing 8.4 represents the lowest-cost configuration with a cluster risk
comparable to the Ulstein solution.

Cost-Equivalent Solution
The cost-equivalent solution achieves a total cost of 4.19 MEUR, which is nearly identical to the
Ulstein configuration (4.17 MEUR), while reducing the cluster risk from 10.998 to 7.632 %DP-
loss/year. This improvement is primarily realised by changing the clustering strategy. In
the stern, propulsion loads are combined into larger clusters, reducing the total number of
clusters from 13 to 10. Although this increases the consequence of a single cluster failure, the
additional redundancy introduced within each cluster more than compensates for this effect.
Compared with the Ulstein configuration, the number of SW pumps is slightly reduced (24
instead of 26), while the numbers of PHE units and FW pumps are reduced to 20 and 43
respectively. However, these components are distributed differently, with substantially higher
levels of redundancy allocated to the larger clusters, resulting in a more robust cooling system
without increasing the overall cost.

Cluster Risk-Equivalent Solution
The cluster risk-equivalent solution follows a different optimisation strategy. Here, the objective
is to minimise the total cost while maintaining a cluster risk close to that of the Ulstein
configuration. The engine room clustering remains identical to the reference design, whereas
the stern propulsion clusters are partially merged, reducing the total number of clusters from
13 to 11. This configuration significantly reduces the number of PHE units from 26 to 15 and
the number of FW pumps from 52 to 38. However, the duty-to-backup ratio is only decreased
for the PHE units, but increased for the FW pumps, resulting in more redundancy for a lower
cost. Besides that, the number of SW pumps is increased slightly from 26 to 28, providing
additional SW redundancy while requiring fewer plate heat exchangers and freshwater pumps.
As a result, the total cost decreases from 4.17 MEUR to 3.88 MEUR, while the cluster risk
remains comparable (10.437 versus 10.998 %DP-loss/year).

These two Pareto-optimal solutions demonstrate that the Ulstein reference configuration is not
located on the Pareto front. Depending on the design objective, it is possible to achieve either
a lower cluster risk or a lower cost. This illustrates the value of the MBSE-DSS framework
in providing insight into architectural alternatives that outperform the reference design by
exploiting different combinations of clustering and cooling system redundancy.
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Listing 8.3: Cost-Equivalent MBSE-DSS Solution
CONFIGURATION CFG_B2_S2_M0_RS(ER[3,3],BOW[1],STERN[1,2])
Cost : 4.19
Cluster risk : 7.632
Pump room risk : 0.0082
Final score : 6.393
--- PUMP ROOMS & CLUSTERS ---
Total pumprooms : 5
Total clusters : 10

ER : 6 (sizes: [4, 1, 3, 2, 2, 3])
STERN : 3 (sizes: [4, 4, 1])
BOW : 1 (sizes: [2])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 24 (10 duty + 14 backup)
PHE units : 20 (10 duty + 10 backup)
FW pumps : 43 (17 duty + 26 backup)
Overboard : 10
Seachest : 10
--- ROOM & PUMP OVERVIEW ---
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), aux,
retractable(bow SWB=1B), aux
SW 1+1 | PHE 1+1 | FW 2+4 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 3: genset (SWB=1A), genset (SWB=1B),
genset (SWB=1C)
SW 1+2 | PHE 1+1 | FW 3+3 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: tunnel(bow SWB=1C), aux/bess

SW 1+1 | PHE 1+1 | FW 1+2 | OB 1
- Cluster 2: retractable(bow SWB=2B), aux

SW 1+1 | PHE 1+1 | FW 1+2 | OB 1
- Cluster 3: genset (SWB=2A), genset (SWB=2B),

genset (SWB=2C)
SW 1+2 | PHE 1+1 | FW 3+3 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), aux,

propulsion(stern SWB=1B), aux
SW 1+2 | PHE 1+1 | FW 2+4 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), aux/bess,

propulsion(stern SWB=2C), aux
SW 1+2 | PHE 1+1 | FW 2+4 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Room PR5_BOW (tag: BOW) | SC 2
- Cluster 1: tunnel(bow SWB=2C), aux

SW 1+1 | PHE 1+1 | FW 1+2 | OB 1

Listing 8.4: Cluster Risk-Equivalent MBSE-DSS Solution
CONFIGURATION CFG_B2_S2_M0_RS(ER[4,3],BOW[1],STERN[1,2])
Cost [MEUR] : 3.88
Cluster risk : 10.437
Pump room risk : 0.0082
Final score : 6.588
--- PUMP ROOMS & CLUSTERS ---
Total pumprooms : 5
Total clusters : 11

ER : 7 (sizes: [2, 2, 1, 3, 2, 2, 3])
STERN : 3 (sizes: [4, 4, 1])
BOW : 1 (sizes: [2])

--- PUMPS & EQUIPMENT (TOTAL) ---
SW pumps : 28 (13 duty + 15 backup)
PHE units : 15 (11 duty + 4 backup)
FW pumps : 38 (17 duty + 21 backup)
Overboard : 11
Seachest : 10
--- ROOM & PUMP OVERVIEW ---
Room PR1_ER (tag: ER) | SC 2

- Cluster 1: tunnel(bow SWB=1A), aux
SW 1+1 | PHE 1+0 | FW 1+1 | OB 1

- Cluster 2: retractable(bow SWB=1B), aux
SW 1+1 | PHE 1+0 | FW 1+1 | OB 1

- Cluster 3: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

- Cluster 4: genset (SWB=1A), genset (SWB=1B),
genset (SWB=1C)
SW 2+2 | PHE 1+1 | FW 3+3 | OB 1

Room PR2_ER (tag: ER) | SC 2
- Cluster 1: tunnel(bow SWB=1C), aux/bess

SW 1+1 | PHE 1+0 | FW 1+1 | OB 1
- Cluster 2: retractable(bow SWB=2B), aux

SW 1+1 | PHE 1+0 | FW 1+1 | OB 1
- Cluster 3: genset (SWB=2A), genset (SWB=2B),

genset (SWB=2C)
SW 2+2 | PHE 1+1 | FW 3+3 | OB 1

Room PR3_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=1A), aux,

propulsion(stern SWB=1B), aux
SW 1+2 | PHE 1+0 | FW 2+4 | OB 1

Room PR4_STERN (tag: STERN) | SC 2
- Cluster 1: propulsion(stern SWB=2B), aux/bess,

propulsion(stern SWB=2C), aux
SW 1+2 | PHE 1+0 | FW 2+4 | OB 1

- Cluster 2: mission
SW 1+1 | PHE 1+1 | FW 1+1 | OB 1

Room PR5_BOW (tag: BOW) | SC 2
- Cluster 1: tunnel(bow SWB=2C), aux

SW 1+1 | PHE 1+0 | FW 1+1 | OB 1
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8.1.1. Ulstein versus MBSE-DSS Discussion
Overall, the comparison shows that the MBSE-DSS converges towards a design philosophy
that is largely consistent with the engineering decisions made by Ulstein. Both solutions
favour redundancy in the critical SW subsystem and adopt compartment arrangements that
limit the consequences of major failures. The primary differences are found in the level of
redundancy applied to pump rooms, FW pumps, PHE units, and cluster separation.

Whereas Ulstein adopts a more conservative design approach with additional redundancy, the
MBSE-DSS explicitly balances these risk reductions against the associated cost increases. As
a result, the MBSE-DSS identifies configurations that achieve comparable risk levels at a
significantly lower cost.

This comparison provides confidence that the MBSE-DSS produces realistic and engineering-
feasible solutions while simultaneously offering insight into alternative configurations and their
associated trade-offs. Rather than replacing engineering judgement, the MBSE-DSS supports
naval architects by rapidly exploring a large design space and quantifying the consequences of
design decisions in terms of cost and risk.

8.2. Cross-Case Consistency
In addition to validating whether the MBSE-DSS produces realistic solutions compared to
designs developed by Ulstein, it is essential to assess whether the methodology behaves consis-
tently across different case studies. Since the Reference Vessel S and Reference Vessel L vessels
case studies differ significantly in size and system complexity, they provide a suitable basis for
evaluating the robustness and scalability of the MBSE-DSS.

A direct comparison of raw results is not meaningful due to substantial differences in the
underlying design spaces, as shown in Table 8.1. Most notably, the Reference Vessel L case
contains more than three times as many feasible configurations as the Reference Vessel S
case. This increase is expected, as the Reference Vessel L vessel includes more equipment and
therefore a larger number of design variables and configuration possibilities.

A similar scaling effect is observed in the cost objective. Due to the larger system size, the
cost range of the Reference Vessel L design space is significantly higher than that of the
Reference Vessel S vessel, with the minimum cost of Reference Vessel L already approaching
the upper range of Reference Vessel S. In contrast, cluster risk and pump room risk remain
more comparable between both cases, as they are derived from the same DP-capability-based
formulation and are therefore expressed on a consistent scale.

Table 8.1: Overview of the design spaces for case studies Reference Vessel S and Reference Vessel L.

Case Study Configurations Cost [Me] Cluster Risk Pump Room Risk

Min Max Min Max Min Max

Reference Vessel S 8,760,960 1.24 2.58 9.41 59.35 0.0110 0.0150
Reference Vessel L 23,887,872 2.15 4.83 6.63 43.51 0.0069 0.0150

To enable a meaningful comparison, the analysis is performed using normalised objective values
rather than absolute values. This removes the influence of vessel scale and allows underlying
behavioural trends to be compared directly.

Furthermore, a full three-dimensional comparison of the objective space is difficult to interpret.
Therefore, the analysis focuses on selected comparable regions of the design space, based on
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overlapping pump room risk levels (0.015 and 0.0125) and a consistent thruster distribution
strategy (maximum two stern and two bow per pump rooms). This ensures that equivalent
architectural regions are compared across both vessels.

8.2.1. Subsystem Behaviour Consistency
SW Pumps
The SW subsystem, shown in Figure 8.3, exhibits consistent behavioural trends across both
case studies. In both Reference Vessel S and Reference Vessel L, the number of SW backup
units increases when moving from high-cost, low-risk configurations towards lower-cost, higher-
risk regions.

Both cases also show distinct regions of increased redundancy usage, which correspond to
areas with higher cluster counts and therefore increased flexibility in redundancy allocation.
These regions appear as clusters rather than smooth gradients, which can be attributed to the
discrete nature of SW pump allocation across clusters.

Overall, the observed trends confirm that increased cost pressure leads to higher SW redun-
dancy requirements across both vessel types.

(a) SW backup units in Reference Vessel L design space
(normalised).

(b) SW backup units in Reference Vessel S design space
(normalised).

Figure 8.3: Cross-case comparison of SW backup unit distribution for identical pump room risk level (Rp =
0.0125), showing consistent redundancy trends across vessel scales.

PHE Units
The behaviour of PHE backup units, shown in Figure 8.4, again demonstrates consistent trends
between both vessels. In both cases, higher PHE redundancy levels are primarily associated
with regions of higher cluster risk and lower cost sensitivity.

A notable difference is that PHE redundancy appears earlier in the Reference Vessel S case
compared to the Reference Vessel L vessel. This can be explained by the smaller overall cooling
demand in Reference Vessel S, which results in lower system-level load and reduced PHE sizing
requirements. Consequently, redundancy in PHE systems becomes cost-effective at an earlier
stage in the design space.

In contrast, the Reference Vessel L vessel prioritises redundancy in FW and SW systems before
PHE redundancy becomes optimal, reflecting its higher cooling demand and associated cost
structure.
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(a) PHE backup units in Reference Vessel L design space
(normalised).

(b) PHE backup units in Reference Vessel S design space
(normalised).

Figure 8.4: Cross-case comparison of PHE backup unit distribution for identical pump room risk level (Rp =
0.0150), highlighting differences in redundancy activation between vessel scales.

FW Pumps
The FW subsystem behaviour, shown in Figure 8.5, exhibits similar overall trends across both
case studies. In both vessels, lower FW duty configurations are consistently associated with
more cost-efficient solutions across the Pareto front.

Although the Reference Vessel L design space is significantly larger and more densely populated,
the same dominant trend is observed: configurations with minimal FW duty units tend to
dominate the optimal region of the design space in both cases.

(a) FW duty units in Reference Vessel L design space
(normalised).

(b) FW duty units in Reference Vessel S design space
(normalised).

Figure 8.5: Cross-case comparison of FW duty unit distribution, showing consistent optimality of low-duty
configurations across both vessels for the same stern,bow strategy.

Overall Observation
Overall, the results demonstrate that the MBSE-DSS exhibits consistent behavioural trends
across both case studies despite significant differences in scale and design space size. The ob-
served similarities in subsystem behaviour indicate that the underlying modelling and decision
logic is robust and scalable across vessel configurations.



Chapter 9
Assessment of the MBSE-DSS Tool

With the case studies, verification, and validation completed, the MBSE-DSS tool can now be
assessed in terms of its overall impact on the early-stage offshore vessel design process. This
chapter evaluates how the tool influences decision-making, supports design space exploration,
and contributes to the generation of robust design insights.

The assessment first discusses the impact on the decision-making process in Section 9.1, focus-
ing on how the tool supports and improves the quality and transparency of design decisions.
Second, the role of the tool in enabling systematic design space exploration is discussed in
Section 9.2, highlighting its ability to compare and evaluate alternative system architectures.
Third, the insights generated during the case studies are examined in Section 9.3.

In addition, the limitations of the MBSE-DSS tool are identified in Section 9.4 to provide a
balanced perspective on its applicability and current scope. Finally, the chapter concludes in
Section 9.5 by summarising the overall contribution of the tool to the design process and its
relevance with respect to addressing RQ5.

9.1. Decision-Making Process Improvements
As the MBSE-DSS is developed to improve the decision-making process, its impact must be
assessed in terms of how it changes the traditional design workflow. This can be done by
comparing it with conventional design practices used at Ulstein.

Traditionally, the cooling system is developed using the design spiral combined with the expe-
rience of the naval architect. Through iterative refinement, the design is gradually improved
towards an optimal solution, without explicit knowledge of the full Pareto front, but rather by
converging towards it through experience and iteration.

The MBSE environment contributes to the decision-making process by providing a structured
representation of the cooling system architecture, including the relationships between require-
ments, functions, logical components, and physical components. This improves system un-
derstanding, increases traceability of design decisions, and makes it easier for stakeholders to
understand the rationale behind a selected configuration. It also clarifies how the cooling sys-
tem interacts with other internal and external systems, as previously discussed in Section 3.3.
Since this study focuses primarily on the DSS component within the MBSE framework, the
most significant improvements are observed on the decision-support side.

In the traditional process, only a limited number of design alternatives are typically evalu-
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ated, even though the underlying design space may contain hundreds or thousands of feasible
configurations. A key improvement introduced by the MBSE-DSS is the ability to explore a
much larger set of design options in a systematic and computational manner. This significantly
increases efficiency and enables earlier exploration of design trade-offs within the E-KOL. As
a result, fewer late-stage design iterations are required, because the effects of architectural
choices can already be evaluated in the early design phase. In short, decisions can be made
earlier, as their implications become directly visible through the MBSE-DSS output.

In addition, whereas the traditional process typically aims to identify a single best design,
the MBSE-DSS generates a Pareto-optimal set of solutions. This allows the naval architect
to explicitly evaluate trade-offs between cost, cluster risk, and pump room risk, and select a
solution that best matches project-specific requirements.

Secondly, the scoring mechanism improves both the transparency and explainability of design
decisions. Because each configuration is evaluated using consistent cost and risk models, the
naval architect can justify design choices using quantitative arguments rather than experience
alone. For example, the impact of adding or removing pump rooms can be directly linked to
changes in cost-risk performance using consistent model outputs. This also reduces reliance
on subjective judgement such as "this solution usually works well", and instead promotes data-
driven decision-making. As a result, consistency across different projects is improved, since
the MBSE-DSS evaluates all designs using the same methodology, regardless of the engineer
performing the analysis.

Furthermore, knowledge that is traditionally embedded in experienced engineers is partially
transferred into the MBSE-DSS knowledge base. This reduces dependency on individual exper-
tise and improves reproducibility and traceability of design decisions. It also reduces analysis
time, since design knowledge is embedded directly into the computational framework rather
than being repeatedly reconstructed for each new project.

Overall, the MBSE-DSS shifts the decision-making paradigm from an experience-driven, it-
erative search process towards a model-based, data-driven exploration of a structured design
space, where trade-offs are explicitly quantified and comparable.

9.2. Design Space Exploration Impact
This section evaluates how the MBSE-DSS influences the exploration of the design space itself,
rather than the decision-making process.

9.2.1. Exploration Capability
In contrast to traditional design approaches, where only a limited and experience-driven subset
of configurations is evaluated, the MBSE-DSS enables systematic evaluation of a significantly
larger portion of the feasible design space.

The generated dataset shows that the MBSE-DSS does not rely on random sampling, but
instead evaluates configurations in a structured and repeatable way. This results in a more
complete and unbiased representation of the design space, including regions that would typi-
cally remain unexplored in conventional workflows.

Furthermore, the discretisation of design variables leads to a combinatorial expansion of the
solution space, which is explicitly handled by the MBSE-DSS evaluation framework. In the
case studies, this results in a large number of feasible configurations being evaluated, providing
broad coverage across different system architectures.
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Overall, this enables a shift from selective exploration towards systematic enumeration of
feasible designs, forming the basis for analysing the resulting distribution of solutions.

9.2.2. Distribution of Design Alternatives
To better understand the structure of the explored design space, this section discusses the
3D plots of all configurations for the Reference Vessel L case study, where different colour
mappings are used to highlight patterns and trends. The following figures therefore do not
only illustrate individual configurations, but reveal structural patterns, clustering behaviour,
and dependencies between design variables and system-level objectives.

Starting with the overview in Figure 9.1, the relationship between pump room and cluster
configurations becomes visible across the design space. For pump rooms, distinct horizontal
bands can be observed, since each pump room configuration corresponds to a discrete pump
room risk level. When viewed from above, these appear as clear stratified lines. Multiple bands
with similar values occur due to the option of varying the number of stern and bow pump rooms.
Although configurations such as two stern and three bow pump rooms are structurally similar
to the inverse case, they may still result in different pump room risks due to the different
subsystem loads assigned to each location.

For clusters, a similar dependency on pump room structure is observed. The maximum number
of clusters is constrained by the available pump rooms, since each pump room limits how many
independent cooling paths can be formed. As a result, configurations with the lowest pump
room risk typically correspond to layouts with the maximum number of pump rooms, where
each room contains a minimal number of components. When the number of pump rooms
decreases, the flexibility in cluster formation increases accordingly.

Interestingly, the lowest cluster risk configurations are generally found at the highest number
of clusters for a given pump room setup. However, it is also observed that moving towards
lower cost while keeping cluster and pump room risk constant may lead to fewer clusters. This
can be explained by the interaction between component sharing and redundancy: more shared
cooling units can reduce cost, but may require restructuring of cluster definitions.

(a) 3D design space coloured by number of pump rooms. (b) 3D design space coloured by number of clusters.

Figure 9.1: Design trade-off space showing the relationship between cluster risk, pump room risk, and cost,
with colour indicating pump room and cluster configurations.
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Subsystem Behaviour: FW Pumps
Focusing on the cooling subsystem behaviour, Figure 9.2 highlights distinct patterns for FW
pumps. For duty units, the highest numbers are consistently located in regions with higher
cost. This reflects the fact that excessive use of smaller FW units increases total cost, whereas
larger units are generally more cost-efficient. As a result, configurations with fewer duty units
tend to appear in lower-cost regions of the design space.

Intermediate regions show variation depending on how FW pumps are allocated across clusters,
where assigning pumps to more critical clusters can improve performance but increases cost.

Backup units show a different pattern, as their presence depends on both redundancy require-
ments and the number of duty units. Increasing the number of duty units reduces the relative
contribution of backups to redundancy. This explains why configurations with minimal duty
units are often associated with higher backup effectiveness. In general, backup numbers in-
crease as the system moves towards lower cluster risk regions, where redundancy becomes more
important than cost.

(a) 3D design space coloured by number of FW duty units. (b) 3D design space coloured by number of FW backup units.

Figure 9.2: Design trade-off space for the FW subsystem illustrating how duty and backup units relate to
cluster risk, pump room risk, and cost.

Subsystem Behaviour: SW Pumps
For the SW subsystem, Figure 9.3 shows similar overall trends. However, due to higher unit
cost and fewer configuration options compared to FW pumps, the variation in the colour
distribution is less pronounced.

In addition, SW pumps are more strongly cluster-dependent, whereas FW pumps are primarily
load-dependent. This leads to more configurations with higher pump room risk having rela-
tively high SW redundancy, particularly in designs with maximum clustering. As cost becomes
less restrictive, configurations with minimal SW redundancy are again observed, following a
trend similar to FW pumps but shifted towards higher cost sensitivity.
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(a) 3D design space coloured by number of SW duty units. (b) 3D design space coloured by number of SW backup units.

Figure 9.3: Design trade-off space for the SW subsystem illustrating redundancy behaviour across cost and
risk objectives.

Subsystem Behaviour: PHE Units
Finally, Figure 9.4 shows the behaviour of the PHE subsystem. For duty units, the pattern
closely follows the cluster distribution, which is expected since typically one PHE duty unit is
assigned per cluster.

For backup units, the results show that redundancy is only introduced in regions with very low
cluster risk, where PHE reliability becomes critical to overall system performance. In most
configurations, however, additional PHE redundancy is not selected due to the relatively low
failure probability and high associated cost.

(a) 3D design space coloured by number of PHE duty units. (b) 3D design space coloured by number of PHE backup units.

Figure 9.4: Design trade-off space for the PHE subsystem showing how redundancy decisions vary across the
explored design space.
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9.3. Design Insights
9.3.1. Emergent Design Rules and Trends
The analysis of the generated solutions reveals several recurring design rules and system-level
trends.

A first key observation is that cluster risk and pump room risk must be considered as dis-
tinct evaluation dimensions. Cluster risk is primarily associated with DP2-related component
failures, while pump room risk is linked to DP3 compartment-level failures. Although both
contribute to overall system risk, they represent fundamentally different physical failure mech-
anisms and should therefore be assessed separately within the cost-risk trade-off.

Building on this distinction, redundancy allocation is found to be non-uniform across the sys-
tem. The results indicate that redundancy should be prioritised towards the most influential
clusters in order to achieve an optimal balance between cost and risk. This highlights that
system elements contribute differently to overall performance, and that redundancy decisions
should be guided by their system-level impact on DP capabilities rather than uniform distri-
bution.

Within the evaluated design space, a consistent ordering in redundancy introduction can be
observed. Redundancy in the FW system is most frequently selected, followed by SW, and
finally PHE. This suggests that, under the current failure probabilities and cost assumptions,
increasing FW capacity or redundancy first provides the most cost-effective means of improving
system resilience.

In line with this, redundancy in the PHE subsystem is only introduced once sufficient redun-
dancy is already present in the FW and SW chains. In most cases, PHE redundancy does not
provide sufficient additional system-level benefit to justify its cost, making it a lower priority
within the explored design space.

At the subsystem level, it was concluded in the early stages of the development of the MBSE-
DSS that introducing a second PHE duty unit per cluster is not selected in any of the evaluated
configurations. This is due to the limited marginal gain in redundancy combined with increased
cost and reduced flexibility in allocating backup capacity.

Finally, the design of the cooling system should remain consistent with the intended E-KOL
architecture. In particular, the risk distribution within the cooling system should align with
the broader vessel-level risk allocation, including systems such as gensets and switchboard
connections. The gensets impose significantly higher cooling demands, which directly influences
the required sizing and cost of the cooling chain components.

9.3.2. Objective Weight Analysis
To assess the influence of stakeholder preferences on the architecture selection process, an
objective weight analysis was performed on the Reference Vessel S and Reference Vessel L
based on the three objectives: total cost, cluster risk, and pump room risk. Since the relative
importance assigned to these objectives may vary between projects, the robustness of the
MBSE-DSS was investigated by systematically varying these weights. All objective weight
combinations were defined as:

W =
{
(wc, wr, wp) ∈ {0, 0.01, . . . , 1}3

∣∣ wc + wr + wp = 1
}

Here all possible combinations of objective weights were generated with steps of 0.01, subject
to the constraint that the sum of the three weights equals one. For each weighting scenario,
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the MBSE-DSS optimisation procedure was repeated based on the Pareto-optimal and where
the architecture with the highest weighted score was identified.

Because the objective weighting analysis exhibits the same overall trends for both the Reference
Vessel S and Reference Vessel L case studies, only the Reference Vessel S results are discussed
in detail in terms of the changes in FW pumps, SW pumps, and PHE units. The corresponding
Reference Vessel L figures are included in Appendix H and demonstrate similar behaviour.

The only Reference Vessel L result discussed in this section is the configuration selection graph,
as the larger design space leads to additional insights regarding the selection of pump room
and cluster layouts under different weighting strategies.

Graph Interpretation
To clarify how the graph is interpreted, an exam-
ple is provided in this figure. The figure illustrates
how the number of clusters varies across differ-
ent weighting strategies for the Reference Vessel
S. To read the three objective weights, consider
the combination of cost = 0.4, cluster risk = 0.2,
and pump room risk = 0.4. Starting from the cost
axis, follow the line corresponding to 0.4 until it
intersects with the line from the cluster risk axis
at 0.2. From this intersection, tracing the remain-
ing diagonal line to the pump room axis yields a
value of 0.4, confirming that the weights sum to
1.0. Using this representation, it becomes straight-
forward to identify which solutions are preferred
under different weighting combinations. In this
example, the corresponding optimal configuration
results in a total of 9 clusters.

Impact on Pump Room and Cluster Configurations

Influence on the Reference Vessel S: Below, Figure 9.5 shows the resulting pump room
and cluster layout combinations for the different weighting strategies. For the Reference Vessel
S, the default weighting of cost, cluster risk, and pump room risk of (0.500, 0.475, 0.025) results
in the configurations highlighted by the pink data points.

A notable observation is that the configuration in which each thruster is assigned to a separate
pump room accounts for 64.67% of all generated solutions. This behaviour is explained by the
strong trade-off between cost and both risk components. When the weight assigned to cost
becomes sufficiently low, the optimisation process increasingly prioritises risk minimisation,
causing highly redundant configurations to become dominant.

This trend is also visible at the boundaries of the design space. When the cluster risk weight
is fixed at zero, increasing the weight of cost leads to a reduction in the number of pump
rooms from 6 → 4 → 3 → 2. Similarly, when the pump room risk weight is fixed at zero, a
comparable trend is observed, although in this case the minimum number of pump rooms is
preferred because compartment-level failures are no longer penalised.

When the cost weight is increased, and consequently the cluster risk weight is reduced, the
number of clusters decreases rapidly from 9 → 8 → 7 → 6. This reduction is accompanied
by changes in the numbers of FW pumps, SW pumps, and PHE units, reflecting the strong
relationship between clustering and cooling system sizing.
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Figure 9.5: (Reference Vessel S) Distribution of optimal pump room and cluster configurations across
different weighting strategies (cost, cluster risk, pump room risk).

Influence on the Reference Vessel L: The results for the Reference Vessel L are shown
in Figure 9.6. For the default weighting of cost, cluster risk, and pump room risk of (0.500,
0.400, 0.100), the optimal solutions are highlighted by the lime green data points. These
points represent only 3.28% of the total weighting combinations. This indicates that relatively
small changes in objective preferences can lead to different optimal pump room and cluster
arrangements. Consequently, the selected design remains sensitive to stakeholder priorities,
highlighting that the MBSE-DSS should be regarded as a decision-support tool rather than a
decision-making tool.

Similar to the Reference Vessel S case, reducing the importance of cost causes the MBSE-DSS
to favour configurations with the maximum number of pump rooms, thereby minimising pump
room risk. However, due to the substantially larger design space of the Reference Vessel L, an
additional region of optimal solutions emerges. This region, shown in orange, corresponds to
configurations that maximise the number of stern pump rooms while limiting the number of
bow pump rooms to the number of engine rooms.

The MBSE-DSS identifies this arrangement as a favourable compromise between cost and risk.
Since the engine rooms contain the gensets, the loss of an engine room already results in a
severe DP consequence. As a result, additional separation of bow thrusters provides limited
benefit compared to further separation of stern thrusters. From a risk-reduction perspective,
allocating additional pump rooms to the stern therefore yields a better cost-benefit ratio.

This behaviour may also reflect design decisions embedded in the E-KOL. For example, the
placement of all gensets in the bow section may be driven by space constraints or by operational
experience suggesting different failure characteristics between bow and stern compartments. If
more detailed failure probabilities for individual compartments become available, the MBSE-
DSS could incorporate this information to better reflect such engineering considerations.

The Reference Vessel L exhibits the same overall trends as the Reference Vessel S, although
with additional intermediate configurations due to the larger design space. When the cluster
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risk weight is fixed at zero, increasing the cost weight reduces the number of pump rooms
according to the sequence (9 → 6 → 4 → 3 → 2). Similarly, when the pump room risk weight
is fixed at zero, the preferred number of clusters changes according to (13 → 12 → 11 → 10 →
9 → 8 → 10 → 8).

The temporary increase from 8 to 10 clusters may initially appear counterintuitive. However,
the figure only visualises the number of clusters and pump rooms, while the numbers of FW
pumps, SW pumps, and PHE units are not shown. The MBSE-DSS determines that, for certain
weighting combinations, increasing the number of clusters reduces cluster risk sufficiently to
offset the associated cost increase. At the same time, the total cost can still be reduced by
selecting fewer cooling units within those clusters. Once the numbers of FW and SW pumps
have been minimised, reducing the number of clusters again becomes the most cost-effective
strategy.

Figure 9.6: (Reference Vessel L) Distribution of optimal pump room and cluster configurations across
different weighting strategies (cost, cluster risk, pump room risk).

Influence on Freshwater Pump Configuration
Below, Figure 9.7 presents the number of FW duty and backup pumps for each weighting
strategy. An interesting observation is that, for most configurations, the number of duty
units remains constant despite changes in the number of clusters and pump rooms. Only
when the cluster risk weight becomes sufficiently dominant does the number of duty units
increase. This behaviour is a consequence of the modelling approach, in which configurations
are generated based on thruster-type grouping rather than cluster-level enumeration due to
computational limitations. As a result, changes in duty capacity occur in discrete steps rather
than continuously.

Increasing the number of duty units also affects the effectiveness of backup units, since duty
units jointly contribute to the required cooling capacity. For example, increasing the number
of duty units from 1 to 2 while maintaining one backup unit reduces the effective redundancy
from 200% to 150% of the required capacity. In contrast, the number of backup units varies
more significantly across weighting strategies. This is expected, as additional backup units
directly reduce cluster risk at relatively low cost compared to increasing duty capacity.



9.3. Design Insights 83

(a) FW duty units per weighting strategy (b) FW backup units per weighting strategy

Figure 9.7: (Reference Vessel S) Effect of objective weighting on FW pump redundancy configuration.

Influence on Seawater Pump Configuration
Below, Figure 9.8 shows the number of SW duty and backup pumps for each weighting strategy.
The number of SW duty units follows the same trend as the number of clusters, since SW
pumps are structurally coupled to the cluster definition. As a result, each cluster effectively
contains one SW duty pump, with no incentive for additional duty units due to cost and risk
considerations.

For the backup units, however, a clearer trade-off between cost and cluster risk is observed.
As expected, pump room risk does not influence this behaviour, since it is only affected by the
number of pump rooms rather than internal redundancy.

Although a cost weight of 1.0 might suggest a preference for eliminating all redundancy, this is
not observed in practice. This is due to the presence of mission systems with fixed redundancy
requirements, which impose a minimum number of backup units of at least two.

(a) SW duty units per weighting strategy (b) SW backup units per weighting strategy

Figure 9.8: (Reference Vessel S) Effect of objective weighting on SW pump redundancy configuration.
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Influence on PHE Configuration
Below, Figure 9.9 shows the number of PHE duty and backup units for each weighting strategy.
The number of PHE duty units follows the number of clusters, which is expected given the
one-to-one mapping used in the design generation process.

For the backup units, a similar trade-off between cost and cluster risk is observed. However,
due to the relatively high cost of PHE units combined with their lower failure probability,
the number of backup units changes less frequently compared to FW and SW systems. This
indicates that redundancy is only increased for PHEs when cluster risk becomes sufficiently
dominant in the objective function.

(a) PHE duty units per weighting strategy (b) PHE backup units per weighting strategy

Figure 9.9: (Reference Vessel S) Effect of objective weighting on PHE subsystem redundancy configuration.

Overall Observations
Overall, these results demonstrate how the weighting strategy directly influences the resulting
system architecture. The observed trends provide the naval architect with insight into how
changes in cost and risk preferences affect optimal cooling system configurations, enabling more
informed decision-making within the MBSE-DSS framework.

9.4. Limitations
Despite the improvements in decision-making, design space exploration, and insight generation
provided by the MBSE-DSS, several limitations remain.

9.4.1. Data and Input Limitations
First of all, one of the main limitations is the use of estimated failure probabilities and cost
data. In practice, these values may differ significantly from the assumed inputs, which can lead
to different optimal solutions. Although the MBSE-DSS is designed to allow easy updates of
these parameters, its accuracy remains dependent on the quality of the underlying input data.

9.4.2. Computational and Methodological Limitations
Secondly, the computational cost of the MBSE-DSS is relatively high. Due to the large number
of possible configurations, evaluation times increase significantly as the design space expands.
While the exhaustive evaluation approach ensures broad design space coverage and reduces the
risk of overlooking potentially valuable configurations, it limits the scalability of the MBSE-
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DSS and reduces its suitability for highly iterative design environments. As a result, future
implementations may require more computationally efficient exploration strategies to maintain
practical usability for larger design problems.

9.4.3. Knowledge Base and Expert Bias
Another limitation is that the knowledge base of the MBSE-DSS is largely based on assump-
tions and input from a single naval architecture perspective. This introduces potential bias
into the decision rules embedded in the system. A more robust approach would involve multi-
ple experts with different design philosophies, as well as integration of historical project data,
including actual cost and failure performance from existing vessels. This would improve the
generalisability and robustness of the MBSE-DSS outputs.

9.4.4. Implementation Constraints
Finally, the use of Python4Capella introduces practical limitations. The environment is rela-
tively slow and does not support advanced visualisation features, meaning that results had to
be exported to external tools for analysis and plotting. While this does not affect the correct-
ness of the results, it does reduce workflow efficiency. As the tool is still under development,
these limitations may be addressed in future versions.

9.5. Conclusion
The assessment of the MBSE-DSS demonstrates that the tool provides value in three main areas.
First, it improves the decision-making process by replacing experience-driven exploration with a
structured and transparent evaluation framework. Second, it enables systematic exploration of
a significantly larger design space than is feasible through traditional design practices. Third,
the generated solution space provides valuable insights into the relationships between cost,
redundancy, cluster risk, and pump room risk, revealing design trends that would otherwise
remain difficult to identify.

At the same time, the results highlight that the quality of the MBSE-DSS output remains
strongly dependent on the accuracy of the underlying assumptions, cost estimations, and failure
data. Furthermore, computational complexity and modelling simplifications currently limit
the practical applicability of the framework for larger design spaces and more detailed system
representations.

Overall, the results indicate that the MBSE-DSS successfully supports early-stage cooling
system architecture design by enabling systematic design space exploration, transparent trade-
off analysis, and quantitative comparison of alternative solutions, thereby answering RQ5. The
framework therefore provides a promising foundation for further development and refinement.



Chapter 10
Conclusion and Recommendations

10.1. Conclusion
The objective of this research was to determine to what extent an MBSE tool with integrated
decision-support functionality could support naval architects in configuring and evaluating
offshore vessel systems architecture during the ESSD phase.

The results demonstrate that the developed MBSE-DSS provides clear added value compared
to a traditional experience-driven design approach. By combining a structured system model
in Capella with automated design space exploration and multi-objective evaluation, the DSS
enables systematic investigation of alternative system configurations that would be impractical
to evaluate manually. For the investigated case studies, the DSS generated and evaluated
approximately 8.8 million and 23.9 million feasible cooling system configurations, respectively,
providing naval architects with insight into a significantly larger design space.

A key finding of this research is that the MBSE-DSS does not replace engineering expertise
but enhances it by making design trade-offs explicit and traceable. The developed evaluation
approach allows configurations to be compared based on cost, cluster risk, and pump room risk,
thereby supporting more transparent decision-making during the ESSD phase. Furthermore,
comparison with Ulstein’s existing engineering solutions showed that the MBSE-DSS identified
comparable design choices while also revealing alternative solutions with different cost-risk
trade-offs.

The research also demonstrates that MBSE provides the necessary foundation for this type of
decision support. By capturing system architecture, requirements, and interdependencies in a
structured model, MBSE enables traceability between design decisions and their consequences.
This is particularly valuable for offshore vessels, where system interdependencies significantly
contribute to structural, spatial, and decision-making complexity.

However, the current implementation remains limited by assumptions in cost and reliability
data and by the computational effort required for exhaustive design space exploration. These
limitations influence the accuracy and scalability of the current MBSE-DSS but do not invali-
date the demonstrated potential of the approach.

Based on these findings, it can be concluded that an MBSE tool with integrated decision-
support functionality can significantly contribute to offshore vessel systems architecture de-
sign during the ESSD phase. The developed MBSE-DSS enables a transition from primarily

86
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experience-based decision-making towards a more structured, quantitative, and traceable de-
sign process, providing naval architects with improved insight into the consequences of early-
stage design decisions.

10.2. Recommendations
This section presents several recommendations for future research and further development
of the proposed MBSE-DSS. The recommendations focus on increasing the realism of the
decision support through the integration of empirical operational data, extending the scope
of the framework to higher architectural levels, and improving the computational efficiency of
the design space exploration.

10.2.1. DP Cost-Risk System Investigation
A further extension of the MBSE-DSS framework would be the integration of cost and risk
modelling across multiple ship systems beyond the cooling architecture, based on real-world
operational and historical data. In the current implementation, cost and risk parameters are
primarily defined using assumed or estimated values specific to the cooling system. While this
enables early-stage exploration, it limits the direct connection to observed vessel performance
in practice.

Future work could therefore focus on incorporating historical failure data, maintenance records,
and cost information from existing vessels to calibrate and validate the underlying risk and cost
models. This would enable the MBSE-DSS to move from assumption-driven modelling towards
data-driven decision support, improving both the realism and robustness of the generated
design outcomes.

Such an approach would also allow failure behaviour and redundancy effectiveness to be de-
rived from empirical evidence rather than purely theoretical assumptions. As a result, both
component-level and compartment-level failure models across different ship systems could be
refined based on observed operational patterns.

For example, for the E-KOL of the Reference Vessel S vessel the configuration has a single
engine room combined with two main switchboards, which could be evaluated using empirically
grounded failure probabilities and cost impacts. This would provide a more realistic assessment
of the trade-offs currently influenced by engineering judgement, spatial constraints, and design
assumptions.

Ultimately, integrating historical and operational data into the MBSE-DSS would significantly
enhance the validity and applicability of the framework. It would strengthen the connection
between early-stage design decisions and real-world vessel performance, thereby increasing the
credibility of the MBSE-DSS as a decision-support tool for practical ship design applications.

10.2.2. Transition to E-KOL
An important direction for future work is the extension of the current MBSE-DSS framework to
include the E-KOL level of the vessel architecture. In the current implementation, the E-KOL
is treated as a fixed input, while in practice it has a strong influence on the cooling system
design. Introducing multiple E-KOL configurations would therefore enable a more integrated
and consistent decision-making process across system levels.

Such an extension would allow the exploration of higher-level architectural decisions, including
the number, sizing, and spatial arrangement of thrusters, as well as the configuration of engine
rooms, gensets, main switchboards, and switchboard groups. Since these design choices directly



10.2. Recommendations 88

influence the DP performance of the vessel, their inclusion would enable a more comprehensive
exploration of the trade-off between cost and operational risk. This would effectively extend
the current Pareto-based approach from subsystem level (cooling system) to system-of-systems
level (E-KOL), providing a more complete representation of feasible design alternatives.

10.2.3. Improved Design Space Exploration Strategy
A promising direction for future work is the reduction of computational effort during design
space exploration. In the current implementation, the MBSE-DSS evaluates a very large num-
ber of feasible configurations through exhaustive enumeration. While this ensures broad design
space coverage, it also results in significant computation times, which could limit usability dur-
ing iterative design activities.

One potential improvement is to replace the exhaustive generation approach with a guided
exploration strategy based on the calculated DP risk. Instead of generating all possible re-
dundancy combinations, the MBSE-DSS could start from a minimal feasible architecture for
a given pump room and cluster configuration, where each cooling chain contains only a single
duty unit. Subsequently, redundancy could be introduced incrementally by identifying the
cluster that contributes most to the overall system risk and adding the most beneficial FW,
SW, or PHE redundancy option.

Such a risk-driven exploration strategy would focus computational effort on the most relevant
regions of the design space and could significantly reduce the number of evaluated config-
urations. At the same time, the reduced computational burden would make it feasible to
investigate additional redundancy levels and subsystem design variations that are currently
constrained by evaluation time.

A trade-off of this approach is that the MBSE-DSS would primarily generate Pareto-optimal
solutions for each pump room and cluster layout, rather than providing a complete representa-
tion of the design space. Consequently, non-Pareto configurations would no longer be generated
automatically. However, this limitation could be mitigated by allowing naval architects to man-
ually define and evaluate specific configurations of interest. These user-defined solutions could
then be compared against the generated Pareto front, providing insight into the performance
gap between a proposed design and the optimal alternatives identified by the MBSE-DSS.
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Appendix A
Dynamic Positioning Regulation

This appendix provides an overview of the IMO DP regulations relevant to this study, as defined
in [31]. The listed requirements are included to clarify the functional and safety constraints
that form the basis for the DP-related modelling assumptions used in the DSS.

A.1. Power System
DP1 For DP1, the power system need not be redundant.

DP2 For DP2, the power system should be divisible into two or more systems so that, in
the event of failure of one sub-system, at least one other system will remain in operation
and provide sufficient power for station keeping. The power system(s) may be run as one
system during operation, but should be arranged by bus-tie breaker(s) to separate the systems
automatically upon failures which could be transferred from one system to another, including,
but not limited to, overloading and short circuits.

DP3 For DP3, the power system should be divisible into two or more systems so that, in
the event of failure of one system, at least one other system will remain in operation and
provide sufficient power for station keeping. The divided power system should be located in
different spaces separated by A-60 class divisions. Where the power systems are located below
the operational waterline, the separation should also be watertight. Bus-tie breakers should
be open during DP3 operations unless equivalent integrity of power operation can be accepted
according to paragraph 3.1.4.

A.2. Cables and Piping systems
DP2 For DP2, piping systems for fuel, lubrication, hydraulic oil, cooling water and cables
should be located with due regard to fire hazards and mechanical damage.

DP3 For DP3, cables for redundant equipment or systems should not be routed together
through the same compartments. Where this is unavoidable, such cables may run together in
cable ducts of A-60 class, the termination of the ducts included, which are effectively protected
from all fire hazards except that represented by the cables themselves. Cable connection boxes
may not be provided within such ducts.

95



A.3. Requirements for Essential Non-DP Systems 96

Redundant piping systems (e.g. piping for fuel, cooling water, lubrication oil, hydraulic oil, etc.)
should not be routed together through the same compartments. Where this is unavoidable,
such pipes may run together in ducts of A-60 class, the termination of the ducts included, which
are effectively protected from all fire hazards except that represented by the pipes themselves.

A.3. Requirements for Essential Non-DP Systems
For DP2 and DP3, systems not directly part of the DP system, but which in the event of failure
could cause failure of the DP system (e.g. common fire suppression systems, engine ventilation,
heating, ventilation and air conditioning (HVAC) systems, shutdown systems, etc.), should also
comply with relevant requirements of these Guidelines.



Appendix B
Excess Offshore Systems

This chapter describes the excess offshore vessel systems that are not part of the vessel systems
architecture, but still impose constraints on the overall design. Although these systems are
not the primary focus of the DSS, they influence available space, integration requirements, and
overall vessel layout and must therefore be considered at a conceptual level during the ESSD
phase [4].

B.1. Safety and Control Systems
Safety and control systems encompass the systems required to ensure both the protection of the
vessel and its personnel, as well as the safe and efficient execution of vessel operations. This
system group includes safety- and fire-related installations such as fire detection and alarm
systems, fixed firefighting systems, the DP control system, lifeboats sized according to vessel
capacity and regulatory requirements, and emergency shutdown systems. [77] In addition, it
contains navigation and communication systems, including GPS, AIS, satellite communication,
and gyro and magnetic compasses, which support safe navigation and operational awareness.

At the ESSD phase, these systems do not require detailed design, as they do not strongly drive
overall system complexity. The complexity of these systems is primarily driven by structural
factors, particularly the number and variety of safety features implemented. Consequently,
they score medium in structural complexity, while decision-making and spatial complexity
are low, as most design choices are standardised and the spatial requirements are relatively
straightforward. Nevertheless, they must be considered at a conceptual level to ensure that
sufficient space, interfaces, and integration provisions can be accommodated within the overall
vessel layout and system architecture.

B.2. Hull Structure Systems
Hull structure systems encompass all components related to the vessel’s hull [34]. This in-
cludes the plating and framing of the structure, as well as the arrangement of compartments,
specifying which are watertight and which may include features such as moon pools for cable
laying, ROV operations, or diving support.

The hull structure is a prime example of a physical interdependency, as it must provide the
required space, deck strength, and structural support for all onboard systems. The watertight-
ness of compartments is determined not only by safety requirements but also by operational
needs, such as those imposed by DP systems.
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This means that the complexity of hull structure systems is almost entirely driven by spatial
considerations, as they must accommodate and connect all other systems within the vessel.
Consequently, they score very high in spatial complexity. Structural and decision-making
complexity are very low, as the hull design generally follows decisions made for the more
complex systems and does not itself drive complexity.

B.3. Accommodation Systems
Accommodation systems encompass all systems required to provide a safe and habitable envi-
ronment for the crew. These include living quarters, fresh water storage, and food provision
facilities. While these systems are not major drivers of overall vessel complexity, they must
still be considered in the design. In some offshore vessels, the need to transport large platforms
or wind turbine components can constrain the available space for accommodations, influencing
layout and capacity decisions. Therefore, they score only medium in spatial complexity.



Appendix C
Open-Source MBSE Frameworks

This appendix provides an overview of the MBSE frameworks considered in the trade-off anal-
ysis in Chapter 4. Its purpose is to support transparency of the framework selection process
by briefly describing each candidate framework.

Capella is discussed in more detail in the main text due to its relevance for this study, while the
other frameworks are presented in a more concise form as they serve mainly as comparison cases.
The appendix concludes with the quantitative evaluation results used to rank the frameworks.

C.1. Innoslate
Innoslate makes use of Lifecycle Modelling Language (LML), which focuses on a balanced
and stakeholder-friendly modelling framework with easy graphing and visualisation [78]. This
simplicity can be highly beneficial for the ESSD phase [79], particularly in the maritime sector
where many stakeholders are not systems engineering experts.

If a language becomes too complex, it may hinder meaningful stakeholder interaction, risk-
ing the loss of valuable input [79]. LML addresses this by providing intuitive visualisations,
such as spider diagrams, to represent interdependencies between elements, improving system
understanding and traceability.

Given the limited MBSE experience within the maritime sector, starting with a language
that is easy for all stakeholders to understand can promote early involvement and improve
communication. Furthermore, LML is designed to be extendable to other languages such as
SysML, enabling a smooth transition toward more advanced modelling capabilities as project
maturity and stakeholder familiarity increase [80].

Innoslate enables users to import or create requirements, model complex systems, execute
simulations, track issues, and manage projects [81]. Collaboration is supported through a
built-in real-time group chat. Data can be imported from documents such as Word files, Excel
spreadsheets, or plain text files. Innoslate is a commercial tool but is available with open access
for academic purposes and operates via a web browser, requiring no installation.

C.2. COMET
CDP4-COMET, which stands for COncurrent Model-Based Engineering Tool [82], emphasises
parallel and collaborative working. It offers a free community edition that can be used as either
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a desktop or web application and includes an Excel add-in. The tool is relatively easy to learn,
which is advantageous for the maritime sector, where familiarity with MBSE is often limited.

COMET promotes reusability by supporting modular model development, enabling naval ar-
chitects to reuse previously developed solutions across different projects. In addition, it can
be integrated with tools such as Capella and MATLAB, increasing flexibility and facilitating
transitions or collaboration between different MBSE frameworks [83].

The framework provides a wide range of functionalities, including engineering models, product
trees, reference data libraries, Python scripting, requirement creation and linking, custom
report generation, and diagram-based creation and editing of relationships and interfaces.

However, [6] concludes that COMET performs particularly well in the later design stages. This
makes it less suitable as a primary tool for the ESSD phase, although it remains relevant as a
complementary tool, for example when Capella is selected as the main MBSE framework.

C.3. POOSL
POOSL [84], which stands for Parallel Object-Oriented Specification Language, is an open-
source framework developed by Eindhoven University of Technology [85] and TNO-ESI [86].
It was developed to support the exploration activities of (naval) architects in the early phases
of complex system development, including the ESSD phase [86, 87].

The framework provides both textual and visual representations of the system. When mod-
elling a system, changes made in either representation are automatically reflected in the other,
ensuring consistency. This enables the creation of interactive models and allows systems to be
analysed immediately once all components are defined [87].

During modelling, a debugging view is available to identify and resolve errors in a structured
manner, reducing the time spent searching for mistakes. In addition, the visualisation of
relationships between subsystems improves traceability [84]. POOSL can also be integrated
into Capella, allowing models to be reused when transitioning to another MBSE framework
[87].

C.4. SysON
SysON [88] is an open-source, web-based MBSE framework based on SysML v2. As it operates
through a web browser, no installation is required. The stated goal of SysON is "to provide
system engineers with super easy access to this new standard, at minimal cost and great ease
of use, with the guarantee of interoperability with other open-source MBSE tools, notably
Capella and Papyrus" [88].

SysON offers various visualisation options, including general system visualisation and inter-
connection views that enable improved analysis of interdependencies. It also provides model
libraries in which standard elements commonly used in the ESSD phase can be stored and
reused. In addition, textual import and export tools allow users to access required documents
and generate outputs when needed. SysON includes specialised graphical editors, allowing
each engineering task to be supported by its own dedicated visual view [89].

Despite these capabilities, SysON is still under active development and is not yet intended
for production use [88]. For example, basic functionalities such as undo and redo operations
and copy-and-paste actions within diagrams are not yet supported. These limitations must be
taken into account during the selection process.
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C.5. Papyrus
Eclipse Papyrus [90] is an industrial-grade open-source MBSE framework that uses standards-
based languages such as UML and SysML. The tool is fully customisable, allowing it to be
tailored to specific domains and organisational practices.

This high degree of customisation makes it possible to design an MBSE framework specifically
for the ESSD phase and aligned with Ulstein’s practices. However, achieving this would require
substantial effort and expertise in MBSE. As Ulstein primarily employs naval architects, this
could introduce challenges and require significant time and resources to develop and maintain
an effective modelling environment.

Papyrus supports system visualisation through diagrams, tables, and textual representations,
facilitating collaboration during the ESSD phase. In addition, it enables document generation
and the use of model views, which can reduce the time spent producing static documentation
and support naval architects in their daily workflows [54].

C.6. Modelio
Modelio [91] is an open-source modelling environment that supports SysML, BPMN, and Archi-
Mate, providing a workspace for developers, analysts, and software and systems architects.

BPMN (Business Process Modelling Notation) focuses on providing a structured and graphi-
cal means of describing organisational processes. ArchiMate similarly addresses the business
domain but places stronger emphasis on business construction and operational processes, or-
ganisational structures, information flows, IT systems, and technical infrastructure.

As the focus of this study is on improving the quality of decision-making by naval architects
during the ESSD phase, BPMN and ArchiMate are not considered relevant for further analysis.

C.7. SysIDE
SysIDE [92] is a SysML v2-based modelling and analysis framework that is available in both
open-source and commercial versions. It operates as an extension within the Visual Studio
Code (VS Code) environment and focuses on textual system modelling.

By operating within VS Code, SysIDE can leverage built-in AI support, enabling naval archi-
tects to receive assistance during system modelling and decision-making in the ESSD phase.
This integration with a known environment with AI support can lower the barrier to entry for
technically oriented users.

However, SysIDE has several limitations. The free version is restricted to textual modelling
and does not support system visualisation, making it more difficult for stakeholders who are
not directly involved in modelling to understand the system. In addition, elements cannot be
assigned unique identifiers, which reduces traceability. The absence of unique IDs, combined
with the possibility of cyclical inheritance and cyclical source file dependencies, increases the
risk of errors. Furthermore, the ability to express the same concept in multiple ways reduces
structural consistency and increases the likelihood of modelling errors [93].
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C.8. MBSE Evaluation Results
Below in Table C.1 and Figure C.1 the results of the trade-off analysis are shown. The frame-
works are ranked in descending order based on their total scores. Papyrus, Modelio, and
SysIDE are considered infeasible, as each received a score of 1 on at least one evaluation crite-
rion, indicating that they fail to satisfy the minimum requirements for an ESSD environment
suitable for naval architects.

Table C.1: Trade-off Table for MBSE Frameworks against Evaluation Criteria

MBSE Framework D1 D2 W1 W2 W3 W4 Total

Capella 5 5 4 5 3 3 4.25
Innoslate 5 4 5 4 3 4 4.20
COMET 4 4 4 2 5 5 4.00
POOSL 3 4 3 4 3 4 3.50
SysON 4 3 2 3 4 4 3.35

Papyrus 4 4 1 4 5 4 3.70
Modelio 3 3 3 1 3 3 2.70
SysIDE 1 1 3 3 4 2 2.20

D1 Visualisation

D2 Traceability
W1 Usability

W2 Applicability

W3 Interoperability
W4 Reusability

1. 2. 3. 4. 5.

1. Capella 2. Innoslate 3. COMET 4. POOSL 5. SysON

Figure C.1: MBSE Frameworks Comparison and Ranking against Evaluation Criteria



Appendix D
Capella JSON File

This appendix presents an example of the JSON input file extracted from the Capella model
and used as input for the DSS. The file contains the system properties and requirements that
define the vessel configuration, and serves as the bridge between the MBSE and the DSS.

Listing D.1: Example of a Capella JSON file used as input for the DSS
1 { "requirements": [
2 {"name": "DP2", "text": null}
3 ],
4 "properties": [
5 {"element": "Engine␣Room", "property": "#␣of␣Engine␣Rooms", "value": "2"},
6 {"element": "Engine␣Room", "property": "Engine␣Room␣Location", "value": "bow,␣bow"},
7 {"element": "Engine␣Room", "property": "#␣of␣Engines", "value": "6"},
8 {"element": "Engine␣Room", "property": "#␣of␣Generators", "value": "6"},
9 {"element": "Engine␣Room", "property": "Engine␣Power␣[MW]", "value": "6.45"},

10 {"element": "Engine␣Room", "property": "SWB", "value": "1A,␣1B,␣1C,␣2A,␣2B,␣2C"},
11
12 {"element": "Power␣Electronics", "property": "#␣of␣Switchboards", "value": "6"},
13 {"element": "Power␣Electronics", "property": "#␣of␣Main␣Switchboards", "value": "2"},
14
15 {"element": "Mission␣Systems", "property": "#␣of␣Mission␣Equipment", "value": "2"},
16 {"element": "Mission␣Systems", "property": "Mission␣Power␣[MW]", "value": "4.4"},
17 {"element": "Mission␣Systems", "property": "Mission␣Location", "value": "bow,␣stern"},
18 {"element": "Mission␣Systems", "property": "SWB", "value": "1B,␣2B"},
19
20 {"element": "BESS", "property": "#␣of␣BESS", "value": "2"},
21 {"element": "BESS", "property": "BESS␣Power␣[MWh]", "value": "2.5"},
22 {"element": "BESS", "property": "BESS␣Location", "value": "bow,␣stern"},
23 {"element": "BESS", "property": "SWB", "value": "1C,␣2B"},
24
25 {"element": "Tunnel␣Thruster", "property": "#␣of␣Thrusters", "value": "3"},
26 {"element": "Tunnel␣Thruster", "property": "Thruster␣Power␣[MW]", "value": "3.5"},
27 {"element": "Tunnel␣Thruster", "property": "Thruster␣Location", "value": "bow,␣bow,␣bow"},
28 {"element": "Tunnel␣Thruster", "property": "Thruster␣SWB", "value": "1A,␣1C,␣2C"},
29
30 {"element": "Propulsion␣Thruster", "property": "#␣of␣Thrusters", "value": "4"},
31 {"element": "Propulsion␣Thruster", "property": "Thruster␣Power␣[MW]", "value": "3.3"},
32 {"element": "Propulsion␣Thruster", "property": "Thruster␣Location", "value": "stern,␣stern,␣stern,␣stern"},
33 {"element": "Propulsion␣Thruster", "property": "Thruster␣SWB", "value": "1A,␣1B,␣2B,␣2C"},
34
35 {"element": "Retractable␣Thruster", "property": "#␣of␣Thrusters", "value": "2"},
36 {"element": "Retractable␣Thruster", "property": "Thruster␣Power␣[MW]", "value": "2.4"},
37 {"element": "Retractable␣Thruster", "property": "Thruster␣Location", "value": "bow,␣bow"},
38 {"element": "Retractable␣Thruster", "property": "Thruster␣SWB", "value": "1B,␣2B"},
39
40 {"element": "Azipod", "property": "#␣of␣Thrusters", "value": "0"},
41 {"element": "Azipod", "property": "Thruster␣Power␣[MW]", "value": ""},
42 {"element": "Azipod", "property": "Thruster␣Location", "value": ""},
43 {"element": "Azipod", "property": "Thruster␣SWB", "value": ""}
44 ] }
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Appendix E
Cost Assessment Model Example

This appendix provides a further explanation of the cost assessment model. Section E.1
presents the assumed cost ranges for valves, instruments, equipment units, and other system
elements. Section E.2 defines the required number of valves and instruments per equipment
unit. Finally, Section E.3 and Section E.4 describe how these costs scale with a given system
cooling load at both cluster and pump room level.

E.1. Cost database
Below in Table E.1, the assumed cost ranges for valves, instruments, equipment units, and
infrastructure elements are shown. These values are based on engineering judgement and
representative industry ranges for offshore cooling systems. This introduces a degree of un-
certainty, and it can be argued that including valve and instrumentation costs in the overall
cost evaluation may have limited impact due to their relatively small contribution. Although
this enables Ulstein to integrate company-specific cost parameters, it introduces a trade-off
between model flexibility and predictive accuracy, as the use of broad representative industry
ranges increases uncertainty in the resulting cost estimates.

Table E.1: Piping and the reference cost for 20 cooling load for components, equipment units, and
infrastructure elements.

Cpiping [EUR] Cref [EUR]
Valves & Instruments

Butterfly valve - 800
Butterfly valve (LT) - 1 500
NR valve - 1 200
Pressure indicator - 250
Pressure transmitter - 1 200
Temperature indicator - 200
Temperature transmitter - 1 000
Mud box - 3 000

Equipment units
FW pump unit 5 000 20 000
SW pump unit 8 000 35 000
PHE unit 10 000 45 000
Sea chest unit 5 000 15 000
Overboard unit 2 000 3 000
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Cpiping [EUR] Cref [EUR]
Other

Pump room cost 25 000 50 000
Cluster cost - 30 000

E.2. Component composition database
To support the cost estimation at component level, a configuration database is defined that
specifies the required number of valves, instruments, and auxiliary components per equipment
unit. This ensures consistency in the cost build-up across different system configurations. The
numbers were developed based on previous cooling system diagrams developed by Ulstein.

Equipment unit Required components
FW pump Butterfly valve ×2

NR valve ×1
Pressure indicator ×2

SW pump Butterfly valve ×2
NR valve ×1
Pressure indicator ×2
Pressure transmitter ×1

PHE Butterfly valve ×6
Pressure indicator ×3
Temperature indicator ×4
Temperature transmitter ×3

Overboard Butterfly valve (LT) ×1
NR valve ×1

Sea chest Butterfly valve ×1
Butterfly valve (LT) ×1
NR valve ×1
Mud box ×1

Table E.2: Component composition per equipment unit used for cost estimation.

E.3. Cluster cost scaling and load sensitivity
Below, Figure E.1a shows the total cluster cost as a function of cooling load, and Figure E.1b
in percentages. In this analysis, each component within the cooling cluster chain is assumed to
consist of a single unit. This assumption is made to provide an intuitive baseline for illustrating
relative cost scaling behaviour with increasing cooling demand, rather than representing a full
system configuration.

The purpose of these figures is therefore to provide insight into the cost sensitivity of individual
components, isolating the effect of load-dependent sizing effects. It should be noted that
configurations with multiple duty units do not result in a proportional increase in cost.
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(a) Absolute cluster cost as a function of cooling load. (b) Relative cluster cost as a percentage of the total cost.

Figure E.1: Relationship between cooling load and the estimated cluster cost for clusters containing a single
operating unit, shown as (a) absolute cost and (b) percentage contribution to the total cost.

To quantify the non-proportional cost behaviour of multi-duty configurations, a simplified
comparison is made for a FW pump cluster with a total cooling load of:

fload = P · L = 1.3 + 2 · 1.25 + 0.825 = 4.625 [m3/g]

For a single FW pump configuration the resulting cost of a FW pump is:

C1,FW = 5,000 + 20, 000 · 4.625
20

0.6

= 13, 308 EUR

For a two-pump configuration, the load is distributed equally (12P · L ≈ 2.312 per pump),
giving:

C2,FW = 5,000 + 20, 000 · 2.312
20

0.6

· 2 = 20, 986 EUR

This corresponds to a cost increase of 51.9% compared to the single-pump configuration, demon-
strating that introducing additional duty units leads to non-proportional cost growth due to
both fixed cost duplication and non-linear load-dependent scaling. Although smaller FW units
are cheaper individually, multiple units are required and additional piping is needed within the
cluster, which increases the total cost. This effect is visible in Figure E.1a, where even at a
cooling load factor of zero, a non-zero cost remains due to baseline infrastructure and piping
requirements.

Figure E.2 illustrates the relative cost increase associated with different duty/backup redun-
dancy configurations for FW pumps, using the [1;0] duty/backup configuration as the reference.
The costs include not only the pumps themselves but also the associated valves and instrumen-
tation. Although SW pumps and PHE units exhibit a similar trend, their absolute costs differ
due to variations in equipment, valve arrangements, and instrumentation requirements. The
figure further demonstrates that, from a cost perspective, installing the largest feasible pump
units is generally the most economical solution. However, increasing unit size also increases the
potential impact of a single failure. Therefore, these cost trends must be evaluated together
with the DP capability risk calculations to determine the most suitable redundancy configu-
ration. The resulting cost relationships form one of the inputs to the MBSE-DSS during the
multi-objective evaluation.
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Figure E.2: Relative cost increase of FW pump duty/backup redundancy configurations with respect to the
[1;0] duty/backup reference configuration.

E.4. Pump room cost scaling
Below, Figure E.3 shows the total pump room cost as a function of cooling load. In this
figure, the cooling loads appear higher because the pump room cost is based on the sum of all
clusters within the pump room. In addition to the pump room cost, the sea chest cost is also
included, since each sea chest provides seawater supply to all cooling clusters within a pump
room. As a result, the sea chests are functionally shared by all clusters connected to that
pump room, making their number dependent on the pump room rather than on the number
of individual clusters. Each pump room contains two sea chests to ensure redundancy and
continuous seawater intake capacity, independent of the number of clusters assigned to that
pump room, as defined by Ulstein.

Figure E.3: Total pump room cost as a function of cooling load



Appendix F
DP Risk Assessment Model Example

This appendix provides a more detailed explanation of the DP risk model. Section F.1 il-
lustrates the redundancy configurations for the FW/SW and PHE subsystems across various
duty and backup combinations, providing insight into the behaviour of the risk model and the
configurations with the greatest potential to improve DP performance.

In addition, a visualisation of the pump room risk is presented to demonstrate its relatively
low contribution, which was one of the key motivations for treating pump room risk separately
from cluster risk. Section F.2 presents a detailed application of the DP risk model to a specific
pump configuration from the Reference Vessel S case study, illustrating how both cluster and
pump room risks are calculated.

F.1. Effect of Redundancy on DP Performance
To illustrate the behaviour of different redundancy configurations, Figure F.1 shows the ex-
pected DP performance for the freshwater pump subsystem. Note that the same behaviour
applies to the seawater pumps because both use identical MTBF values in this case. In this
context, α represents the DP contribution of the subsystem. A value of α = 0.2 indicates that
loss of the subsystem reduces DP capability to 80%, whereas α = 1.0 corresponds to complete
loss of DP capability. This demonstrates that increasing redundancy has a stronger effect for
more critical subsystems with higher α values.

Figure F.1: Expected DP performance of the freshwater pump subsystem, where du = denotes the number
of duty pumps and ba = the number of backup pumps.
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For the plate heat exchangers, the expected DP performance shows less variation compared to
the freshwater and seawater pumps, as shown in Figure F.2. This is mainly due to their higher
MTBF. As a result in combination with the high costs, fewer design options were considered
for the PHE subsystem compared to the SW and FW systems.

Figure F.2: Expected DP performance of the plate heat exchanger subsystem, where du = denotes the
number of duty PHE units and ba = the number of backup PHE units.

To illustrate the behaviour of pump room configurations, Figure F.3 shows the expected DP of
a pump room as a function of α. As can be observed, the risk shows a linear behaviour with a
minimum value of 99.985% in the case of complete DP loss due to compartment failure. This
occurs, for example, when a pump room contains all gensets or all stern or bow thrusters. This
shows that due to the low probability contribution of the pump room risk, simply summing
the cluster and pump room risks would make the pump room contribution nearly negligible in
the total risk.

Figure F.3: Expected DP performance of a pump room
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F.2. Risk Example: Calculation for CFG_B4_S2_M0_RS
This example focuses on configuration CFG_B4_S2_M0_RS, which corresponds to the best-
performing solution identified in the basic study. The reported results are:

• Cluster risk: Rtot,cluster = 17.711%

• Pump room risk: Rtot,pump room = 0.015%

The following steps illustrate how these values are obtained.

F.2.1. Step 1: Failure probabilities
For an exposure period of t = 1 year, the failure probability is:

pi(t) = 1− e−t/MTBF (F.1)

This yields:

pFW = 1− e−1/1.97 = 0.397

pSW = 1− e−1/1.97 = 0.397

pPHE = 1− e−1/6.85 = 0.136

pflood + pfire = 1− e−1/105 + 1− e−1/2·105 ≈ 1.5 · 10−4

F.2.2. Step 2: Example cluster calculation
Consider Cluster 1 in PR1_ER:

Listing F.1: Room PR1_ER (tag: ER) | SC 2
- Cluster 1: tunnel(bow SWB=1A), retractable(bow SWB=1B), aux, aux

SW 1+1 | PHE 1+0 | FW 2+2 | OB 1

SW : n = 2, req = 1 PHE : n = 1, req = 1 FW : n = 4, req = 2

Assume cluster DP contribution:
αcluster = 0.50

FW subsystem

EFW =
4∑

k=0

(
4

k

)
pk(1− p)4−k ·DP (k) (F.2)

With:
DP (k) = 1− α

(
1− n− k

req

)
Evaluating terms:

k = 0, 1, 2 : DP = 1.0

k = 3 : DP = 1− 0.50

(
1− 1

2

)
= 0.75

k = 4 : DP = 0.50
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Therefore:

EFW = (1− p)4 · 1 + 4p(1− p)3 · 1 + 6p2(1− p)2 · 1 + 4p3(1− p) · 0.75 + p4 · 0.50
= (0.603)4 + 4(0.397)(0.603)3 + 6(0.397)2(0.603)2 + 4(0.397)3(0.603)(0.75) + (0.397)4(0.50)

= 0.131 + 0.347 + 0.344 + 0.114 + 0.013

= 0.949

SW subsystem

ESW =
2∑

k=0

(
2

k

)
pk(1− p)2−k ·DP (k) (F.3)

Evaluating terms:

k = 0 : DP = 1.0

k = 1 : DP = 1.0

k = 2 : DP = 1− 0.50 = 0.50

Therefore:

ESW = (1− p)2 · 1 + 2p(1− p) · 1 + p2 · 0.50
= (0.603)2 + 2(0.397)(0.603) + (0.397)2 · 0.50
= 0.364 + 0.479 + 0.079

= 0.921

PHE subsystem

EPHE =
1∑

k=0

(
1

k

)
pk(1− p)1−k ·DP (k) (F.4)

Evaluating terms:

k = 0 : DP = 1.0

k = 1 : DP = 0.50

Therefore:

EPHE = (1− p) + p · 0.50
= 0.864 + 0.136 · 0.50
= 0.932

Cluster risk
Rcluster,1 = 1− (EFW · ESW · EPHE) (F.5)

Rcluster,1 = 1− (0.949 · 0.921 · 0.932)
= 1− 0.815

= 0.185

Rcluster,1 = 18.5%
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F.2.3. Step 3: Total cluster risk
The individual cluster risks are computed similarly for all six clusters. Clusters that have
no direct relationship with the vessel’s DP capability, such as clusters containing only mission
systems, are excluded from the cluster risk calculation. Due to variations in cluster composition,
installed redundancy, cooling loads, and DP contribution, each cluster results in a different risk
score.

Ravg,cluster = 16.9%

Rworst,cluster = 18.5%

Rtot,cluster =
1

2
(18.5 + 16.9) = 17.711% (F.6)

F.2.4. Step 4: Pump room risk
The configuration consist only of two pump rooms:

PR1_ER (4 clusters) PR2_STERN (2 clusters)

Assuming:

αPR1 = 1.0 αPR2 = 1.0

PR1 & PR2 risk

RPR1 = RPR2 = p(t) · αPR1

= 1.5 · 10−4 · 1.0
= 1.5 · 10−4

Total pump room risk

Ravg = 1.5 · 10−4

Rworst = 1.5 · 10−4

Rtot,pump room =
1

2
(1.5 + 1.5) · 10−4 = 1.5 · 10−4 (F.7)

Rtot,pump room ≈ 0.015%

Overall, the results show that the system risk is strongly dominated by cluster-level subsystem
failures, while the contribution of pump room related failure is negligible in comparison.



Appendix G
Numerical Verification and

Sensitivity Checks

Verification is performed to ensure that the implemented models, calculations, and system
logic behave in a consistent and technically correct manner. Since the MBSE-DSS integrates
multiple modelling assumptions and introduces a structured approach for scoring cost and
risk within cooling system architectures, it is essential to confirm the internal correctness and
numerical stability of the underlying implementation.

G.1. Monte Carlo Analysis
To verify whether the MBSE-DSS behaves as intended and to assess the sensitivity of the
decision-making process to modelling assumptions, a Monte Carlo analysis was performed.
In this analysis, key model parameters and weighting factors were varied randomly within
predefined bounds. A variation range of ±50% was selected, meaning that a parameter could
assume values between 50% below and 50% above its baseline value. This relatively large
range was chosen to ensure that the effect of parameters with small absolute values would
remain visible in the resulting analysis. The parameters that were varied are shown below in
Table G.1.

Table G.1: Varied parameters during Monte Carlo analysis

Parameter Description
FW failure probability Probability of failure for freshwater pump components.
SW failure probability Probability of failure for seawater pump components.
PHE failure probability Probability of failure for plate heat exchanger components.
Pump room failure probabil-
ity

Probability of failure for pump rooms.

Backup cost scaling factor Multiplier used to account for variable cost associated with
backup units (standard = 1).

Pump room discount factor Factor representing cost reduction effects due to repeatable
pump room layout.

Maximum pump room dis-
count

Upper bound limiting the cost reduction achievable through
pump room aggregation.

Continued on next page
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Table G.1 – Continued from previous page
Parameter Description
Cost weight Weighting factor determining the importance of cost in the

multi-criteria decision model.
Cluster risk weight Weighting factor determining the importance of cluster-level

DP risk in the multi-criteria decision model.
Pump room risk weight Weighting factor determining the importance of

compartment-level DP risk in the multi-criteria deci-
sion model.

Auxiliary cooling factor Fraction of thruster load assigned to auxiliary cooling de-
mand.

By varying these parameters, different optimal cooling system configurations can be selected by
the MBSE-DSS. Due to computational limitations, the analysis was performed on the Pareto
front of the Reference Vessel L and a random sampling of 25,000 configurations rather than the
complete design space. In total, 2500 Monte Carlo iterations were executed. This approach
was necessary because a full evaluation of all configurations required approximately eight hours
of computation time per run, making a complete 2000-run analysis impractical.

After completing the simulations, the relationships between the varied parameters and the
resulting MBSE-DSS outputs were analysed using the Pearson correlation coefficient:

r =

∑
(xi − x̄)(yi − ȳ)√∑

(xi − x̄)2
∑

(yi − ȳ)2
(G.1)

where:

• xi and yi are individual observations.
• x̄ is the mean value of variable x.
• ȳ is the mean value of variable y.

The Pearson correlation coefficient ranges from −1 to 1. A value of −1 indicates a perfect
negative correlation, while a value of 1 indicates a perfect positive correlation. Values close
to zero indicate little or no linear relationship between the variables. The magnitude of the
coefficient reflects the strength of the correlation.

Applying Equation G.1 to the Monte Carlo results yielded the correlation heatmaps shown in
Figure G.1 and Figure G.2. The first only displays correlations with an absolute value greater
than 0.2 in order to highlight the most influential relationships, while the second heatmap
presents the complete correlation matrix.
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Figure G.1: Correlation between constants and parameters for vessel Reference Vessel S (only showing the
0.2 =< |correlation|)

As shown in Figure G.1, several conclusions can be drawn from the correlation analysis that
are consistent with the underlying MBSE-DSS logic.

First, the cost score shows a positive correlation with redundancy-related parameters. Con-
figurations with increased redundancy generally require more equipment, resulting in higher
system costs. The SW pumps exhibit a stronger influence on cost than the FW pumps, despite
having identical failure probabilities. This is explained by the higher unit cost of SW pumps,
making redundancy additions more expensive.

For the cluster risk, both redundancy levels and component failure probabilities influence the
resulting risk score. This behaviour is expected, as these parameters are directly incorporated
into the risk model described in Subsection 6.4.2. In contrast, the pump room risk shows little
correlation with component failure probabilities because it is determined by compartment-level
vulnerability rather than component reliability.

An interesting observation is the negative correlation between pump room risk and the number
of components. Increasing the weight or severity of pump room risk encourages the MBSE-DSS
to favour configurations with fewer pump rooms and clusters. As a result, fewer component
are required to distribute cooling capacity across the system.

For the number of FW pumps, the SW pump failure probability also exhibits a noticeable influ-
ence. This can be explained by the relative cost difference between FW and SW pumps. Since
FW pumps are considerably less expensive, the optimisation process often favours adding ad-
ditional FW redundancy to compensate partially for increased SW risk, rather than increasing
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the number of SW pumps themselves.

For the PHE, the dominant influencing parameters is the SW pump failure probability. The
influence of the PHE failure probability is also expected to be present, as it directly affects
subsystem reliability. However, due to its relatively low failure rate and higher cost compared
to the FW and SW systems, its impact is not clearly observable in the results. The influence of
the SW pump failure probability is less obvious but can be explained by the series nature of the
cooling chain. In many configurations, the SW pumps represent the highest-risk component due
to their relatively high failure probability and cost. Consequently, when redundancy reduces
the SW risk sufficiently, the PHE subsystem becomes the limiting factor in the cluster risk
calculation, causing additional PHE units to be selected by the MBSE-DSS.

Below, Figure G.2 illustrates the correlation structure between the explored parameters and
constants of the Reference Vessel S design case.

Figure G.2: Correlation matrix of parameters and constants for the Reference Vessel S case study



Appendix H
Objective Weighting Figures

Reference Vessel L

This appendix presents the results of the objective weighting sensitivity analysis. The figures
illustrate how different weighting strategies influence the selected subsystem configurations for
the Reference Vessel L case study. In particular, the effect on redundancy decisions for FW,
SW, and PHE systems is shown, highlighting the robustness of the DSS outcomes with respect
to changes in objective prioritisation.

(a) FW duty units per weighting strategy (b) FW backup units per weighting strategy

Figure H.1: (Reference Vessel L) Effect of objective weighting on FW pump redundancy configuration.
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(a) SW duty units per weighting strategy (b) SW backup units per weighting strategy

Figure H.2: (Reference Vessel L) Effect of objective weighting on SW pump redundancy configuration.

(a) PHE duty units per weighting strategy (b) PHE backup units per weighting strategy

Figure H.3: (Reference Vessel L) Effect of objective weighting on PHE subsystem redundancy configuration.
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