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Abstract
The architecture of a ship propulsion system, developed during early stages of the overall ship design process, has a very 
large impact on the overall design and performance of the ship. The design space exploration to arrive at the final ship pro-
pulsion architecture can be a rather complex process for high-performance 'combined' ship propulsion systems designed to 
achieve multiple, often conflicting, design objectives. This paper proposes a novel process for the process of design space 
exploration based on a model-based ‘Techno-economic & Environmental Risk Assessment’ (TERA) approach, executed 
using a hybrid ‘Multiple-Criteria Decision-Making’ (MCDM) procedure, to select a compromise solution from compet-
ing propulsion system architectures populating the design space. The process utilizes a combination of performance data 
generated from performance simulation of developed models, as well as comparative expert opinions-based metrics for 
information not available early in the ship design process for selection of a 'compromise solution'. The paper includes an 
illustrative example of application of the proposed process for design space exploration for a combined propulsion system 
architecture for a notional destroyer.
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1  Introduction

The overall design and construction of a ship usually 
matures over a development cycle lasting several years. 
The initial design process of the ship plays a significant 
part in the overall design with 70–80% of the life-cycle 
costs of a ship being committed or influenced by the deci-
sions made during this part of the design [7, 17]. Develop-
ment of the conceptual design of a ship forms a significant 
part of the initial design process. One of the key elements 
of the conceptual design of the ship is the development or 
selection of the architecture of the propulsion system. The 
architecture of the propulsion system and the overall ship 
design have significant mutual influence, with factors such 
as hull design adaptation to the selected propulsor configu-
ration, propulsion equipment volume, deck area availabil-
ity, fuel tank volume, occupation of deck area etc. With 
increased electrification of ships, the conceptual design of 
the propulsion system can also subsume the process of the 
conceptual design of the electric grid system of the ship.

Naval ship propulsion systems are designed to fulfill a 
large number of conflicting design criteria such as high 
speed, large endurance, low acoustic signatures, high 
flexibility of operation, survivability, etc. To fulfill such 
requirements, often 'combined' propulsion systems archi-
tecture like COGAG, CODAG, CODAG-E, CODELAG, 
etc., are applied. Such architectures basically involve 
application of multiple engines and drives integrated 
by flexible transmission systems to deliver the specified 
design criteria derived from the overall ship design objec-
tives based on the operating or mission profile of the ship. 
Multiple operating modes, involving utilization of differ-
ent engines or drives, are used to fulfill the various design 
criteria. The efficiency of such architectures is targeted 
at a 'system' level by designing for higher efficiency at 
the speed ranges where the ship would be operated for a 
majority of its operating time [2]. The design space explo-
ration of such combined system architectures is, thus, a 
complex process aimed optimally addressing all the speci-
fied design requirements.

Plumb notes that while there have been many books, 
papers, and articles on the individual elements that make 
up a propulsion system, there are very few on the system 
design itself or on how to select a system for a ship [29]. 
Many investigations on the suitability of various propul-
sion equipment for various applications have been pub-
lished, like for marine propulsion engines [39] and pro-
pulsors [16]. Webster et.al. [47] published the results of a 
US navy study undertaken for evaluation of technical and 
cost impacts of alternative propulsion methods for vari-
ous types of surface ships based on the fossil-fuel-based 
energy plants contrasted with nuclear energy alternatives. 

Gully [14] presented an analysis of the performance of 
hybrid powertrains for naval and commercial ocean-going 
vessels based on simplified polynomial fit function models 
for propulsion equipment. These kinds of studies primarily 
describe the process of integration of propulsion systems 
but not on the overall process for design space explora-
tion toward the decision-making process for a particular 
architecture of a ship propulsion plant. Palmer highlights 
that the design of a ship propulsion system requires close 
collaboration of the naval architect, with the marine engi-
neers, who are principally responsible for the main propul-
sion plant while naval architects are responsible for the 
hydrodynamic and hull form characteristics of the ship 
and propellers [15]. The development of the most effective 
means of achieving a desired ship's speed also requires 
trade-offs between naval architects and marine engineers, 
with due regard for the vessel's intended use [15].

The traditional approach to ship design, is largely an 
‘adhoc’ process, where experience, design lanes, rules of 
thumb, preference, and imagination guide the selection 
of design concepts for assessment. With such a process, 
often objective attributes are not adequately synthesized or 
presented to support efficient and effective decisions [41]. 
To address these issues, Stepanchick et.al. have proposed 
a ‘total system approach’ toward the ship design synthe-
sis, based on a structured search of the design space based 
on the multi-objective consideration of effectiveness, cost, 
and risk. Strock et.al. proposed a ship synthesis approach 
based on optimization of the ‘Overall Measure of Effective-
ness’ index for the overall ship calculated based on using 
expert opinion and experience against cost and risk. In these 
approaches, the propulsion system design is subsumed in the 
overall ship design process which looks at the propulsion 
system as a set of machinery alternatives, for which basic 
data are included in a system design database. The authors, 
based on their experience, opine that while this approach is 
more scientific than the more traditional ‘adhoc’ process, it 
often masks the considerations required to address all the 
aspects of the design of a complex propulsion system and 
usually yields better results when the considered propulsion 
system architectures are based on existing designs. Hence, 
the authors argue that a comprehensive techno-economic 
analysis process should be used for the selection of a ship 
propulsion system.

Techno-economic and Environmental Risk Assessment 
(TERA) is a concept developed at the Cranfield University 
that uses a framework of mathematical models to conduct 
design space exploration and trade-off studies in the areas 
ranging from taxation policies in civil aviation [24] to the 
selection of gas turbine engines for aero [25], industrial [20], 
and marine applications [9]. TERA analysis of ship propul-
sion system was presented by Tsoudis, Bonet etc., [3, 4, 9, 
44] primarily focussing on merchant ships, which mostly 
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operate at a high percentage of time at fixed power ratings, 
except for short periods when approaching or departing 
ports. Consequently, for merchant ships, economical opera-
tion at the sustained sea speed corresponding to the intended 
trade route is of primary importance [15]. Hence, these stud-
ies were primarily based on journey route-based analysis. On 
the other hand, the power plants for naval ships do not follow 
specific routes but are usually assigned mission areas. The 
design of a power plant of such ships must fully reflect the 
operating profile of a ship [15].

Multiple-Criteria Decision-Making (MCDM) has grown 
as a part of operations research, concerned with designing 
computational and mathematical tools for supporting the 
subjective evaluation of performance criteria by decision 
makers [23], and have been used as appropriate tools for 
decision-making, sustainability analysis in the energy sector 
[19, 21, 22, 36, 36]. Trivyza et al. have published a compre-
hensive review of the range of decision support methods 
for sustainable ship energy systems [43]. Frangopoulos has 
published a review of three levels of optimization: synthesis, 
design, and operation for ship energy systems while high-
lighting the importance of these methods, and the need for 
further research in the area [10, 11]. Majority of the applied 
decision support methods for enhancing the ship energy 
system sustainability employed a single criterion/objec-
tive, despite the fact that trade-offs among multiple criteria 
are required to identify the most sustainable option [36]. 
Among the MCDM approaches, AHP has been used more 
than other tools and approaches [23]. Ruschmeyer [30] and 
Shamasundara [38] used AHP for the selection of propul-
sion plant design based on defined requirements or design 
criteria. Brown applied a combination of AHP and ‘Multi-
Attribute Utility Theory’ (MAUT) for the overall naval ship 
concept design process including the propulsion system 
architecture selection utilizing metrics for quantifying per-
formance and risk [6]. However, none of these published 
methods for selection of propulsion plant design consider 
the degree of relationships between criteria in the analysis, 
while it is well established that many of the design criteria 
have significant relationships between them, which can influ-
ence the decision-making [32].

Further, based on the experience of the authors, it is 
often not possible to have mathematical models to generate 
results for some of the specified criteria in the early stages 
of design. For such criteria, a relative qualitative data from 
expert opinion could be used for the analysis. Brown utilized 
the expert-based opinion for optimization of ship design syn-
thesis problems [6, 41].

In summary, with the level of complexity involved in 
combined propulsion plant designs, a process that addresses 
the design both from the viewpoint of the naval architect as 
well as the marine engineer could be key to a design that 
would meet the defined design criteria in the most effective 

way. This paper, thus, proposes a process for design space 
exploration for combined propulsion systems, aimed at 
addressing such requirements, through a techno-economic 
evaluation process for selecting evolving effective propul-
sion system architectures. The proposed process is based 
on a practical combination of ‘quantitative’ data based on 
model-based analysis and ‘qualitative’ data based on expert 
opinion for techno-economic analysis of ship propulsion 
plants against specified design criteria. The process also 
incorporates a procedure for analyzing and considering 
the degree of relationships between criteria in the process 
execution.

2 � Overview of the proposed design space 
exploration process

The primary steps involved in the proposed process toward 
the design space exploration of the propulsion system are 
briefly described in the following paragraphs with the over-
view shown in Fig. 1. The process commences with pro-
cessing the overall design requirements of the ship into 
design criteria for the propulsion system. Based on the hull 
parameters relevant for prediction of resistance, and the 
finalized propulsor configuration, the delivered power to 
the propulsors is calculated. Using this and the overall ship 
electrical load requirements, the design space is populated 
with multiple candidate propulsion system architectures, 
along with electrical power grid system, designed to meet 
the key design performance criteria for the propulsion sys-
tem. This step is executed by domain experts to ensure that 
the elements of human expertise and experience are well 
integrated within the overall process. The approach would 
usually involve starting with simple propulsion system 
architectures and moving toward more complex designs to 
fulfill the defined performance criteria. The design space 
only includes ‘feasible’ propulsion system architectures by 
meeting the defined key design performance criteria, like 
maximum speed, endurance targets with consideration to the 
defined performance envelopes of the considered engines, 
drives and transmission systems. The candidate propulsion 
system architectures are created using engines from an exist-
ing limited pool of well-developed engines, integrated with 
the propulsors by a custom-designed mechanical, electric or 
hybrid transmission system.

The process continues with the development of perfor-
mance models of the candidate propulsion system architec-
tures. Simulation runs of these models are then used to gen-
erate performance data like ship speed, endurance, engine 
performance, plant fuel consumption, etc., of the candidate 
propulsion system architectures. Additional model-based 
evaluations for the candidate architectures include that of 
additional key design drivers like mass, occupied deck area 
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and volume of individual equipment and their acquisition, 
maintenance, and operating costs, etc. For design criteria, 
like those related to stealth, maneuvrability, etc., where 
direct data for comparison may not be available at the early 
stages of ship design, expert opinion-based relative grading 
of the candidate propulsion system architectures is under-
taken. The candidate propulsion system architectures in 
the design space are then compared based on the proposed 
TERA procedure to arrive at a ‘compromise ranking’ of the 
candidate architectures against the defined criteria for per-
formance, costs, and risks.

3 � Techno‑economic and environmental risk 
assessment process

TERA is a concept developed at the Cranfield University 
that utilizes a framework of mathematical models to conduct 
design space exploration and trade-off studies in the areas 
ranging from selection of gas turbine engines for aero [25], 
industrial [12], and marine applications [9] to taxation poli-
cies in civil aviation [24]. The TERA modular framework 
consists of a set of core system models linked to economic, 
risk, environment models, to objectively assess and compare 

competing schemes by weighing investment of resources 
against performance and risk estimations. The overall 
scheme of TERA is usually integrated with optimisers such 
as real parameter ‘Genetic Algorithm’ for the optimisation 
of one or more goal functions which could range from fuel 
burn, engine noise, engine emissions to operating costs.

3.1 � Overview of application of the MCDM process 
to TERA

In the present work, the design space is considered to be 
discrete since the design parameters cannot be continuously 
varied to have an optimal design, but only discrete points 
are available in the design space based on existing engine 
designs. Hence, the optimizer, as usually applied in TERA 
studies, could not be directly used for the study. To address 
these aspects, the standard optimizer in TERA was replaced 
with a hybrid MCDM algorithm, as shown in Fig. 2.

A large number of MCDM methods are available that 
could be used for the defined design space exploration 
problem for the present study. MCDM methods have been 
applied to select a ship propulsion system from competing 
architectures in the past, as described in Sect. 1. The major 
drawback of these applications has been that the degree 

Fig. 1   Broad approach toward 
the conceptual design of propul-
sion system
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of relationships between criteria has not been considered 
for such analysis. The degree of relationships between the 
considered criteria can play a significant role in the finally 
derived weights for these criteria and, thus, the final decision 
[32]. Hence, a key requirement identified for the MCDM 
methods to be applied was the consideration of degree of 
relationships between criteria for the decision-making pro-
cess. Further, for a large set of criteria, a model-based ‘quan-
titative’ evaluation scores of certain design criteria was not 
practical, considering the involved effort or due to lack of 
information as is typical during the early stages of the ship 
design process. However, this gap can be effectively bridged 
using expert opinion-based comparative or ‘qualitative’ 
evaluation for comparing candidate architectures for such 
criteria. Hence, the MCDM methods to be applied to the pre-
sent work would also need to address this requirement. The 
present work, thus, utilizes a more evolved hybrid process to 
execute the MCDM procedure. Based on the specific char-
acteristics of the various parts of the MCDM process that 
need to be carried out, specific methods were selected and 
integrated to make a robust procedure for executing TERA.

The three distinctive steps that have been used to execute 
the applied MCDM procedure for the present study are: cre-
ation of criteria clusters and organization into a hierarchal 
and network, calculation of the global weights of the set 
of criteria, application of criteria weights to the evaluation 
scores of the candidate architectures across criteria to rank 
and select the most suitable architecture. The various factors 
forming the basis of the selection of the MCDM algorithms 
are described in the following paragraphs.

The AHP method [34] is used to decompose the decision 
problem into a hierarchy of sub-problems and the decision 
makers evaluate the relative importance of the various ele-
ments by pairwise comparisons. AHP converts these evalu-
ations to numerical values, which are used to calculate a 

score for each alternative [33]. The Analytic Network Pro-
cess (ANP) is a generalization of the AHP [31, 35], wherein 
the decision-making problems are modeled as networks, 
instead of hierarchies as with the AHP. If dependencies 
exist between criteria, application of ANP is more appro-
priate than AHP, as the dependencies and feedback between 
the decision-making elements can be modeled to calculate 
more accurate weights of these elements [18]. However, the 
pairwise comparison matrix method used in the ANP pro-
cess, when applied to a complex problem such as the one 
for propulsion architecture selection, can become difficult 
to implement practically. The ‘Decision-Making Trial and 
Evaluation Laboratory’ (DEMATEL) method is often used 
to overcome this, by analyzing the cause-and-effect inter-
relationships between the criteria by analyzing the degree 
and type of influence they exert on each other [45]. There are 
various methods of integrating the DEMATEL with ANP, 
with one of the most popular being the DEMATEL–ANP 
(DANP) method [8, 13]. In the DANP method, DEMATEL 
method is used to determine the interrelationship among the 
main dimensions (criteria clusters) as well as the relation-
ships between the criteria for each dimension instead of the 
pairwise comparison method, rest of the method being same 
as the ANP process.

For selection of a design alternative from a set of alterna-
tives, AHP can be used quite effectively. However, based on 
the experience gained during the development of the present 
MCDM procedure, it was realized that direct application of 
AHP is not best suited for comparison of designs using a 
combination of ‘qualitative’ and ‘quantitative’ comparisons 
of the candidate architectures. To address this aspect, the 
VIKOR method (‘Vlšekriterijumsko KOmpromisno Rangi-
ranje’ in Serbian, translates to multicriteria optimization and 
compromise ranking) was selected. The VIKOR method is a 
well-suited method used to rank and select the ‘best suited 

Fig. 2   TERA with multiple-
criteria decision-making Performance 
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alternative’ from a finite set of alternatives in having con-
flicting and non-commensurable attributes [26]. This method 
is based on the concept of multicriteria ranking index based 
on the measure of ‘closeness’ to the ‘ideal’ solution.

In summary, for the proposed MCDM-based TERA pro-
cedure, DANP has been used for determining the criteria 
weights where relationships exist between criteria, while 
AHP has been used for the same where the criteria are con-
sidered to be independent. Once the global weights of the 
criteria have been determined using the DANP–AHP hybrid 
method, the alternatives in the form of candidate propul-
sion system architectures are compared using the VIKOR 
method. The overview of the proposed MCDM procedure 
is shown in Fig. 3.

3.2 � Proposed MCDM‑based TERA procedure

3.2.1 � Establishing hierarchal, network structure 
for evaluation criteria

In general, for any ship propulsion plant, the selection 
criteria for propulsion machinery selection include acqui-
sition cost, functional reliability, weight, space require-
ments, specific fuel oil consumption, fuel type and fuel 

cost, repair cost, maintenance cost, maneuvrability, noise 
and vibration, etc. [28, 37]. The design criteria for ship 
propulsion systems in naval ships, in the context of the 
overall ship design requirements, have been presented 
extensively in the works of Brown et.al. [5, 6, 42]. For 
the present work, the authors have used their experience 
along with these references to derive the design criteria 
to be applied.

The derived design criteria for the MCDM problem 
were organized into the combination of hierarchal, net-
work structure as shown in Fig. 4. The overall objective for 
organizing the evaluation criteria in this form is to arrive 
at the global weights of each of the criteria, signifying 
their relative importance in context of the final decision, 
against which the candidate architectures would be evalu-
ated. The problem is organized with the main ‘Objective’ 
defined as ‘select the best-suited feasible architecture’ at 
top of the hierarchy with the ‘Objective Metrics’: ‘Perfor-
mance’, ‘Cost’, and ‘Risk’ at the next level. The ‘Objec-
tive Metric’, ‘Performance’, are divided into ‘Performance 
Dimensions’ which are further classified into individual 
set of criteria under each. All the ‘Performance Dimen-
sions’ as well their individual sets of criteria are consid-
ered to have significant interrelations; hence, the entire 
‘Objective Metric’ of ‘Performance’ is considered as a 
network as opposed to a hierarchy. The DANP method is, 
thus, used for calculation of the relative weights of the 
criteria under ‘Performance’. The ‘Objective Metrics’ of 
‘Cost’ and ‘Risk’ are directly defined by individual sets 
of criteria. The individual sets of criteria for ‘Cost’ and 
‘Risk’ are considered to be independent; thus, AHP is used 
to evaluate the weights of these. AHP is also used to cal-
culate the relative weights of the ‘Objective Metric’ of 
‘Performance’, ‘Cost’, and ‘Risk’ which were then applied 
to the relative weight of criteria under them to determine 
the global weights of the entire set of criteria. Here, a 
more arbitrary experience-based metric could also be used 
instead of application of AHP. The candidate architectures 
are shown at the bottom of the diagram.

In the figure, the hierarchal part of the structure has 
been shown connected with arrows while the network 
part of the structure has been shown connected with lines 
without arrows. The criteria treated as ‘quantitative’ and 
‘qualitative’ have been indicated, with the ‘quantitative’ 
criteria distinguished by the dashed boxes. It should be 
noted that since the candidate architectures have already 
been tested for ‘feasibility’ in terms of the basic defined 
criteria for the ship propulsion plant in terms of achieving 
‘surge speed’, ‘cruise speed’, ‘endurance’, the term ‘feasi-
ble’ has been used in the objective. The terminology used 
for the defined criteria has been shown in Table 1.

Establish Primary Criteria Cluster for 
Performance, Risk and Cost
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Weights for the Objective Metrics:

Performance, Risk and Cost

Compare Candidate Designs using 
VIKOR

Use AHP to determine Local Relative 
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the Criteria for Performance. Risk 
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Fig. 3   Overview of the proposed MCDM procedure
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3.2.2 � Calculation of criteria weights

The DANP procedure is used to calculate the local rela-
tive weights of the criteria from the ‘Objective Metric’ 
of ‘Performance’. The DEMATEL method is first used to 
derive the degree of relationships between the ‘Perfor-
mance Dimensions’D1,D2,D3,… .Dn , with each ‘Dimen-
sion’ having its respective individual set of criteria under 
it. The set of criteria of ith ‘Dimension’ is denoted by 
ci1, ci2 ⋯ cimi

 where m1,m2,m3,… .mn are the number 
of criteria, respectively, for each of the ‘Dimensions’. 
The DEMATEL process starts with the creation of ‘Ini-
tial Direct Influence Matrix’, X  created by averaging 
the ‘Expert Direct Influence Matrices’, obtained using 
the expert-based evaluations of mutual influence for the 
‘Dimensions’D1,D2,D3, … ,Dn:

 where xij defines the ‘degree of direct influence’ of Di on 
Dj on a scale of 0–4 with each numeric signifying: ‘No 
influence’, ‘Low influence’, ‘Medium influence’, ‘High 
influence’, and ‘Very high influence’. The DEMATEL pro-
cess is then used to calculate the ‘Normalized Total Direct 
Influence Matrix’ T�

D
 . Using a similar process, the degree 

(1)X = [xij]n×n =

D1 D2 ⋯ Dn

D1

D2

⋮

Dn

⎡
⎢⎢⎢⎣

0 x12 ⋯ x1n
x21 0 ⋯ x2n
⋮ ⋮ ⋱ ⋮

xn1 xn2 ⋯ 0

⎤⎥⎥⎥⎦

of relationship between the individual criteria under each 
of ‘Performance Dimensions’ is further calculated to create 
the set of matrices for the criteria, T�ij

c , for the sets of criteria 
under the dimensions. With this set of matrices, the overall 
‘Normalized Influence Matrix’ T�

c
 is set up as:

Each submatrix T�ij
c  , in T�

c
 , is written as:

with each element t�ijcpq
 representing the normalized ‘influ-

ence’ t�ijc  of criteria cip on cjq.

(2)

T�

c
=

c11
D1 ⋮

c1m1

c11
D2 ⋮

c1m2

c11
Dn ⋮

c1mn

D1 D2 Dn

c11 ⋯ c1m1
c11 … c1m2

c11 … c1mn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

T�11
c

T�12
c

⋯ T�1n
c

T�21
c

T�22
c

T�2n
c

⋮ ⋮ ⋱ ⋮

T�n1
c

T�n2
c

⋯ T�nn
c

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3)T�ij
c

=

cj1 cj2 ⋯ cjmj

ci1
ci2
⋮

cimi

⎡⎢⎢⎢⎢⎢⎣

t
�ij
c11

t
�ij
c12

⋯ t
�ij
c1mj

t
�ij
c21

t
�ij
c22

⋯ t
�ij
c2mj

⋮ ⋮ ⋱ ⋮

t
�ij
cmi1

t
�ij
cmi2

⋯ t
�ij
cmimj

⎤⎥⎥⎥⎥⎥⎦

Design

Manpower

Fuel

Maintenance

Acquisition

Support 
Infrastructure

Schedule

Crew expertise

Support risk

Architecture 1 Architecture 1 Architecture n

Candidate Architectures

...

Cruise speed

Endurance

UW Signature

IR Signature

Redundancy

Shock 
Resistance

Reliability

Operating 
Flexibility

Opn Profile 
Sensitivity

MaintainabilitySusceptibilityMobility

Surge speed Weight

Space

Flooding 
SurvivabilityEM Signature Fuel CapacityRepairability

Integrability

Availability

Operability

Manoeu-
vrability

Risk 
Criteria

Cost

Objective
Select the best suited feasible architecture

RiskPerformance

Survivability
Cost 

Criteria

Performance 
Criteria

Performance 
Dimensions

Objective 
Metrics

Criteria Clusters

Qualitative Criteria

Quantitative Criteria
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To apply the ANP procedure, ‘Unweighted Supermatrix’ 
Wc is arranged as

where each submatrix Wij
c  is calculated as:

(4)

Wc =

c11
D1 ⋮

c1m1

c21
D2 ⋮

c2m2

cn1
Dn ⋮

cnmn

D1 D2 Dn

c11 ⋯ c1m1
c21 … c2m2

cn1 … cnmn⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

W11
c

W12
c

⋯ W1n
c

W21
c

W22
c

⋯ W2n
c

⋮ ⋮ ⋱ ⋮

Wn1
c

Wn2
c

⋯ Wnn
c

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Thereafter, the degree of relationships between the ‘Per-
formance Dimensions’ is used to weigh the appropriate por-
tions of the ‘Unweighted Supermatrix’ to get the ‘Weighted 
Supermatrix’, using:

The ‘Weighted Supermatrix’ W∗
c
 is then solved by rais-

ing it to a sufficiently large power h until it converges and 
becomes a long-term stable supermatrix:

This stable supermatrix gives the set of local rela-
tive weights of all the criteria in the ‘Objective Metric’ of 

(5)
Wij

c
=
�
T�ji
c

��

=

⎡
⎢⎢⎢⎢⎢⎣

t
�ji
c11

t
�ji
c21

⋯ t
�ji
cmj1

t
�ji
c12

t
�ji
c22

⋯ t
�ji
cmj2

⋮ ⋮ ⋱ ⋮

t
�ji
c1mi

t
�ji
c2mi

⋯ t
�ji
cmjmi

⎤⎥⎥⎥⎥⎥⎦

(6)W∗
c
= T�

D
Wc

(7)lim
h→∞

(
W∗

c

)h

Table 1   Description of evaluation criteria

Objective
Metric

Performance
Dimension

Criteria Criteria
Abbreviation

Criteria
Ref. No

Performance Mobility (D1) Surge speed P-Surg.spd. PC11
Cruise speed P-Cruis.spd. PC12
Endurance P-Endur. PC13

Operability (D2) Op. profile sensitivity P-OP.Sens. PC21
Operation flexibility P-Opn.Flex. PC22
Maneuvrability P-Manuev. PC23

Susceptibility (D3) UW Noise P-UW.Noise PC31
IR Signature P-IR Sign. PC32
EM Signature P-EM Sign. PC33

Survivability (D4) Redundancy P-Redund. PC41
Shock Resistance P-Shock.R. PC42
Flooding Survivability P-Fld.Surv. PC43

Maintainability (D5) Reliability P-Reliab. PC51
Availability P-Availab. PC52
Repairability P-Repair. PC53

Integrability (D6) Weight P-Weight PC61
Space P-Space PC62
Fuel capacity P-Fuel.Cap. PC63

Cost Acquisition C-Acq. CC1
Maintenance, Life Cycle C-Maint. CC2
Manpower, Life Cycle C-Man.Pow. CC3
Fuel, Life Cycle C-Fuel. CC4
Support Infrastructure C-Sup.Infr. CC5

Risk Design R-Design RC1
Shipbuilding Schedule R-Sched. RC2
Crew Expertise R-Crw.Expr. RC3
Support Infrastructure R-Support RC4
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‘Performance’ under the various ‘Performance Dimensions’, 
written as:

In the AHP method [34], the relative weights 
w1,w2,w3, … ,wn for n criteria C1,C2,C3, … ,Cn are obtained 
by solving the following eigenvector problem:

where G is the ‘Pairwise Comparison Matrix’, w is the pri-
ority eigenvector associated with the principal eigen value 
�max . ‘Consistency Index’ CI and ‘Consistency Ratio’ CR 
are calculated to verify the consistency of the comparison 
matrix, defined as:

where Randomness Index (RI) indicates the average Consist-
ency Index over numerous random entries of the reciprocal 
matrices with same orders, that is taken from the lookup 
table defined by Saaty [33], based on the order of the com-
parison matrix. If CR ≤ 0.1 , the estimate is accepted; other-
wise, a new comparison matrix is solicited. Using the AHP 
method, the sets of local relative weights of the criteria in 
the ‘Objective Metric’ of ‘Cost’ and ‘Risk’ are determined, 
respectively, as follows:

The AHP method is again applied, in a similar way, to cal-
culate the local relative weights for the comparison between 
‘Objective Metrics’, ‘Performance’, ‘Cost’, and ‘Risk’ to get 
the relative weights:

The calculated local relative weights for the comparison 
between ‘Objective Metrics’, ‘Performance’, ‘Cost’, and 
‘Risk’; are thereafter loaded onto the sets of local weights cal-
culated for the ‘Objective Metrics’ to arrive at the set of global 
relative weights of all the criteria (wP,wC,wR) as follows:

(8)
(
wp1,wp2,wp3, …

)

(9)Gw = �maxw

(10)CI =
(

�max − n
)

n − 1
;CR = CI

RI

(11)
(
wc1,wc2,wc3, …

)
,
(
wr1,wr2,wr3, …

)

(12)(wpe,wco,wri)

wP = wP1,wP2,wP3,⋯ = wpe.
(
wp1,wp2,wp3, …

)

(13)wC = wC1,wC2,wC3,⋯ = wco.
(
wc1,wc2,wc3, …

)

wR = wR1,wR2,wR3,⋯ = wri.
(
wr1,wr2,wr3, …

)

3.2.3 � Determination of evaluation scores for candidate 
architecture

Once the global relative weights for the criteria have been 
found, evaluation scores are calculated for each of the candi-
date architectures against all the criteria. For all the ‘quanti-
tative’ criteria, ‘Poseidon + ’ is used to determine the evalu-
ation scores based on performance simulation runs across 
the entire range of performance of the propulsion system, 
in the various operating modes of the system (combination 
of engines, engine power, and propeller pitch) as envisaged 
for the candidate architectures. For the defined ‘qualitative’ 
criteria, a group of experts independently provide a relative 
evaluation score of each of the candidate architecture using 
the pairwise comparison as per the AHP method described 
earlier. These evaluation scores are averaged and then the 
AHP method is applied to arrive at the final evaluated scores.

3.2.4 � Selection of best‑suited candidate architecture using 
VIKOR

With the global relative weights of all the criteria as well 
as, evaluation scores of the determined, the VIKOR method 
is used to find the ‘best suited’ architecture from the set 
of feasible candidate architectures. In VIKOR terminology, 
the candidate architectures would be termed as the ‘alterna-
tives’, while the ‘best suited’ architecture would be called 
the ‘compromise solution’ that is closest to the ‘ideal solu-
tion’. The term ‘compromise’ denotes the mutual conces-
sions made between the alternatives [26]. The concept can 
be illustrated using Fig. 5, where the alternatives are being 
assessed across a two-dimensional decision space defined by 
two criteria with fi being the ‘evaluated score’ of an alter-
native for the ith criterion. The ‘compromise solution’ Fc 

Fig. 5   VIKOR method for finding ‘compromise’ solution
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is a ‘feasible solution’ that has been found, ‘closest’ to the 
‘ideal solution’ F∗ , by mutual concessions, Δf1 = f ∗

1
− f c

1
 and 

Δf2 = f ∗
2
− f c

2
 [27].

VIKOR method is based on the Lp-metricLp,j , or the 
measure of distance to ideal solution [27]. For a set of 
alternatives, (a1, a2,… , aj,… , ar) being evaluated for cri-
teria (C1,C2,C3,..,Ci, … ,Cn) with corresponding global 
weights(w1,w2,w3, … ,wn ), Lp,j can be written for the alter-
native aj with fij being its ‘evaluated score’ for the criteria 
Ci representing a ‘benefit function’ as:

where:

As a part of the VIKOR procedure, for each alternative, 
aj , being evaluated against a criteria Ci , metrics Sj , Rj , Qj are 
calculated using the wi , fij , and coefficient v . Coefficient v is 
the ‘strategy coefficient’ set by the decision maker with v ∈ 
[0, 1]. The values of v higher than 0.5 indicate that the deci-
sion maker is more focused toward satisfying most of the 
criteria, while values lower then 0.5 indicate that the deci-
sion maker is more focused toward minimizing individual 
differences from ideal solution. Coefficient v is usually set 
to a value 0.5 to start the procedure.

The alternatives a1, a2,… , aj,… , ar are ranked in the 
order of priorities based on the values of Sj , Rj , Qj with their 
lower values considered as ‘better’ values. The ‘best alterna-
tive’ or the most suitable ‘compromise solution’ is selected 
as the one ranked by the lowest value of Q . The ‘best alter-
native’ is checked for validity for having ‘acceptable degree 
of advantage’ and ‘acceptable stability in decision making’. 
If both the conditions are not satisfied, then a set of ‘com-
promise solutions’ may be selected by the decision makers 
based on additional considerations. [27].

3.3 � Performance, dimensioning, and cost models

Since this paper focuses on the overall decision-making pro-
cess for the selection of an optimal propulsion plant, it does 
not describe the performance, dimensioning, and costing 
models in detail, which is another subject by itself. A brief 
overview of these applied models is presented below.

As a part of the present work, a component-based model-
ling tool, ‘Poseidon + ’, was developed, to enable efficient 
modelling studies for the multiple candidate architectures 
under consideration, with their respective operating modes 

(14)Lp,j =

{
n∑
i=1

[
wi

(
f +
i
− fij

)
∕
(
f +
i
− f −

i

)]p
}1∕p

1 ≤ p ≤ ∞;j = 1, 2,… , r.

f +i = max
j
fij , f −i = min

j
fij

with different combinations of engines. Poseidon + enables 
the assembly of engines as well as the whole plant in the 
same framework, thus integrating all the elements needed 
for such modelling requirements into a single modelling 
and simulation environment. Performance evaluation using 
‘Poseidon +’ is used to initially check the feasibility of the 
created designs and then used to generate the performance 
data for candidate architectures in the design space.

The dimensioning and costing data for the candidate 
architectures in the design space used for the TERA analy-
sis are based on an average representation of the equipment 
mass, dimensions, and acquisition cost in the form of simple 
regression-based models irrespective of the manufacturer, 
rather than using data of specific equipment considered in 
the candidate designs. Such models are not widely pub-
lished; though some generic information on the subject can 
be referred to from publications [40, 48]. The dimension-
ing and cost models used for the present work are primarily 
based on the regression data models published by van Es 
[46], corrected by the authors where it was deemed neces-
sary. The data used by van Es are based on a combination of 
first principle-based dimensioning and data from the manu-
facturers, mostly derived from software tool GES (Dutch 
abbreviation for Integrated Energy Systems), developed 
by TNO (Netherlands Organisation for Applied Scientific 
Research). TERA often utilizes detailed physics-based mod-
els for predicting maintenance, and thus life-cycle costs. To 
limit the overall scope of work, the predicted maintenance 
costs used in the present work have been again derived from 
the simplified regression-based models based on averaged 
operating time-based maintenance costs by van Es. These 
models can be easily replaced with more evolved models, if 
available to the user, without effecting the overall process 
for analysis.

4 � Application of the proposed process 
for a notional destroyer

4.1 � Input data for design

The primary parameters of the notional destroyer design 
considered for design of the propulsion system are summa-
rized in Table 2. It should be noted that while the standard 
approach of TERA usually includes the environmental ele-
ment in the analysis, in the presented case study, the criteria 
for environmental element have not been included as it is 
often excluded from the specified design criteria of naval 
warships. However, the environmental design criteria can 
also be added to the criteria being applied to the TERA, if 
deemed necessary for the analysis. The considered oper-
ational profile of the ship was derived based on the data 
published by Anderson [1] for such applications, as shown 
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in Fig. 6. The propulsor configuration considered was twin 
FPP or CPP. The overall average ship electrical load was 
considered to be 4.2 MWe.

4.2 � Candidate propulsion system architectures

Based on the given design requirements, as a first step, the 
delivered power needed across the operating profile was 
calculated as shown in Fig. 6. Based on the modeled hull 
resistance and the optimized propeller design, candidate 
propulsion system architectures were created. The five 
feasible candidate propulsion system architectures consid-
ered for the final analysis are shown in Figs. 7, 8, 9, 10, 
11, which are specific configurations of COGAG, CODAG, 
CODAG-E (Combination of Diesel engine, Gas Turbine 
and Electric), CODELAG, and IFEP. For all designs except 
IFEP, a common CPP design was selected for the propulsor 
configurations for reversing of the propellers, while an FPP 
design was considered for the IFEP since the reversing of 
the propeller can be executed using the electric motors. Both 
the CPP design and FPP were considered to have the same 
design parameters except for the hub size.

4.3 � Performance modelling results

For each of the candidate architectures, basic engine–propel-
ler matching and feasibility analysis were undertaken using 
Poseidon +. The developed models of each of the candidate 
architectures were used to run the propulsion and power 
generation system in various modes of operation to capture 
the performance characteristics of the system. One of the 

Table 2   Primary parameters of the considered notional destroyer

Parameter Value

Displacement 9500 metric tons approx
Length 150 m approx
Surge speed  > 30 knots
Cruise speed  > 18 knots
Ship operation per year 3500 h
Endurance  > 4000 nm @ > 15 knots speed
Fuel tank capacity  < 1000 metric ton
Propeller diameter 5 m approx
Auxiliary electrical load 4.2 MWe
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primary characteristics of interest in such trade-off studies 
is the overall consumption of fuel by the ship energy sys-
tem, shown for each candidate architecture in Fig. 31. These 
operation drive modes also consider the engine envelope 
limitations so that only feasible operating points are con-
sidered for the analysis. The data from these characteristics 
were used to calculate the overall operating costs due to 
fuel consumption based on the defined operating profile. The 
comparative bar graphs for the candidate architectures with 
respect to maximum surge speed, cruising speed, endurance 

(range) based on tank capacity are shown in Figs. 12, 13, 
14, respectively.  

4.4 � Dimensioning and costing estimations

The dimensioning and costing models, as introduced in 
sect. 3.3, were used for calculating the overall mass and 
occupied deck area for each of the candidate architectures. 
The computed values include the propulsion equipment as 
well as the power generation equipment, so as to have a 

Fig. 8   Candidate propulsion 
system architecture alternative 
A2, CODAG
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homogeneous comparison of the architectures where the 
ship electric system and propulsion system are connected 
(like CODELAG, CODAG-E, IFEP) with the ones where 
these systems are independent (like COGAG, CODAG). 
These estimations include the primary equipment but not 
the auxiliary systems related to this main equipment as 
well as low voltage switchboards. The comparative bar 
graphs of the various architectures in terms of mass and 
occupied deck area are shown in Figs. 15 and 16, respec-
tively. The acquisition costs from the models have been 

adapted to the year 2021 for inflation, considered to be at 
an average rate of 2% per year. 

The maintenance costs have been calculated as follows. 
The overall operating hours of the propulsion equipment 
were first calculated based on the drive modes required 
to achieve certain speeds, which basically defines which 
equipment would be running with the respective drive 
mode in application. The operating times at various speeds 
were calculated based on the defined operating profile, 
which defines the 'time bands' for operation at various 
speeds, and the overall operating hours of the ship per 

Fig. 10   Candidate propulsion 
system architecture alternative 
A4, CODELAG

Fig. 11   Candidate propulsion 
system architecture alternative 
A5, IFEP
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year. Based on the overall operating hours of the propul-
sion equipment, the maintenance costs were then estimated 
based on the defined operation-based maintenance models. 
Similarly, the cost of fuel over the life cycle of the ship 
was calculated using the operating hours at various 'speed 
bands', the applicable operating drive mode and the cor-
responding overall fuel rates previously computed, and 
then applying the overall operating hours of the ship per 
year. The average cost of fuel was derived from the US 
Defense Logistics Agency (DLA) Energy publication for 
2020, adapted to the year 2021 for inflation, considered 
to be at an average rate of 2% per year. The comparative 
lifetime costs in terms of acquisition maintenance and fuel 
costs are shown in Fig. 17.

Fig. 12   Maximum surge speed for candidate architectures

Fig. 13   Maximum cruising speed for candidate architectures

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

COGAG CODAG CODAG-E CODELAG IFEP

En
du

ra
nc

e 
[n

m
]

Fig. 14   Endurance (range) for tank capacity of 1000 tons, ship speed 
of 15 knots for candidate architectures

0

200

400

600

800

1000

1200

COGAG CODAG CODAG-E CODELAG IFEP

M
as

s 
[t]

Fig. 15   Comparitive mass of the main propulsion and power genera-
tion equipment

0

50

100

150

200

250

300

COGAG CODAG CODAG-E CODELAG IFEP

O
cc

up
ie

d 
D

ec
k 

Ar
ea

 [m
^2

]

Fig. 16   Comparitive occupied deck area of main propulsion and 
power generation equipment



302	 Journal of Marine Science and Technology (2023) 28:288–313

1 3

4.5 � Relative scores for candidate architectures 
against qualitative criteria

For the evaluation of the candidate architectures against the 
qualitative criteria (P4–P15, C3, C5, R1–R4), the author 
again used discussions with experienced colleagues from the 
domain, to undertake an AHP-based pairwise comparison 
method to arrive at the relative evaluation scores for the can-
didate architectures. The computed relative scores for the can-
didate architectures against the qualitative criteria are shown 
in Figs. 18, 19, 20.

4.6 � Determination of criteria weights for MCDM 
analysis

4.6.1 � Using DEMATEL to determine local weights 
of objective metric ‘performance’

For the 'Objective Metric', 'Performance', the degrees of rela-
tionships between the performance criteria dimensions were 
determined using various steps, as described in Sect. 3.2.2. 
The authors used interactions with colleagues working in this 
domain to create the scores for evaluating the 'Initial Direct 
Influence Matrix' for the 'Performance Dimensions' from 
which the calculated 'Direct Influence Matrix' for 'Performance 
Dimensions' was calculated as shown in Table 3. From the 
calculated degree of relationship, ‘U + W’ and ‘U – W’ met-
rics, the 'Network Relationship Map' (NRM) was obtained, as 
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shown in Fig. 21. The NRM shows the ‘degree of prominence’ 
vs. the ‘degree of effect’ or ‘degree of being effected’. As can 
be observed from in Fig. 21, in terms of ‘degree of promi-
nence’, the ‘Performance Dimension’, ‘D6’ or ‘Integrability’, 
is the highest while ‘D2’ or ‘Operability’, is the lowest. On 
the other hand, ‘Performance Dimension’ ‘D1’ or ‘Mobility’ 
provides the highest ‘degree of cause’, while ‘D6’ or ‘Integra-
bility’ shows the highest ‘degree of being effected’.

The DEMATEL procedure, as described for 'Performance 
Dimensions', was repeated for the performance criteria under 
the respective dimensions with significant relations. After 
completion of the DEMATEL procedure for determining the 
influence matrices for the performance dimensions as well 
as the criteria sets belonging to the performance dimensions 
with significant relationships, the ANP procedure was applied. 
Initially, the Unweighted Supermatrix was set up as shown in 
Table 4. The 'Weighted Supermatrix' was calculated from the 
'Unweighted Supermatrix', after application of the DEMATEL 
weights calculated for the 'Performance Dimensions'. Thereaf-
ter, the 'Weighted Supermatrix' was raised to the power of five 
to finally obtain the converged solution which gives the local 
weights for the criteria belonging to the 'Performance Objec-
tive Metric', as depicted graphically in Fig. 22.

4.6.2 � Using AHP to determine local weights of cost and risk 
criteria

For the criteria set belonging to Objective Metric, Cost, and 
Risk, the process of AHP was used to determine the local 
weights for the respective criteria sets, following the procedure 
described in Sect. 3.2.2. Again, for this procedure, the authors 
used interactions with colleagues working in this domain to 
undertake the pairwise comparison for the respective criteria 
sets. Consistency checks for the comparison matrices were 
also undertaken. The calculated local weights of the ‘Objec-
tive Metrics’ of ‘Cost’ and ‘Risk’, calculated using the AHP 
procedure, are graphically depicted in Fig. 23.

4.6.3 � Calculation of global weights for set of criteria

For calculating the global weights for the criteria considered, 
different ‘application cases’ with overall weights attached to the 
‘Objective Metrics’ of ‘Performance’, ‘Cost’, and ‘Risk’ were 
considered, as shown in Table 5. The relative weights of the 
‘Objective Metrics’ were derived for these ‘application cases’ by 
varying the relative weights of ‘Performance’, ‘Cost’, and ‘Risk’ 
(Fig. 24). In a practical application, the ship owner, designer, or 
builder would attach these weights based on the considerations 
of the role of the ship along with the perspective of the analysis. 
Based on each of these application cases, the overall computed 
global weights for the entire set of criteria have been graphically 
compared in figures from Figs. 25, 26, 27, 28, 29, also showing 
the relative weights used for the ‘Objective Metrics’ of ‘Perfor-
mance’, ‘Cost’, and ‘Risk’ across the various test cases.

5 � Results and discussion

5.1 � Objective comparison of candidate propulsion 
architectures using VIKOR

The VIKOR method, as described in Sect. 3.2.4, was used 
to arrive at the final ranking of the candidate architecture in 
terms of preference based on the defined criteria. The set 
of metrics, obtained from both the quantitative and qualita-
tive criteria, for each of the candidate design architecture 

Table 3   Normalised 
direct influence matrix for 
performance dimensions

Dimension D1 D2 D3 D4 D5 D6
Mobility Operability Susceptibility Survivability Maintainability Integrability

D1 Mobility 0.0000 0.1875 0.1250 0.0000 0.0000 0.2500
D2 Operability 0.0625 0.0000 0.0000 0.0000 0.0000 0.1250
D3 Susceptibility 0.0000 0.0000 0.0000 0.0000 0.1250 0.2500
D4 Survivability 0.0000 0.0000 0.0000 0.0000 0.1875 0.2500
D5 Maintainability 0.0625 0.0000 0.0000 0.1875 0.0000 0.1250
D6 Integrability 0.1250 0.0000 0.1250 0.0625 0.0625 0.0000
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alternatives were arranged in a tabular format serving as the 
input data for the VIKOR analysis. The VIKOR analysis was 
undertaken for the application cases, with the value of the 
‘strategy coefficient’ as v = 0.5 , to have a balance between 
minimizing individual differences from ideal solution (for 
v < 0.5 ) and satisfying most of the criteria (for v > 0.5 ). The 

candidate design architectures were rated by calculating the 
VIKOR parameters S,R,Q and the best-suited architectures 
were identified based on the alternative with the lowest score 
of Q , for all the application cases. The results of the deter-
mined values of S,R,Q and the ranking for each of the appli-
cation cases, with the balanced v = 0.5 ‘strategy coefficient’, 
are shown in Table 6. For the best-suited alternative identi-
fied, further verification is done for meeting the conditions 
of ‘acceptable advantage’ and ‘stability in decision making’. 
The results of this analysis are shown in Table 7. 

For each of the application cases, a sensitivity analysis 
was undertaken for variation of the ranks to the ‘strategy 
coefficient’ v by varying it between 0 and 1 at increments of 
0.1 to evaluate the robustness and steadiness of the solution. 
Further, since the final ranks of the candidate architectures 
are primarily based on the VIKOR metric ‘ Q ’, sensitivity 
of the metric ‘ Q ’ to variation in the ‘strategy coefficient’ v 
was also undertaken. The results of this analysis are shown 
in Fig. 30.

5.2 � Summary of results

For the final decision-making, the strategy coefficient 
v = 0.5 was primarily considered to have a ‘balanced’ deci-
sion across all the application cases. For all the application 
cases except Case 2B, the defined CODAG candidate archi-
tecture emerges as the architecture that is ranked first or the 
best-suited architecture. In Case 2B, CODAG-E emerges as 
the best-suited architecture. For all the application cases, 
COGAG emerges as the architecture ranked in second place. 
CODAG-E was ranked third in all cases, except Case 2B 
where CODAG was ranked third. The IFEP candidate archi-
tecture was consistently ranked fourth across all the appli-
cation cases. Based on the analysis of the ranking for the 
criteria for 'acceptable advantage' and 'stability in decision 
making', it can be observed that even though the CODAG 
architecture is ranked first in all the application cases 
except Case 2B, it does not satisfy the criteria of acceptable 
advantage in any of these application cases. This implies 
that the degree of preference of the CODAG architecture 
is very close to the second-rated COGAG architecture in 
all the application cases except Case 2B. Hence, in these 
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Fig. 23   Local weights for the criteria sets belonging to the Objective 
Metrics, Cost, and Risk

Table 5   Cases considered for analysis of alternatives or candidate architectures

Case Description

Case 1 ‘Performance’ ‘Cost’, and ‘Risk’ equally weighted
Case 2A ‘Performance’ weighted moderately higher than ‘Cost’ and ‘Risk’; ‘Cost’ and ‘Risk’ equally weighted
Case 2B ‘Performance’ weighted significantly higher than ‘Cost’ and ‘Risk’; ‘Cost’ and ‘Risk’ equally weighted
Case 3 ‘Risk’ weighted moderately higher than ‘Performance’ and ‘Cost’; 'Performance' and 'Cost' equally weighted
Case 4 ‘Cost’ weighted moderately higher than ‘Performance’ and ‘Risk’; 'Performance' and 'Risk' equally weighted
Case 5 Distributed weights: ‘Performance’ with the highest weight, ‘Risk’ weighted moderately higher than ‘Cost’
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cases, the decision makers could also select the COGAG 
architecture as the preferred architecture, based on certain 
compromises across some of the criteria. The criterion of 
'stability of the decision-making' is satisfied for both the 
CODAG and the COGAG architectures in all these cases. 

For application Case 2B, even though CODAG-E emerges 
as the most preferred architecture based on the ranking, it 
does not satisfy both the criteria for 'acceptable advantage' 
and 'stability in decision making'. Hence, here too, COGAG 

Fig. 24   Global weights of the 
set of criteria for Application 
Case 1
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Fig. 25   Global weights of set of 
criteria for Application Case 2A
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Fig. 26   Global weights of set of 
criteria for Application Case 2B
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which is the second-rated architecture could be selected with 
certain compromises.

An interesting observation that can be made from this 
analysis is the overall influence of the operating profile and 
engine operating envelopes on the overall fuel consumption 

by the ship propulsion plant. While it can be seen in Fig. 31 
that the CODAG architecture provides an overall lower fuel 
consumption compared to the COGAG plant, the overall 
lifetime fuel consumption costs for both these architectures, 
as seen in Fig. 17, are not significantly different. This can 

Fig. 27   Global weights of set of 
criteria for Application Case 3
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Fig. 28   Global weights of set of 
criteria for Application Case 4
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Fig. 29   Global weights of set of 
criteria for Application Case 5
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be explained by the way these plants are considered for 
operation in the low-speed range of 6–8 knots that domi-
nates the considered operating profile, as shown in Fig. 6. 
The COGAG plant is considered for operation in this speed 
range in the 'trailed shaft' mode by the operation of a single 
engine, which can be easily handled by gas turbines due 
to the large engine operating envelope. On the other hand, 
for the CODAG plant, the entire low speed of operation is 
considered to be undertaken using two diesel engines due 
to the rather limited engine operation envelope of the diesel 
engines which makes ship operations rather restrictive.

The sensitivity analysis undertaken with respect to the 
value of the strategy coefficient, v , shows that the ranking 

as well as the VIKOR metric, Q , are stable in the vicinity of 
the selected strategy coefficient of v = 0.5 . Further, the plots 
for the sensitivity analysis of Q also provide a good insight 
into the degree of acceptable advantage that one solution 
provides over the other across the values of the strategy coef-
ficient. The higher the distance between the Q lines for each 
of the candidate architectures, the better is the degree of 
acceptable advantage.

The CODAG design emerges as the preferred design due 
to the low acquisition as well as life-cycle costs and the rela-
tive simplicity of the design. The COGAG architecture pro-
vides advantages in terms of performance criteria like low 
mass, and occupied deck area, but has disadvantages of low-
est overall plant efficiency across the operating profile and 
high life-cycle costs. The CODAG-E architecture provides 
advantages of low underwater noise and low life-cycle costs 
but has the disadvantages of high mass and occupied deck 
area. The CODELAG architecture provides relatively high 
plant efficiency, advantages toward some of the performance 
criteria, but has the disadvantages of high mass and occupied 
deck area. The IFEP architecture has disadvantages of high 
mass, occupied deck area as well as very high acquisition 
costs. Hence, the overall analysis undertaken using VIKOR 
provides fairly intuitive results. Overall, the more traditional 
architectures CODAG or COGAG architecture emerge as the 
preferred architectures and either of them could be selected 
by the decision makers with certain compromises. The more 
electric architectures were rated lower due to penalties of 
higher mass and occupied deck area despite some advan-
tages they offer.

Table 6   Computed VIKOR metrics S, R, Q and determined ranks, with v = 0.5

Table 7   Selection of best-suited candidate architecture and test of 
‘acceptable advantage’ and ‘stability of decision’, with v = 0.5

dQ =
[
Q

(
a
2

Q

)
− Q

(
a
1

Q

)]
− DQ

Sensitivity to v : L Low, M Medium, H High

Best 
Suited
Alternative

Acceptable 
Advantage
(dQ)

Stability of 
Decision
(S,R match 
with Q 
Rank)

Sen-
sitiv-
ity
to v

Case 1 CODAG  – 0.08 S & R L
Case 2A CODAG  – 0.18 S & R L
Case 2B CODAG-E  – 0.17 R L
Case 3 CODAG  – 0.15 S & R L
Case 4 CODAG  – 0.06 S & R L
Case 5 CODAG  – 0.15 S & R L
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6 � Conclusion

During the initial design of a ship, the process of the pro-
pulsion system design is embedded into the process as one 

of the systems being addressed in the overall design. This 
often masks the considerations required to address all the 
aspects of the design of the propulsion system, especially 
in the context of combined propulsion plants which have 

Fig. 30   Sensitivity analysis of VIKOR v,Q values for the Application Cases
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added design complexity. The proposed techno-economical 
model-based design space exploration process provides 
a model for approaching such designs with a quantifiable 
degree of preference of certain architectures in a design 
space over others in terms of design criteria of performance, 
cost, and risk. This proposed process utilizes a hybrid 

DANP–AHP–VIKOR-based MCDM method to undertake 
a TERA analysis to derive the best-suited architecture from 
the design space. This method includes a novel approach 
for evaluating the global weights of the design criteria for a 
propulsion system design, considering the mutual influence 
of design criteria on each other, which can be a significant 

Fig. 30   (continued)
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contributor to the criteria weights, and thus the final archi-
tecture selection. The method also finds a practical solu-
tion for combining ‘quantitative’ model-based results, with 
subject expert opinion-based ‘qualitative’ results for those 

aspects of designs where exact performance analysis is not 
possible during the early stages of ship design.

The proposed method has been demonstrated with an 
analysis for a notional destroyer where specific COGAG, 
CODAG, CODAG-E, CODELAG, and IFEP architectures 

Fig. 31   Fuel consumption curves for the candidate architectures



312	 Journal of Marine Science and Technology (2023) 28:288–313

1 3

have been objectively compared against the defined design 
criteria for a ship. With the analysis demonstrated, the more 
traditional architectures like CODAG and COGAG resulted 
as the preferred designs. The more electric architectures 
were rated lower due to penalties of higher mass and occu-
pied deck area despite some of the advantages they offer 
in the flexibility of operation and performance. From this 
analysis, it can be inferred that with the present technologi-
cal levels, to have more electric architectures selected for 
such ship designs, there must be more specific drivers for 
justification of such designs than the ones that have been 
considered for the present analysis. These drivers could be 
requirements such as extremely high energy requirements for 
ship weapon systems, specific low underwater noise require-
ments, etc. On the other hand, it should also be noted that 
these conclusions are not general conclusions for such com-
bined architectures, but the specific architectures considered 
for the presented analysis under considered design criteria 
along with their defined and derived weights.

Based on the proposed method, an interesting further 
study could be its application to commercial ocean-going 
vessels, where the design criteria and metrics would vary 
significantly from naval vessels. The proposed method could 
be effectively used to find practical and effective solutions to 
the present-day design drivers that the propulsion and power 
systems of the commercial vessels face, ranging from low 
environmental emissions to other drivers, criteria like high 
performance, low capital expenditures (CapEx), operating 
expenses (OpEx), and life-cycle costs.

Data availability  The dataset referred to in the aforementioned article 
can be provided by the corresponding author on a reasonable request.
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