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Abstract

In recent years, the sustainable use of marine space has become increasingly important due
to the growing number of competing activities. To minimize conflicts and environmental
impacts, the co-location of these activities in multi-use marine areas is essential. Several
approaches have been proposed to evaluate synergies and incompatibilities among marine
uses, but most of them are either complex, case-specific, or lack full automation, which can
limit their broader applicability. In this context, the paper presents an enhanced version of
a Decision Support Tool for identifying optimal combinations of co-located activities. The
tool is based on a multi-criteria analysis integrating technological, environmental, social,
and economic factors, and it automatically provides an optimal configuration through
a guided, user-friendly procedure. Experts select options for each activity and criterion
from drop-down menus, and the tool automatically assigns scores and combines them to
rank the different activity combinations. Implemented in an Excel sheet with a wizard
interface, it can be easily completed by experts from different fields, who can assign weights
to each criterion through discussion. The tool’s general structure also allows its use by
policy-makers and consultants, supporting informed decision-making and facilitating
science—policy interaction.

Keywords: Blue-Growth; Marine Spatial Planning; sustainability; Multi-Criteria Methodology;
Decision Support Tool; Multi-Use Areas; decision-making

1. Introduction

The marine space represents a source of untapped potential for climate change adap-
tation, mitigation, and sustainable development. Combining actions aimed at enhancing
human well-being inevitably leads to an intensification of marine space uses, which may
result in competing stakeholder interests, threats to ecosystems, and potential conflicts
among user groups [1]. This calls for a sustainable, multi-use, cross-sectoral approach
capable of transforming the traditional concept of exclusive resource rights into one based
on inclusive resource sharing among multiple users.

Marine spatial planners face the challenge of accommodating emerging “Blue Growth”
sectors (energy, aquaculture, biotechnology, tourism, mineral mining) as these increasingly
claim space in already crowded seas [2,3]. The main bottleneck is not the absolute amount of
available ocean space but rather that most of these sectors seek to operate within restricted
marine areas offering favorable conditions, such as limited water depths, proximity to
shore and ports, and suitable meteorological and oceanic characteristics.

Consequently, the concept of combining different activities within Multi-Use marine
Areas (MUAs) has gained traction. Several conceptual MUA designs were developed
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during the European Commission’s “FP7 Oceans of Tomorrow” initiative. The H2OCEAN
project [4] introduced the concept of a floating offshore maritime transportation hub, an
autonomous installation powered by locally produced energy from floating wind turbines
and hydrogen conversion. The TROPOS project [5] developed three designs for floating
islands dedicated mainly to tourism, maritime transportation, and Renewable Energy (RE)
production. The MERMAID project [6] created tools for identifying optimal combinations
of economic activities on a given platform or within a specific marine area.

Under the H2020 framework, the SPACE@SEA [7] and The Blue Growth Farm [8]
projects, funded by the European Commission, developed detailed designs and tested
technologies required to establish two TRL5 pilot floating modules supporting RE and
aquaculture. The H2020 MARIBE [9] and MUSES [10] projects explored the potential of
various combinations of economic activities in co-location or integrated in platforms [11].
The MARIBE project concluded that multiple barriers continue to hinder multi-use im-
plementation, including regulatory, financial, liability, and insurance issues, as well as
environmental concerns, stakeholder perceptions, and a lack of appropriate skills.

Currently, only a few real-world examples of co-location exist in European waters, typ-
ically linked to offshore wind farms. The most advanced is the EDULIS pilot project in the
North Belgian Sea [12], which produces mussels within a wind park located about 20 km off-
shore. New pilot projects have been established within recently completed Horizon Europe
initiatives such as OLAMUR [13], ULTFARMS [14], UNITED [15], and MUSICA [16].

Despite these advances, permission and policy barriers for MUAs remain difficult to
overcome, and industrial stakeholders still lack secure and clearly defined tenure rights
necessary to promote long-term investment.

Given the wide range of potential activities within marine MUAs, it is crucial to
develop tools capable of evaluating the optimal combination of Uses of the Marine Area
(UMA) for a specific location. Such tools should support a fair and sustainable use of marine
resources and space while considering economic, social, and environmental dimensions.

To assist Marine Spatial Planning (MSP) and decision-making processes, various
spatial Decision Support Tools (DSTs) have been developed. These tools provide marine
planners with spatial geographic data analyses, map comparisons, and spatial statistics.
Several existing DSTs, such as Symphony [17], MYTILUS [18], Tools4MSP [19], and Ecolm-
pactMapper [20], focus on use—environment interactions through a Cumulative Impact
Assessment (CIA) approach [21]. The main output of a CIA is a cumulative impact map
that highlights areas where the marine environment is more or less affected by human
activities, typically calculated using an additive linear model [18,20,22]. Using such CIA
maps, planners and decision-makers can identify multi-use and marine activities that can
occur in close spatial and temporal proximity, provided that their combined environmental
impact remains acceptably low.

However, existing DSTs have largely neglected the dynamic interactions among differ-
ent UMA [23]. Some tools do consider use—use interactions but only to a limited extent. For
instance, the ADRIPLAN Maritime Use Conflict tool [24] accounts for spatial and temporal
overlaps among marine activities [19], but it simplistically treats all overlaps as conflicts,
without evaluating the degree or nature of potential conflicts or synergies [23]. Other tools,
such as Marxan With Zones [25] and a game-theory-based model by Kyriazi et al. [26],
include functionalities to support MUAs within the MSP framework but do not assist users
in identifying or exploring multi-use opportunities. Instead, users must already possess
prior knowledge of relevant MUAs before applying these tools [23].

In this paper, a DST for selecting sustainable combinations of UMA in MUAs is
presented, focusing on the synergies and conflicts arising from the co-location of different
UMA. The tool is based on a well-established Multi-Criteria Methodology (MCM). The
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first version of this MCM was proposed by Zanuttigh et al. [27] and tested in various
applications in the Mediterranean Sea [27,28]. The criteria were later revised by Zanuttigh
et al. [29] to address the specific case of reusing offshore Oil and Gas platforms.

The scoring methodology was subsequently refined, and a new pre-programmed
Excel-based tool was developed to assist experts in the MUA evaluation process. This is
the novel Decision Support Tool for Multi-Use Areas (MUA-DST) presented in this paper.
The MUA-DST can be used by public or private entities, involving groups of stakeholders
regardless of their level of expertise, as a guided wizard procedure simplifies the evalu-
ation process. Different UMA are considered for co-location within MUAs, specifically
including Renewable Energy Sources (RES), aquaculture, and tourism. Additionally, users
can introduce other UMA beyond the predefined ones and combine them as desired. A
comprehensive set of benefits and impacts is considered for each UMA, and compilers
are free to choose the preferred methods for calculating scores and assigning weights to
different criteria.

The article is developed as follows. In Section 2, an overview of the tool is given
and the use of the proposed MUA-DST within a decision-making process is explained.
Section 3 describes the application of the tool in the different phases that allow experts to
assign objective scores to different MUAs and to select the most promising one. Section 4
presents a sensitivity analysis of the final ranking of the MUA with respect to different
score calculation methods and to the composition of the evaluation team. In Section 5,
the main advantages are highlighted and the possible limitations of the tool are discussed.
Finally, in Section 6, conclusions are drawn.

2. The Decision Support Tool for Multi-Use Areas

This Section provides a general description of the tool (Section 2.1) and illustrates how
the proposed MUA-DST can be integrated into a decision-making process (Section 2.2).

2.1. Overview of the Tool

The availability of a framework for designing and optimizing MUAs to support
various offshore activities in a sustainable manner is crucial in the context of MSP and
Blue Growth. This requires an iterative process involving all stakeholders and investors
from the earliest development stages [30]. As reported by Zanuttigh et al. [27,29], the initial
phases of this process must focus on a multi-criteria evaluation of potential activities that
could be implemented within the same offshore area.

The MUA-DST proposed here supports decision-makers in this ranking phase. The
tool consists of a fully automated Excel sheet that enables rapid compilation by stakeholders
and can be applied to compare and evaluate different MUAs, regardless of the UMA
considered. In addition to the most common pre-set ones (RE production, aquaculture,
and tourism), other uses can be freely added, allowing the generation of any number of
combinations. MUASs are scored based on a wide variety of environmental, social, and
economic benefits and impacts, using specific criteria and sub-criteria. These criteria,
described in detail by Zanuttigh et al. [27] and further expanded by Zanuttigh et al. [29],
are briefly recalled here (Figure 1).

The two criteria related to the benefits that a UMA can bring to an MUA are the
“Innovation” and “Exploitation potential” criteria. The “Innovation” criterion accounts for
potential advancements that the UMA may generate for both the market and the environ-
ment. These include job creation, patent development, synergies with other uses, and CO,
reduction, which constitute the sub-criteria to be evaluated. The “Exploitation potential”
criterion considers energy production and the productivity of the various activities under
assessment. In the case of RES, the sub-criteria refer to the reliability and performance of the
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technologies involved. Regarding the activities, specific sub-criteria are implemented for

the two main pre-set activities in the tool (fish farming and tourism), whereas no predefined

sub-criteria are included for additional activities.

Uses of the Marine Area (UMA) Multi-Use Areas (MUAs) combinations
RES 1 Solar energy Yes Yes Yes Yes Yes
RES 2 Wind energy No No No Ves Yes
Energy RES 3 Wave energy No No No Yes No
Sources [ resa . N N . N N
RESS - - - - - -
ACT1 Fish farming Yes No Yes Yes Yes
ACT2 Offshore tourism No Yes Ves Ves Yes
Activities | AcT3 . , , B , 5
ACT4 - - - - - -
ACTS - - - - - -
Number of RES + Number of ACT (Nuwawua) = 2 2 3 s 2
c [score 1.60 1.44 2.04 450 3.5
S f new patents: 1.67 1.00 167 5.00 233
g €O, reduction 1.00 1.00 1.00 3.00 2.00 04
H Synergy with other uses: 1.25 1.25 2.50 5.00 375
= Creation of new jobs: 2.50 2.50 3.00 5.00 4.50
Score! 3.88 388 4.25 5.00 463
- snergy potantial RESL: 3.50 350 3.50 3.50 3.50
Solarenergy
Reliability: 4.00 4.00 4.00 4.00 4.00
3.00 3.00 3.00 3.00 3.00
energy potential RES?: ] ] i 00 00
Wind energy
Reliability: - - - 4.00 4.00
- - - 2.00 2.00
energy potential RES3: ) i i Lo )
Wave energy
Reliability: - - - 2.00 -
Performance: - - - 1.00 -
P energy potential RES4: . . . . .
£ 5
2 Reliability: - - - - -
@
3 5 5 5 B 5
= H energy potential RESS: i . i
E = Reliability: - - - - -
-] g Performance: - - - - - DS
= = patential/ACTL: 3.00 - 3.00 3.00 3.00
8 Fish farming
3 Existing practices / guidelines 4.00 - 400 4.00 4.00
Technological challenges: 2.00 - 2.00 2.00 2.00
3.00 - 3.00 3.00 3.00
potential ACT2:
e - 3.33 3.33 3.33 3.33
Time for natural barrier accretion - - - - -
tourism potential - 3.00 3.00 3.00 3.00
Diving use potential - - - - -
fishing potential - , - - -
Availability of infastructures on the coast - 4.00 400 4.00 4.00
Distance from shore: - 3.00 3.00 3.00 3.00
potential ACT3: - i} i ] -
potential ACT4: - - i - -
potential ACTS:
Total industrial benefits 2.97 2.90 3.37 4.80 4.03 1.00
Score: 1.79 121 1.90 448 331
Use of marine space: 167 0.00 1.67 433 2.67
Devices / equipment dimension 2.00 0.00 2.00 5.00 3.00
] Size of the energy farm: 0.00 0.00 0.00 5.00 2.00
é Size of the aquaculture farm / recreational area / 300 0.00 300 300 3.00
£ area required for other activities
= Foundation type (fixed / moorings) 1.00 0.00 1.00 5.00 4.00
€ Materials 1.00 0.00 1.00 5.00 3.00 03
£ Inclusion of exposed /parts: 2.50 2.50 3.00 5.00 3.50
S Underwateri ise / vibrati 0.00 0.00 0.00 3.00 2.00
H ‘Aestheticimpact: 3.00 3.00 3.00 4.00 4.00
u i 3.33 3.00 3.67 5.00 4.00
Transportation 5.00 4.00 5.00 5.00 5.00
Fouling: 2.50 2.50 3.00 5.00 3.50
Material durability: 2.50 2.50 3.00 5.00 3.50
Score 2.01 1.97 223 2.78 2.40
Structural failure: 2.44 1.89 226 3.00 2.17
Modularity: 1.67 1.67 1.67 3.33 1.67
Geotechnical failure: 4.00 4.00 4.00 4.00 4.00
Moorings: 1.67 0.00 111 167 0.83
" Power failure: 0.83 0.42 0.56 1.00 0383
= Power take off/ feeding: 1.67 0.83 111 2.00 1.67 03
= Failure of the energy transmission to shore: 0.00 0.00 0.00 0.0 0.00
Accidents: 2.22 2.22 2.78 3.44 2.83
Collisions (ships, helicopters etc.): 167 0.00 167 433 267
Health: 3.33 417 3.89 3.67 375
Pollution (acci 167 2.50 278 233 208
Illegal fishing, 3.33 3.33 3.33 3.67 375
Score 163 154 167 247 1.87
depth: 1.00 1.00 1.00 1.00 1.00
type: 1.25 0.83 111 2.33 1.04
Complexity: 1.67 1.67 167 3.33 1.67
Moorings: 0.83 0.00 0.56 133 042
Power extraction and storage: 1.67 1.67 167 2.22 2.08
2 Power take off type: 1.67 1.67 167 2.78 2.50
8 Local energy storage / use 167 167 167 167 1.67 o
Installation/Maintenance requirements: 2.25 2.25 2.50 3.70 2.75
Accessibility: 2.00 2.00 2.00 2.40 2.00
Materials: 2.50 2.50 3.00 5.00 3.50
Transportatio 1.9 1.96 2.08 3.10 2.49
installation: 1.67 1.67 167 2.50 222
Operation: 2.25 225 2.50 3.70 2.75
Total Impacts 1.85 1.57 1.91 3.16 2.46 1.00
Total scores| 1.12 1.33 1.46 1.64 1.57 .

Figure 1. The main worksheet of the tool, showing all the criteria and sub-criteria considered and the

scores obtained for five representative MUAs (Table 1).
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Table 1. The five representative MUA combinations used as a reference in the analysis.

MUA 1 MUA 6 MUA 12 MUA 16 MUA 17

Solar energy X X X X X
Wind energy X X
Wave energy X
Fish farming X X

Tourism X X

The three criteria concerning the possible impacts that a given UMA may have on the
MUA are “Environmental impact,” “Risks,” and “Costs.” Each includes several relevant
sub-criteria. Specifically, the “Environmental impact” criterion evaluates the marine area
required by a given use, the potential presence and type of foundations, the materials
employed, the likelihood of debris release into the sea, acoustic and visual impacts, and
maintenance requirements (in terms of material durability, transport needs, and associated
pollution). The “Risks” criterion considers the probability of structural failure (in relation
to modularity, geotechnical aspects, and moorings) and electrical failure (both for power
take-off systems in RES and for power supply to the various activities, as well as for energy
transfer to shore). It also takes into account accident risks related to human health, the
probability of collisions between vessels and devices, and the potential for accidental pollu-
tion. The “Costs” criterion includes all expenses associated with installation. In particular,
the sub-criteria refer to seabed depth, type of installation (complexity and potential need
for moorings), costs of energy production, energy storage or transfer, installation and
maintenance (in terms of accessibility and materials), and transport during installation and
maintenance phases.

In the tool, the scoring process for each sub-criterion is fully automated. For each
UMA, the user simply completes a questionnaire by selecting responses from a drop-down
menu and choosing a scoring method, as detailed in Section 3. An example of the logic
applied in the scoring according to the different criteria is provided by Zanuttigh et al. [29].
Figure 1 and Section 3 reference this example to illustrate how the proposed tool calculates
results for different UMA combinations. Among the various combinations, the five most
representative MUAs were selected as references for the subsequent analyses (Table 1). For
consistency, the MUA numbering corresponds to that used in Zanuttigh et al. [29].

In two of these (MUA16 and MUA17), various RES technologies, including innovative
ones (such as wind and wave energy), were combined with different activities to assess the
importance of multi-use and co-location concepts. In contrast, the other three alternatives
(MUA1, MUAS6, and MUA12) combined only the RES with the lowest environmental
impact (solar panels, installed in the analyzed case on a decommissioned offshore platform)
and economically productive activities (aquaculture and tourism).

The final outcome is a ranking of the different MUAs, supporting the identification of
the most suitable combination of UMA for a given site.

2.2. The Use of the Tool for Decision-Making in Facilitation Processes

This Sub-section explains how the proposed MUA-DST could be applied for decision-
making concerning MSP, in the context of facilitation processes.

In the first phase, all participants involved in the inquiry meet in a preliminary session
to identify the different UMA they consider most promising for co-location at the selected
site. These activities are then combined into all possible MUA configurations, which are
subsequently entered into the main MUA-DST spreadsheet.

Next, each respondent independently completes an additional Excel sheet of the MUA-
DST, where for each evaluation sub-criterion and each activity, options are selected from a
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drop-down menu. During this phase, based on their personal expertise or experience, each
contributor can also choose a calculation method for each sub-criterion (that is, whether
to select the highest score assigned to an activity, increase it according to the number
of activities included, or calculate the average score). Based on the selected responses
and calculation method, the tool automatically computes the scores and transfers them
to the main spreadsheet, where the total score for each criterion and for each MUA is
then determined.

In the final phase, all participants reconvene to aggregate their individual results and
identify the optimal MUA accordingly. During this stage, different weights can be assigned
to the various criteria.

The fully guided nature of the procedure offers two distinct advantages, making it
both effective and versatile: on one hand, it simplifies the work of experts involved in the
process; on the other, it enables the participation of a wide range of contributors without
specific expertise. Consequently, the scale of the meeting can vary, ranging from a smaller,
more restricted group to a broader pool of participants. For example, the tool can be used
internally within a single organization or company, where discussions and final results
can be processed directly. Alternatively, it can be implemented on a larger scale through a
web-based survey involving diverse stakeholders from different backgrounds, with results
subsequently analyzed using statistical methods. In this latter case, it is advisable to request
participants to complete an anonymous questionnaire, allowing cumulative responses
to be analyzed according to group background (i.e., scientific, social, environmental, or
economic) and type (i.e., policy-makers, consultants, the public, researchers, managers,
investors), thereby enabling an assessment of result sensitivity.

In fact, the MUA-DST is designed to be used by anyone, regardless of their level of
expertise. In this study, no specific guidance is provided regarding the composition of the
group of compilers, which does not necessarily need to be balanced in terms of background,
experience, role, age, gender, or number. However, it is clear that the composition of
this group is highly relevant to the final outcome, as reported by Zanuttigh et al. [27],
where a sensitivity analysis of results was performed based on the weights assigned to
various criteria by three different groups of decision-makers. The topic will also be further
discussed in Section 4.

3. Description of the Tool’s Operational Steps

In this Section, the MUA-DST implemented in Excel is specifically described. In
particular, the compilation process of the Excel spreadsheet is carried out in three sequential
phases: (1) the preliminary meeting of the participants, during which the possible UMA
are selected and combined into MUAs (Section 3.1); (2) the evaluation of the MUAs by each
participant individually through the tool, choosing the calculation method and answering
the questionnaire (Section 3.2); (3) the final meeting, where weights can be assigned to the
criteria and the final output is calculated (Section 3.3). The steps of the procedure are also
shown schematically in Figure 2.

3.1. Preliminary Meeting and Input Parameters

In the first phase, the decision-making group convenes for a preliminary meeting
to conduct the pre-screening activity. This involves evaluating the activities that can be
effectively carried out in the offshore area, considering the technical limitations of the
different UMA and the specific characteristics of the site under analysis. Once all possible
UMA have been selected, they must be combined into different MUAs. In the MUA-DST,
this task can be performed in the main worksheet (Figure 3). This sheet already includes
predefined entries for the three main sources of offshore RE production (solar energy, wind
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energy, and wave energy) and the two most commonly considered activities for multi-use
offshore installations (fish farming and tourism). However, it is also possible to add up
to two additional RES and three additional activities of choice, allowing for a total of
ten possible UMA, including RE production. For example, it is possible to distinguish
between fixed and floating wind turbines, treating them as separate sources within the
MUA combinations, or to include tidal energy or other economic and scientific activities
(i.e., scientific research and monitoring, green hydrogen production, desalination plants,
hub for maritime transport, floating greenhouses, etc.). It is important to note that the
predefined entry for tourism activities already includes educational tourism, artificial
reef creation, diving and recreational fishing, each of which is assigned specific scores in
subsequent phases; however, these activities can still be separated and added as distinct
entries if greater emphasis is needed on one over another. The same could be done if
different aquaculture species were to be considered separately. Thus, differently from the
tools previously available, this MUA-DST makes it possible to examine a wide variety of
offshore activities in a very general way, in order to identify the best combination of uses
for the exploitation of a marine area.

Step 1

Step 2

Step 3

- Selection of UMA
combinations, specifying
which are present or absent

in each MUA.
- Optional addition of further

- Filling out the
questionnaire for each sub-
criterion and each UMA,
selecting answers from a
predefined menu.

Choice of whether or not to
assign different weights to
the various criteria.

N

UMA defined by the user. &Ss:&t:&fﬁ?ﬂgzﬂ‘:g:ﬁ Aggregation of
: results from the
various
L_  participantsin
the survey,
- Calculation of scores for considering
each UMA and each sub- their personal
- Calculation of the total criterion, based on the Recalculation of the overall
number of UMAs answers. scores for each MUA based background.

considered.

- Definition of the score
range.

- Calculation of the overall
scores of each MUA for each
criterion, based on the
method selected by the
user.

on the weights assigned by
the user, ranking, and

selection of the best option.

Figure 2. Schematic diagram of the procedure workflow.

Uses of the Marine Area (UMA)

Multi-Use Areas (MUAs) combinations

RES 1 Solar energy Yes Yes Yes Yes Yes
Renewable RES 2 Wind energy No No No Yes Yes
Energy RES 3 Wave energy No No No Yes No
Sources RES 4
RES 5
ACT1 Fish farming Yes No Yes Yes Yes
ACT 2 Offshore tourism No Yes Yes Yes Yes
Activities ACT 3 R I score (Spa) = ] 3 I
ACT 4 Yes | Smagines® [ 3]
ACT 5

Number of RES + Number of ACT (Nypamua) =

2
MUA1

- No
3 5 4
iz | s |

Figure 3. Detail of the MUA-DST main menu for the combination of different UMA in MUAs (Table 1)

Max n® RES*ACT (Nowaror) 5| 5 |

and calculation of the total number of RES and activities and of the maximum scoring range.
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At this stage, the decision-making group must therefore select from the drop-down
menu whether each UMA is present (“Yes”) or absent (“No”) in a given MUA, thus
creating different combinations, each with its corresponding number of RES (Nrgs mua) and
total UMA including RES (Nyma mua)- The worksheet provides 25 pre-set combinations,
although additional columns can be added to extend this number if necessary. The symbol
“-” indicates that a particular UMA is never considered in the given application, while a
“No” response signifies that the UMA is absent in a specific MUA but present in others. The
“-” option can also be applied to the predefined RES and activities in the tool, if they are
not relevant to the specific application or cannot be performed at the site under evaluation.

Once this initial section of the worksheet is completed, the tool automatically calculates
the total number of RES (Nrgs tor) and the total number of UMA considered across all
MUAs, including RES (Nyma tor)- If the total is less than or equal to five, the maximum
score Smax assigned to each use, and consequently to each MUA, will be 5. If the total
exceeds five, the maximum score will be 10, to allow for a greater range of variability
between different alternatives (Figure 3). Additionally, the maximum score Syay incr iS
computed (3, if Smax is equal to 5, or 6, if Smax is equal 10), which will be used in case of
incremental score calculations (Section 3.2).

At the end of the preliminary meeting, each decision-maker will have the precompiled
table with the MUAs to be evaluated, identical for all participants, and will then proceed
with the individual assignment of scores.

As detailed by Zanuttigh et al. [29] and recalled in Section 2.1, the criteria for evaluating
MUAs are divided into two categories: industrial benefits and impacts. Specifically, the
criteria related to industrial benefits include “Innovation” and “Exploitation potential”,
while the impact-related criteria comprise “Environmental impact”, “Risks”, and “Costs”,
each further subdivided into specific sub-criteria (see Section 2.1, Figure 1). For each
sub-criterion, the compiler must select responses from a guided multiple-choice menu, as
described in Section 3.2.

3.2. Compilation of the Worksheet

In addjition to the main worksheet, where MUAs are combined during the first phase
and where weights are assigned to the different criteria and total scores are calculated in
the final phase, the Excel tool includes two additional sheets. One is locked and serves
to retrieve the drop-down menu responses, while the other is intended to be individually
completed by each participant in the assessment.

In this sheet, for each sub-criterion, participants select from a drop-down menu the
option they consider most appropriate for each UMA. Based on the responses provided,
the tool automatically computes a score for each UMA under that specific sub-criterion.
Participants can also choose the preferred scoring method from three options: maximum
(“Maximum value”), average (“Mean value”), or incremental (“Increments”). Selecting
the maximum value emphasizes the most impactful UMA for that sub-criterion. In this
case, the tool records in the main worksheet the highest score among the different UMA,
ranging from 0 to Smax. Conversely, selecting an incremental calculation method accounts
for synergies between different UMA. In this case, the tool records in the main worksheet
the maximum score assigned among the different UMA for that sub-criterion, ranging
from 0 to Spax incr, and adds an increment for each additional UMA with a non-zero score.
The increments are evenly distributed among the different UMA considered, reaching a
maximum of Smax. At present, it is not possible to assign different increments based on the
specific UMA involved.

By default, the tool applies the calculation method recommended by the developers
for each sub-criterion, based on their expertise. For certain sub-criteria, scores are assigned
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from 0 to Smax depending on the responses, and the suggested calculation method is
“Maximum value”, following the expression below:

SMUA = Smax,MUA (1)

where Syya is the final score of the MUA for that sub-criterion, assigned in the main
worksheet, and SpaxMmua denotes the highest value, within the range from 0 to Smax,
attributed to any of the UMA included in the MUA under evaluation for that specific
sub-criterion.

However, it is still possible to select the “Increments” method, in which case the scores
are automatically rescaled within the range from 0 to Spax iner to allow for the addition of
increments without ever exceeding Spax, according to the following formula:

Stax i Smax — Smaxi
SMUA = Srnax,MUA * néax,mcr max Amax,mcr * 8 (2)
max
with
A — JNumaTtorzo —1 if Numa,torz0 —1>0 3)
1 if Nyma,tot20 —1 <0
and
s — o Numamuazo —1 if Numamuazo —1 >0 )
0 if Numamuazo —1 <0

where Nywma toT0 is the total number of UMA that have a non-zero score for that sub-
criterion, while Nypa mMua o is the number of UMA included in the MUA under consider-
ation with a non-zero score for the same sub-criterion.

Conversely, for other sub-criteria, scores are assigned from 0 to S,y incr based on
the responses, and the suggested calculation method is “Increments”, as defined by the
following equation:

S — Smaxi
S‘MUA = Smax,incr,MUA + w * 8 (5)

where Spax incrMUA represents the peak score, bounded between 0 and Spax incr, assigned to
the UMA listed in the MUA being assessed with respect to the given sub-criterion, whereas
A and b are defined as in Equations (3) and (4).

Nonetheless, it is possible to select the “Maximum value” method, in which case
the scores are automatically rescaled within the range from 0 to Spax to report only the
maximum value in the main worksheet without adding increments, according to the
following formula:

Smax (6)

SMUA = Smax,irlcr,MUA * g
max,incr

Analogous formulas are applied when the “Mean value” method is selected, allowing
for the calculation of the average score among the different UMA for a given sub-criterion.

In all cases, UMA that are either absent from the MUP or present but assigned a score
of zero (because the sub-criterion is not applicable to that UMA, or the UMA has no impact
for that sub-criterion), are excluded from the incremental calculation. For sub-criteria
involving only RE production (such as “Size of the energy farm”, “Failure of the energy
transmission to shore”, and “Local energy storage/use”), only RES are considered for both
score calculation and increments, thus Nywma, tor£0 and Numa mup-o are replaced with
Nggs ToT-£0 and Nggs Mup£0, maintaining the same meaning of the subscripts.

To provide some practical examples, under the “Innovation” criterion, the sub-criterion
“Creation of new jobs”, which reflects the potential employment benefits, can be evalu-
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ated through a drop-down menu offering three options: “Low,” “Medium,” and “High,”
corresponding, respectively, to scores ranging from 1 to Sinermax. Additionally, a “None”
option is available, corresponding to a score of 0, in cases where there is no potential for job
creation (Figure 4). The default calculation method is “Increments,” which considers that
the integration of multiple uses may require broader interdisciplinary expertise and a larger
workforce. However, users can always select a different calculation method, choosing

either the maximum or the mean value.

Potential for the creation of new jobs Score Scoring method:[ Increments |
Solar energy Low 1 Maximum value
— Mean value
Wind energy High 3
Wave energy High 3
Fish farming Medium 2
| Offshore tourism Medium 5 2
None -
Low
High -

Figure 4. The drop-down menu for the sub-criteria “Creation of new jobs”, with a scoring example
and the suggestion of the incremental calculation method.

Conversely, under the “Environmental impact” criterion, the sub-criterion
“Maintenance—Transportation”, which represents the environmental impact associated
with the frequency of transport operations for maintenance purposes, can be evaluated
through a drop-down menu offering five options, from “Very low” to “Very high,” corre-
sponding, respectively, to scores ranging from 1 to Smax. A “No impact” option, correspond-
ing to a score of 0, is also available when no transportation-related environmental impact
is expected (Figure 5). The default calculation method in this case is “Maximum value,”
since maintenance operations for different activities can be performed simultaneously,
thus considering only the highest score among the activities requiring the most frequent
transport. Nevertheless, users may also select an alternative method, applying either a
mean value or the incremental approach when multiple uses are present.

Expected frequency of mail e and impact from transportation Score ] [SCOring method:| Maximum value !
Solar energy | Very low 1 | Mean value J
Wind energy Very low 1 Increments
Wave energy Low 2
Fish farming Very high 5
Offshore tourism l High o 4
No impact |

Very low | e— |

|tow

Avemie

[ Very high

Figure 5. The drop-down menu for the sub-criteria “Maintenance—Transportation”, with a scoring
example and the suggestion of the calculation method based on the maximum value.

Table 2 presents, as an example, the scores obtained for the five different MUAs
in Table 1, with reference to the two illustrative sub-criteria, and compares the results
obtained by selecting either the “Maximum value” or “Increments” calculation method.
The comparison is based on the individual UMA scores reported in Figures 4 and 5 (taken
from Zanuttigh et al. [29]). These results for each MUA are subsequently aggregated
to calculate the overall scores for the corresponding sub-criteria and criteria, as further
detailed in Section 3.3. As shown in Table 2, assuming identical score assignments for all
other sub-criteria, changing the calculation method for a single sub-criterion—from an
incremental to a maximum-based approach—leads to higher individual scores that were
previously below the maximum. Consequently, the overall MUA score increases if the
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sub-criterion represents a benefit, or decreases if it represents an impact. An exception
is MUA16, whose score remains unchanged, as all UMA are included, thus reaching the
maximum score under both methods. The difference is more pronounced for MUA1 and
MUAG6, where only two UMA are present. Clearly, choosing the “Maximum value” instead
of the “Increments” method results in more uniform scores across the different MUAs
for that sub-criterion, thereby reducing the relative importance of the multi-use concept.
This effect is also reflected in the total MUA scores when the maximum-based approach is
consistently applied to all sub-criteria (see the sensitivity analysis in Section 4).

Table 2. Scores obtained, for the five different MUASs in Table 1, for the sub-criteria “Creation
of new jobs” and “Maintenance—Transportation”, based on the single UMA scores reported in
Figures 4 and 5, by selecting either the “Increments” or the “Maximum value” calculation method
and the effect on the variation A in total MUA score.

Sub-Criterion Caleulation MUA1  MUA6 MUAI2 MUA16 MUAL7
Method
Creation of new jobs Increments 2.50 2.50 3.00 5.00 4.50
(Benefit) Maximum value 3.33 3.33 3.33 5.00 5.00
A Total MUA score 7.45% 6.27% 2.29% 0.00% 3.18%
Maintenance—Transportation Increments 3.50 2.90 4.00 5.00 4.50
(Impact) Maximum value 5.00 4.00 5.00 5.00 5.00
A Total MUA score —1.88% —-1.17% —0.97% 0.00% —0.45%
As an example, for the sub-criterion “Creation of new jobs,” the scores for MUP16 and
MUP17 (which differ only by the presence or absence of wave energy production, while all
other UMA remain the same) are calculated as shown in Table 3, using the “Increments” and
“Maximum value” methods according to Equations (5) and (6). Under the two calculation
methods, the presence of an additional activity provides an advantage in the incremental
case—highlighting the relevance of the multi-use concept—whereas no difference arises
when only the maximum score among the existing activities is considered.
Table 3. Example of score calculation for two different MUPs with two different calculation methods.
MUA16 MUA17
(All UMA Including Wave Energy) (All UMA Except Wave Energy)
Increments (Equation (5)) Smua =3+ % x4 =5 Smua =3+ % x*3 =45
Maximum value (Equation (6)) Smua =3+ % =5 Smua =3+ % =5

Therefore, the suggested calculation settings can be left as default, when the tool
is completed by a decision-maker who is not an expert in a specific topic, or can be
appropriately modified, when the user has specialized expertise. The only current limitation
lies in the inability to select customized increments for different UMA. This feature could be
valuable for certain criteria, such as space occupation, where depending on the MUA layout
(e.g., with wave energy devices and aquaculture cages placed between wind turbines; with
only wave energy devices located between the turbines and the cages positioned separately;
or with all devices installed independently), it may be necessary to assign larger, smaller,
or even no increments for each UMA. This aspect could thus be considered for future
developments of the MUA-DST.

Finally, for some sub-criteria, it is not necessary to select responses from the multiple-
choice menu, as the scores are automatically calculated in the main worksheet based
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on other parameters. For instance, in the sub-criterion “Reduction of CO,”, the score is
determined by the number of RES included in the MUA, ranging from 0 to Smax, while for
the sub-criterion “Synergy with other uses”, the score depends on the number of UMA
within the MUA (from 0, if there is a single use, to Smax, if all RES and activities are
included). The score for “Collisions” is directly linked to that of “Use of marine space”; the
cost score for “Materials” is tied to the environmental impact of “Material durability”; and
the transportation cost for “Operation” is connected to the “Maintenance requirements”.
Lastly, the costs associated with the installation depth (selected via the drop-down menu)
are identical for all MUAs, and the corresponding score remains unchanged.

3.3. Final Meeting and Output Results

At the final stage of the decision-making process, participants reconvene to integrate
their individual assessments and determine the optimal MUA.

The selections made from the guided menu in the previous phase generate a score for
each sub-criterion and for each MUA, depending on the combination of UMA. In some
cases, the score is derived from the average of multiple responses related to the same sub-
criterion (green scores in Figure 1). The overall score for each criterion is then obtained by
aggregating the results of the corresponding sub-criteria (red scores in Figure 1). Specifically,
the total score for each criterion is calculated as the average of the scores of its related
sub-criteria, except for the “Exploitation potential” criterion, for which an incremental
calculation method is applied. For this criterion, separate scores are assigned for each RES
and for each activity, and these scores are aggregated incrementally to highlight the value
of the simultaneous presence of different UMA. If desired, users can easily modify the
method used to compute the criterion scores from the sub-criteria—for instance, by taking
the maximum instead of the average.

Once the total score for each criterion is obtained, different weights can be assigned to
the benefit- and impact-related criteria (see Figure 1). In the main worksheet, two weights
can be entered for the criteria “Innovation” and “Exploitation potential,” representing the
“Industrial benefits,” such that their total equals 1. Similarly, three weights can be assigned
to the “Environmental impact,” “Risks,” and “Costs” criteria, representing the “Impacts,”
again summing to 1.

Finally, by summing the weighted criterion scores, the tool automatically computes a
total score for “Industrial benefits” and another for “Impacts.” The overall score for each
MUA is then obtained by subtracting the latter from the former, allowing identification of
the MUA with the highest total score as the optimal one. Each decision-maker can thus
determine the best MUA according to their individual scoring and the common criteria
applied to all participants for calculating the final results.

The individual outcomes can subsequently be aggregated—either directly by the
experts, in the case of an internal assessment within a single institution or a small-scale
evaluation, or via a web-based platform for large-scale analyses. In the latter case, it
is recommended to also consider the background and expertise of each decision-maker,
enabling a sensitivity analysis of the results, as discussed in Section 2.2.

4. Sensitivity Analysis of the Results

The proposed tool, when used with settings different from those recommended,
inevitably exhibits some sensitivity in its results. This sensitivity is influenced by two main
factors: the calculation methods selected for the sub-criteria by each individual compiler
(Section 4.1) and the weights assigned to the criteria by the evaluation team (Section 4.2).
This Section aims to provide an indication of the maximum deviations that may occur in
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the results—and consequently in the ranking of the MUA—due to modifications of these
default settings.

The initial scores assigned to the various UMA for each sub-criterion are derived
from the application example of the tool presented by Zanuttigh et al. [29], and were
defined by an expert evaluator with specific domain knowledge. As described in Section 2.1
(Table 1), 5 representative MUAs out of the 17 alternatives proposed by Zanuttigh et al. [29]
were considered, using the same numbering as in the previous work: solar energy and
fish farming (MUAL1); solar energy and tourism (MUAG®); solar energy, fish farming, and
tourism (MUA12); solar energy, wind energy, wave energy, fish farming, and tourism
(MUAT16); solar energy, wind energy, fish farming, and tourism (MUA17).

4.1. Criteria Scoring Methods

To illustrate the effects on the final score—and consequently on the selection of the
best MUA—resulting from changes in the calculation method for individual sub-criteria,
a sensitivity analysis was performed on the results generated by the tool under different
scoring schemes.

While keeping the individual UMA scores unchanged, all sub-criteria score calculation
methods were modified by replacing the suggested settings, implemented in the tool by
default, with one of three uniform approaches: always taking the average, always taking
the maximum, or always applying the incremental method (Figure 6).

® Suggested calculation methods Incremental method Maximum value Average

Figure 6. Effect on the final score due to the change in the calculation method for individual sub-criteria.

As shown in Figure 6, when sub-criteria scores are calculated using the tool’s suggested
methods, the outcome is an overall balanced ranking that highlights alternatives combining
multiple activities—therefore aligning with the multi-use MSP approach. A comparable,
and even more favorable, effect toward multi-use alternatives is observed when sub-criteria
scores are consistently averaged across the different activities. Conversely, applying either
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the maximum or the incremental method to all sub-criteria tends to give greater weight to
impacts; as a result, the final ranking shifts toward alternatives featuring fewer and less
impactful activities.

Taking the suggested calculation methods as the reference, the scores for each MUA
show percentage differences ranging from —55% to +32%, with a sample standard deviation
between 0.16 and 0.65, indicating low variability and limited dispersion in the results.

These deviations provide insight into the potential variability of results when the tool
is used by compilers lacking specific subject-matter expertise. It is important to emphasize
that these outcomes represent the evaluation of a single compiler and must be interpreted
together with the assessments of the remaining evaluation team. Therefore, beyond in-
dividual preferences, it is essential to account for the diverse knowledge backgrounds of
the evaluators.

4.2. Criteria Weights

As is evident, the composition of the evaluation team has a significant influence on the
final results produced by the tool. This influence arises not only from the individual ways in
which evaluators assign scores but also from collective, majority-based decisions regarding
the weights attributed to the different criteria, which are defined before calculating the
final outcome.

The following example illustrates the possible deviations in the results depending on
the background of the evaluation team members. Specifically, the outcomes are compared
across five different scenarios: (i) weights suggested by the tool developers (almost evenly
distributed, with a slight predominance of “Exploitation potential” among the benefits
and “Costs” among the impacts); (ii) equal weighting assigned to all criteria (equivalent
to using no weights); (iii) a team composed predominantly of engineers; (iv) a team com-
posed predominantly of investors; and (v) a team composed predominantly of politicians
and managers.

For engineers, investors, and public authorities, the criteria expected to be prioritized
from their respective professional perspectives were identified. The assigned weights are
listed in Table 4, while the corresponding final results are shown in Figure 7.

Table 4. Different possible combinations of weights assigned to the criteria.

Weights
Criteria Suggested Equal Engineers Investors Public
Weights Weights Authority
Industrial Innovation 0.4 0.5 0.5 0.3 0.6
benefit Exploitation potential 0.6 0.5 0.5 0.7 0.4
Environmental impact 0.3 0.33 0.2 0.1 0.4
Impacts Risks 0.3 0.33 04 0.4 04
Costs 0.4 0.33 0.4 0.5 0.2

It can be observed that the standard deviation of the final scores for each MUA—
resulting from modifications to the criteria weights by the evaluation team compared with
the proposed ones—ranges between 0.25 and 0.32, with maximum percentage differences
from —46% to +26%. Therefore, the dispersion of the results is comparable in magnitude
to that obtained when individual compilers modify the calculation methods for the sub-
criteria. However, changes in the weights do not appear to affect the overall ranking of
the MUAs.
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Figure 7. Effect on the final score due to the weights assigned to the criteria by the different groups
in Table 4.

5. Discussion

The proposed MUA-DST has numerous advantages, improvements, and additional

features compared to the tools previously available in the literature, in particular:

It is fully general: all the RES and activities traditionally considered for the develop-
ment of offshore MUA are already implemented in the tool with a corresponding set
of specific criteria. However, it also allows users to add other RES and additional
activities as desired, thus enabling a wide variety of combinations to be compared.

It is a guided, automatic, and user-friendly tool implemented in Microsoft Excel—a
standard software available to most users and widely familiar. It is sufficient to select
the desired options from the drop-down menus by following the provided instructions;
therefore, no special knowledge or technical expertise is required.

It is highly customizable at different levels, particularly in the method used for
calculating individual scores and in the selection of the weights assigned to the
different criteria.

It aims to simultaneously consider, as comprehensively as possible, the economic,
social, and environmental benefits and impacts traditionally assessed in the literature,
without influencing the user’s choices and ensuring the objectivity of the final result.

Given the preceding discussion, the presented MUA-DST facilitates large-scale partic-

ipation by automating calculations according to predefined settings, while also allow-

ing experts to customize the computation process based on their specific knowledge

and preferences.

However, a few limitations remain that could be improved:
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e  When used by a group of experts opting for an incremental scoring method, the
increments are evenly distributed, based on the number of UMA included. It is
currently not possible to assign a higher or lower weight to the increment associated
with a specific UMA according to expert judgment.

e  When applied on a large scale for broad consultations, the Excel sheet does not directly
include a built-in questionnaire to account for the participants” backgrounds. Thus,
sensitivity analysis concerning individual backgrounds must be conducted separately
after data collection.

From the preliminary sensitivity analysis conducted, it was observed that the maxi-
mum dispersion of the results remains limited. While changes in the scoring methods for
the criteria may affect the ranking of the MUASs, the final weighting choices made by the
evaluation team primarily influence the absolute values of the MUAs’ scores rather than
their relative order. Consequently, the personal sensitivity and knowledge background
of individual evaluators—who define both the scores and the calculation methods—must
always be taken into account.

6. Conclusions

This paper presented a new DST designed to assist in selecting the most suitable
combination of activities within MUA, with a focus on identifying synergies and conflicts
between co-located uses in the context of MSP. The tool is based on a well-established MCM
that integrates a comprehensive framework of potential benefits and impacts of offshore
activities from environmental, economic, and social perspectives.

The MUA-DST is implemented in a fully automated Excel sheet to facilitate the
evaluation of different MUAs, supported by multiple-choice menus and pre-programmed
calculation methods. Users can freely select their preferred methods for assigning scores
and weighting criteria, ensuring both generality and objectivity in the final outcome. The
tool is designed for use by both public and private stakeholders and is accessible to users
with varying levels of expertise, thanks to its intuitive, step-by-step guided interface.

The tool supports the assessment of multiple UMA for potential co-location. The main
UMA typically considered in the context of MSP (RE, aquaculture, and tourism) are already
implemented in the tool. Moreover, the system allows for the addition of custom UMA and
their combination in any configuration.

Opverall, the presented tool offers a highly powerful and innovative solution for MSP-
related assessments. Its greatest advantage lies in its versatility: developed by engineers
with specific expertise in MSP, it is designed to support experts by integrating all relevant
aspects of the problem into a single spreadsheet. At the same time, it provides significant
flexibility in selecting calculation methods and assigning weights to different criteria.
Recognizing the importance of involving not only technical experts but also policy-makers,
managers, environmentalists, and sociologists in decision-making processes, the guided
and simplified menu structure also promotes broader participation. This feature enables a
wider range of stakeholders to contribute by completing the spreadsheet while maintaining
the suggested default settings. In such cases, however, it is advisable to perform a sensitivity
analysis considering the participants’ individual backgrounds.

As a result, the MUA-DST demonstrates broad applicability and general validity: it
can be used by any group of participants regardless of experience level, any type of UMA
can be included and combined in any configuration, and it can be applied to any geographic
area or case study.

It is therefore an automatic, innovative, and versatile tool—easily usable even by
non-experts—made available for the first time to facilitate decision-making in the context
of MSP.
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CIA Cumulative Impact Assessment
DST Decision Support Tool
MCM Multi-Criteria Methodology
MSP Marine Spatial Planning
MUA Multi-Use Area
MUA-DST  Decision Support Tool for Multi-Use Areas
RE Renewable Energy
RES Renewable Energy Sources
UMA Uses of the Marine Area
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