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A B S T R A C T   

The offshore Multi-use Setting (MUS) is a concept that aims to co-locate marine industrial activities, including 
wind farms and aquaculture. MUS is considered an innovative approach to promoting efficiency in space and 
resource use whilst contributing global policy priorities. However, the impacts of MUS development across so-
cial, economic, and environmental domains are uncertain, hindering the commercialisation of the concept. In 
this study, we initially demonstrate the potential consequences of co-locating seaweed aquaculture and a wind 
farm as a step towards MUS. Using a hypothetical case study and modified Delphi methodology, 14 subject 
matter experts predicted potential outcomes across social and environmental objectives. Five Cognitive maps and 
impact tables of 58 potential consequences were generated based on experts’ perspective on co-locating seaweed 
aquaculture and a wind farm. The findings highlight the potential to exasperate pressures in the area, including 
those already attributed to wind farm operations, such as species mortality and stakeholder conflict. However, it 
may also enhance social-ecological conditions, such as resource provisioning and promoting habitat functionality 
in the region, through the addition of seaweed aquaculture. The cognitive maps demonstrate the complexity of 
managing MUS implementation, where high degree of variability and uncertainty about the outcomes is present. 
The findings of this study provide the vital entry point to performing further integrative assessment and 
modelling approaches, such as probabilistic analysis and simulations, in support of MUS decision-making. The 
research also strongly recommends alternative strategies in the pursuit of combining seaweed production and 
wind farms to avoid significant financial (among many other) trade-offs and risks. More broadly, we have found 
that our approach’s ability to visually represent a complex situation while considering multiple objectives could 
be immensely valuable for other bioeconomy innovations or nature-based solutions. It helps mitigate the po-
tential for expensive investments without a comprehensive evaluation of the associated risks and negative im-
pacts, as necessitated by the principles of sustainability in decision-making.   
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1. Introduction 

The production of renewable energy is a priority challenge for so-
cieties demonstrated by industrial policies including those of the Euro-
pean Union (EU) and nations globally (European Commission, 2022; 
International Energy Agency, 2022). Simultaneously, there is growing 
need for alternative food production and security, where aquaculture of 
lower trophic groups such as bivalves and seaweed, are of particular 
interest to policy makers as it does not exacerbate pressures on terres-
trial ecosystems typical of agriculture such as land use change, fertiliser 
usage and coupled carbon emissions alongside depletion of freshwater 
(Anderson et al., 2017; European Commission, 2021; Garlock et al., 
2022). The offshore Multi-use Setting (MUS) refers to the planning and 
engineering concept of co-locating or co-developing1 marine industrial 
activities together including energy infrastructure and aquaculture, and 
thus is a solution contributing to both food and energy security chal-
lenges from the same ocean space (Abhinav et al., 2020; Steins et al., 
2021). Wind farms sited in offshore regions i.e. away from land and 
coastal areas, presents an optimal solution to generate renewable energy 
with favourable conditions for maximising energy yields(Dincer et al., 
2021; Barooni et al., 2022) and bypassing the social barrier of “NIM-
BYISM”, a phrase used to capture the rejection of visually displeasing 
projects by local residents (Bates and Firestone, 2015; Susskind et al., 
2022). However, the fixed structures of wind farms typically result in the 
exclusion of other marine stakeholders, such as large pelagic fisheries 
and shipping and carry detrimental impacts to ocean ecology including 
species mortality and general biological disturbance (Abhinav et al., 
2020; Galparsoro et al., 2022). Proponents of MUS advocate that 
including alternative industries within these zones will mean efficient 
utilisation of space that would otherwise not be used by other marine 
stakeholders, thus reducing competition for spatial resource by 
expanding activities in the burgeoning marine economy (Abhinav et al., 
2020). Furthermore, aquaculture and wind farm co-location has been 
pitched in Europe as a sustainable development pathway with claimed 
improvements to sustainability including, but are not limited to, marine 
conservation, economic cost reductions and growth, and enhancing 
stakeholder rights (Przedrzymirska et al., 2021). Chief among such ac-
tivities targeted for integration within wind farm array(s) is seaweed 
production (Buck et al., 2018; van den Burg et al., 2020). 

The seaweed sector is being poised for significant growth in Euro-
pean and North American nations with policy initiatives and production 
increasing year-on-year (Araújo et al., 2021; García-Poza et al., 2020; 
Hochman and Palatnik, 2022). The bulk of seaweed cultivation is 
attributed to nearshore and coastal areas using the long line technique 
whereby seaweed is farmed on a rope-like material extending along a 
water column, anchored to the seabed, and suspended by buoys 
(Buschmann et al., 2017; García-Poza et al., 2020). Seaweed aquacul-
ture has been highlighted to promote several benefits to communities 
including enhancing ecosystem services, such as regulating eutrophi-
cation and ocean acidification, forming habitats for marine life, regu-
lating the climate, and provisioning of biomass for human use 
(Hasselström et al., 2018). Seaweed farming may also be configured 
adjacent to other lower trophic organisms such as mussel and/or oysters, 
known as Integrated Multitrophic Aquaculture (IMTA) systems (Buck 
et al., 2018; Troell et al., 2009). Thereby maximising sequestration 
potential of inorganic and organic material in the water columns 
including carbon and nitrogen, concomitantly provisioning different 
sources of biomass with applications ranging from pharmaceuticals and 
nutraceuticals to food, feed and fertiliser (Roleda and Hurd, 2019; 
Torres et al., 2019; van den Burg et al., 2022). However, costs of moving 
aquaculture offshore to increase production potential are high and 

stakeholder opposition is still a concern in the marine environment 
(Buck et al., 2018; Holmer M, 2010). On the other hand, co-locating 
seaweed aquaculture inside wind farms as a move towards the MUS 
provides a potential pathway to address some of the implementation 
issues facing offshore aquaculture. The suggested advantages include 
minimising potential for marine stakeholder conflict owing to the 
reduced presence of stakeholders inside wind parks, larger areas avail-
able for production offshore and opportunities for cost sharing with 
wind farm operators (Buck et al., 2018). Moreover, pilot projects have 
demonstrated the technical feasibility of infrastructure for offshore 
seaweed production inside a wind farm array but have not yet become 
standard practice for commercial marine operations (Buck et al., 2017). 
This is because the full extent of impacts from co-locating seaweed 
aquaculture and wind farms are uncertain and lack of support for the 
development of MUS system(s) limits implementation with community 
support for projects essential to their feasibility (van den Burg et al., 
2020). Therefore, greater understanding of the consequences of 
co-locating seaweed aquaculture and wind farms is needed in addition 
to decision support tools for evidence-based decision-making and 
effective planning if MUS systems were to be implemented (Pınarbaşı 
et al., 2017). 

The decision to proceed with co-locating seaweed aquaculture and 
wind farms as a move towards the MUS has the traits of a complex de-
cision problem (Hemming et al., 2022) with multiple objectives for 
management to satisfy (Abhinav et al., 2020), uncertainty of outcomes 
and risk concerns (O’Shea et al., 2022; van den Burg et al., 2020a,b). 
Managing development would thus benefit from taking a structured 
decision-making approach (a process of collaborative, facilitated 
group-deliberation methods to multiple objective decisions) (Gregory 
et al., 2012) and integrative assessment modelling (IAM) techniques 
(qualitative and quantitative methods combining social and natural 
domains) to generate information in support of decision-making that is 
presently lacking (Abhinav et al., 2020; O’Shea et al., 2022). To suc-
cessfully initiate IAM approaches in understanding outcomes of 
co-locating seaweed aquaculture and wind farms, conceptual maps, or 
models, are a key requirement (Burgman et al., 2021; French, 2021; 
O’Shea et al., 2022). However, to successfully achieve this task, previous 
attempts of conceptual mapping in the MUS topic recommend the use of 
diverse, expert groups to address uncertainty and adequately evaluate 
the complex interactions that may result from development(s) (O’Shea 
et al., 2022). 

Group cognitive modelling is a technique that diagrams the mental 
representation of a selected group of people using a facilitated process to 
promote understanding about a complex situation (Burgman et al., 
2021). The procedure brings together diverse knowledge domains 
(natural to social) and significantly improves the accuracy of repre-
senting a situation owing to structured protocols and value of collective 
intelligence (Burgman et al., 2021; Franco and Montibeller, 2010; Ver-
cammen and Burgman, 2019). Moreover, the resulting model frame-
works provide the fundamental entry point needed to promote 
integrative analytical techniques such as Coupled Component Models 
(CCM), Bayesian Network (BN), System Dynamics and so on, that sup-
ports decision-making under uncertainty within complex environmental 
projects and contexts (Burgman et al., 2021; French, 2021; Kelly et al., 
2013; Luna-Reyes and Andersen, 2003). For example, group conceptual 
models have been designed to better understand the drivers of forest 
flammability and risks, demonstrating the importance of structuring 
diverse perspectives in model creation (Cawson et al., 2020) or creating 
system dynamic models to support marine spatial planning in South 
Africa (Vermeulen-Miltz et al., 2023). In parallel, the use of subject 
matter expert judgement has long been applied to the decision-making 
process for questions dealing with uncertainty, i.e., those lacking data 
or information, on a variety of topics ranging from environmental 
management to security and defence (Beaudrie et al., 2011; Martin 
et al., 2012). A well-used method for structured expert group elicitation 
is the Delphi method. The Delphi method was invented by the RAND 

1 Co-development offers a step up from co-location whereby multiple activ-
ities are designed to operate together at the planning and engineering stage. Co- 
location refers to the addition of activities to an already existing and separate. 
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corporation (Dalkey and Helmer, 1963) and describes the systematic 
process used in management research of selecting and interviewing 
subject matter experts to produce information against defined objective 
(s) whilst mitigating for known limitations in expert elicitation (Brady, 
2015). The Delphi method allows researchers to access knowledge using 
a proven structured elicitation process. Furthermore, the Delphi method 
ensures that anonymity may also be kept among the participants as part 
of the process, preventing issues such as “group think” whereby par-
ticipants may not express full opinions or conform to the group opinion 
(Brady, 2015). 

The MUS systems are innovative and developing aquaculture could 
support the industrial concept of “Sustainable and/or Circular Bio-
economy” (SCB). The SCB is the combination of biotechnological, bio-
processing and general scientific knowledge within the political 
objective of using current and further biological resources in a “sus-
tainable and economic way” (Aguilar et al., 2019). However, as the 
purpose of the SCB is to promote sustainable development, otherwise 
defined as sustainability, any activity falling within its remit must 
contribute to this objective, such as advancing the United Nations (UN) 
Sustainable Development Goals (SDGs) in that environmental, social 
and economic conditions are holistically improved (United Nations, 
2015). Without further understanding of the potential consequences 
across social and environmental domains of co-locating seaweed aqua-
culture and wind farms as a move towards the MUS, progressing 
implementation of the concept is unlikely and may result in delay, or 
loss, of the innovation proposal and with it, possible resource benefits. 
Therefore, the aim of this study was to explore the potential conse-
quences of co-locating seaweed aquaculture and wind farms. A 
sub-objective of this assessment was to then structure information about 
the potential consequences, primarily in the form of conceptual maps, to 
support decision-making under uncertainty and facilitate IAM and de-
cision support tools for sustainable management of seaweed-wind farm 
MUS. In this paper we present a hypothetical case study for a MUS to 
provide system boundaries for assessing the system and explore this 
case-study using group cognitive modelling technique to evaluate and 
diagram the potential consequences of its implementation across social, 
economic, and environmental objectives. 

2. Methodology 

2.1. Hypothetical multi-use setting case study: developing seaweed 
aquaculture inside Hornsea wind farm 

Due to limited information from real-world case studies and the 
absence of routine commercial operations at scale, a hypothetical sce-
nario was proposed to establish a context for performing cognitive 
modelling of co-locating seaweed aquaculture and wind farms. This 
allowed us to define social and ecological variables and spatial and 
temporal system boundaries as required for the assessment (Hodgson 
et al., 2019). Improving on previous assessments where scenarios con-
tained no boundaries and largely generalised MUS systems (Abhinav 
et al., 2020; Buck et al., 2018). The North Sea territory formed the basis 
of the hypothetical case study, containing several offshore wind farms 
that range from those in concept/early planning stages to operational or 
decommissioned wind parks (Fig. 1) (Chirosca et al., 2022) with sig-
nificant competition for ocean space among marine industries (Pettersen 
et al., 2023). 

The subsequent information was compiled into a PDF document and 
sent to participants to aid the conceptual mapping process for the 
assessment. A schematic was included to clarify the specific components 
of interest to the assessment (Fig. 2). 

2.1.1. Wind farm location 
Hornsea Projects 1 and 2 are existing wind farms and were used for a 

hypothetical scenario of installing seaweed farms. This was based on the 
suitability of cultivating Laminarian (a genus of brown seaweed) species 

in this region (Marine Management Organisation, 2019), successful pilot 
tests of installations of seaweed farms in neighbouring regions to the 
United Kingdom (UK) (Buck et al., 2017) and it has one of the largest 
commissioned wind farms in the area; namely, Hornsea Project One 
(Ørsted, 2020). Hornsea Project 1 is the first stage of four total de-
velopments and was commissioned for operation in 2020 (Ørsted, 
2020). The site location is approximately 65 km off the coast of the 
Yorkshire County (Ørsted, 2020) and Table 1 summarises the Hornsea 
wind farm development including dates the projects are operational, 
total number of turbines per project, the size of project zones and the 
total area the Hornsea wind farm is planned to cover. In our hypothetical 
case-study we proposed that seaweed aquaculture would be developed 
inside the wind farm array, starting in 2021 and occupying 1% of the 
total available area (869.19 km2) and increasing in size over the next ten 
years to reach 100% of the wind farm boundary. 

2.1.2. Seaweed aquaculture installation 
Developing suitable infrastructure and practices for cultivating 

seaweed in offshore environments is an ongoing research priority to 
enable offshore production of seaweed. Germany has been performing 
offshore seaweed aquaculture trials since the 1990s (Buck et al., 2017). 
Based on experimental studies of three aquaculture designs, a 5-m 
diameter ring shaped rig device, comprising of an anchor point, 
metallic components, 80–100 m of rope culture line and a central 
buoy-was shown to be the most successful at operating offshore in the 
German North Sea zone and so this was used in the hypothetical case 
study. Illustrations and images of the rig design used in the study can be 
seen in Fig. 3 of Buck and Buchholz (2004). 

The report by Buck et al. (2017) also discusses successful offshore 
cultivation of seaweed in Norway, using a device known as the “Seaweed 
Carrier” and is identified as one of the first contemporary installations in 
Norway capable of seaweed production on an “industrial scale”, how-
ever, the report does not fully disclose the materials used in this 
installation and patent links appeared broken. Nonetheless, the Seaweed 
Carrier device is briefly explained in Bak et al. (2020) as a “sheet-like 
structure with free moving cables and single mooring” with “flexible 

Fig. 1. Map of wind farm projects including active, planned and decom-
missioned within the North Sea (https://map.4coffshore.com/offshorewind/) 
(TGS 4Coffshore, 2024). 
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hybrid long-line 6.5 m long and 5 m deep”. The installations provided 
were illustrations of potential structures participants could use to assist 
with visualising and investigating the hypothetical scenario. See figure 
2.7 of Buck et al. (2017), and figure 2 of Bak et al. (2020), for referenced 

imagery. 

2.1.3. Species 
A report by the Marine Management Organisation (MMO) (2019) 

evaluated the potential sites for aquaculture around the UK, including 
cultivation of seaweed. The report identified that two main species; 
namely, Sugar Kelp (Saccharina latissima) and Oarweed (Laminaria dig-
itata), are suitable for farming in above 50% of the UK’s Shoreline 
(Marine Management Organisation, 2019), especially, extending along 
and off the east coast of England and Scotland (Fig. 3). 

In line with this, Buck et al.’s (2017) report indicates that seaweed 
species deemed most suitable for offshore conditions in European case 
studies are predominantly associated with the Laminarian genus, 
including Saccharina latissima and Laminaria digitata. Although the 
report occasionally mentions species from different genera, their dis-
cussion is comparatively less extensive. Notably, the species chosen for 

Fig. 2. Schematic outlining the concepts that are the focus of the Delphi panel interviews and direction of impacts being explored to objective categories. SA =
seaweed aquaculture. 

Table 1 
Hornsea wind farm development broken down into respective stages of the 
project (1–4) with date of operation, individual project sizes and total area 
(Ørsted, 2020).  

Hornsea Project 
stage 

Operation 
date 

Total No. of 
Turbines 

Size 
(km2) 

Total Area 
(km2) 

1 2020 174 407.30 2412.98 
2 2022 165 461.89 
3 N/A up to 231 695.83 
4 N/A up to 180 847.96  

Fig. 3. Seaweed cultivation suitability maps extracted from MMO (2019).  
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cultivation in our hypothetical scenario are Sugar Kelp (Saccharina lat-
issima) and Oarweed (Laminaria digitata). 

2.2. Conceptual mapping process 

The purpose of the group cognitive modelling for this study was to 
elicit qualitative cognitive models of the potential impacts - environ-
mental, social and economic – associated with the co-locating seaweed 
aquaculture and a wind farm. The group cognitive modelling process 
was performed using a modified Delphi method following the guidelines 
outlined in Okoli and Pawlowski (2004) and Brady (2015), in addition to 
recommendations on the expert elicitation process made in Page (2008) 
and Hemming et al. (2018). Multiple steps (discussed below) were used, 
initiating with the recruitment of subject matter experts (SMEx) between 
June 2021 and November 2021. An elicitation process followed the 
recruitment, using surveys and structured interviews to elicit individual 
mental models, collate available evidence and subsequently, aggregate 
cognitive models into shared cognitive models for the perceived con-
sequences of the hypothetical scenario proposed for this assessment 
(outlined in section 2.1). The elicitation process ended by April 2022. 

2.2.1. Participant recruitment and group organisation 
Subject matter experts were first selected and recruited using a 

knowledge resource worksheet (a spreadsheet of the required expertise 
needed for a Delphi study) as described by Okoli and Pawlowski (2004) 
to help guide the recruitment process. A table of the knowledge criterion 
used to guide the search, evaluation and recruitment of subject matter 
experts can be found in Table 2. Participants were grouped based on 
their assumed expertise drawn from personal webpages, place of 
employment and publications, into different sub-disciplines and placed 
into broadly defined categories of environmental or social domains. The 
target size of the total group was between 10 and 20 participants as 
recommended by Hemming et al. (2018a,b). The subject matter experts 

were recruited from a mix of organisations including academic, 
non-governmental organisation and business. The selection process was 
guided by a relevant knowledge criterion for the study whereby disci-
plines and areas of experiences relevant to the offshore MUS were first 
defined and then used to search and evaluate potential SMEx for 
recruitment. 

A list of SMEx in each knowledge domain (social, engineering, 
technology and environmental) was created alongside their contact 
details. Ethical approval was obtained from Imperial College London’s 
Ethics committee (reference number: 21IC6728 SETREC HOD_RGIT). 
Participants were selected and invited to the study using the contact 
information provided by their institutions and organisations in addition 
to recommendations and snowballing by peers. The facilitator (lead 
author, RO) attempted to create diversity in the design of the final group 
using variation in “age, gender, cultural background, life experience, 
education and specialisation”- as these are indicators of intellectual di-
versity and can provide access to different mental models (Hemming 
et al., 2018a,b; Page, 2008). The SMEx were approached via email and 
informed about the study including the hypothetical scenario, aims, 
objectives and the methodology being used. Ethical consent was sought 
from respondents willing to join the study. SMEx that agreed to take part 
were communicated with on an individual basis via telecommunications 
or email and given a unique code (SK.SA(n)) to keep anonymity among 
the participants during the study-aiming to mitigate the effects of group 
settings including “group think” whereby individuals conform to the 
group consensus and hesitate to express true opinions (Brady, 2015). 

Recruitment of participants was attempted from the Americas, 
Europe and Asia where aquaculture is predominantly practiced and 
programmes for offshore installations are underway (Froehlich et al., 
2017; García-Poza et al., 2020). A total of 62 experts were invited to 
participate in the study. Of the 61 contacted, 14 final participants took 
part in the study roughly split between social including economic and 
technology, and environmental domains of knowledge. Final partici-
pants were largely based in Europe with minorities from North America 
and international backgrounds. The professional background of final 
participants included research, business (marine energy, seaweed 
farming and consultancy), governmental and non-governmental (NGO) 
(think tank and research institute). Junior to senior level positions in 
organisations were reflected in the final Delphi panel. Table 3 shows the 
summary statistics of expert participants in the Delphi-cognitive map-
ping study. 

2.2.2. Individual cognitive model development (round 1–2) 
Individual consultation via telecommunication, including email and 

Microsoft Teams, was conducted starting in September 2021 and lasting 
up to an average of 1.5 h per consultation. Individuals were requested to 
review the material provided by the facilitator (RO), including the hy-
pothetical scenario (see supplementary material titled: “UK MUS Hy-
pothetical Scenario.pdf) and a list of questions for the study (Box 1). 
Subject matter experts were given up to 1 month to investigate the topic 
and provide responses to the questions via a survey sheet akin to a ho-
rizon scan (Sutherland and Woodroof, 2009). 

The completed survey provided by the experts detailed their 
perceived impacts of the hypothetical scenario based on the questions/ 
objectives supplied by the facilitator. The survey responses were 
reviewed by the facilitator and used to propose a preliminary cognitive 
model using Vensim software (Vensim, n.d), for the purpose of assisting 
experts to visualise the intended format of the qualitative model struc-
ture. The initial responses were also used to create a structured inter-
view format that included a set of semi-open questions divided by each 
objective-social, economic, and environmental- and response given to 
their survey, to guide the interview process of a particular expert and 
their knowledge on the topic. After completing an interview, cognitive 
model(s) were proposed by the researchers based on the findings of the 
survey and interview and sent back to the expert for consent that the 
cognitive model proposed by the facilitator reflects their perspective on 

Table 2 
Relevant knowledge criterion used to guide the search, evaluation, and 
recruitment of subject matter experts relevant to the social, economic including 
technology and environmental domains relating to seaweed aquaculture 
development inside a wind farm.  

Domain Relevant Knowledge/Experience Type of Organisations 

Environment and 
Technology 

Oceanography including chemical, 
physical and geological 

-Academic 
-Executive agency of 
government 
-non-governmental 
organisation/Charity 
-Industry/Business 

Marine biology and ecology 
including conservation and 
sustainability 
Aquaculture including extractive 
species 
Materials and engineering 
Marine biotechnology and 
bioprocessing 
Food science and technology 
Wind farm infrastructure 

Social and 
Economic 

Policy and law including marine 
management and environmental 
planning 
Anthropology including coastal and 
marine communities, democracy and 
behaviour 
Renewable energy including wind 
farm operations 
Markets and supply chains including 
biofuel, fertiliser, food, feed, 
pharmaceutical, cosmetic and 
nutraceutical 
Microeconomics and industrial 
organisation including 
biotechnology, business 
development 
Rural development 
Biophysical/ecological economics  
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the hypothetical scenario and questions (Box 1). Cognitive models were 
proposed based on descriptions presented by panellists which could be a 
single cognitive model for a given area e.g. social impacts, or several 
cognitive models for broader descriptions resulting from interdisci-
plinary backgrounds. E.g. social and environmental. All model designs 
were created and managed by the facilitator to prevent interference or 
unapproved changes to the cognitive models during the study, however, 
experts’ approval was sought at each stage to edit the facilitator’s pro-
posed model, confirming the proposed models reflected their views and 
prevent errors made by the facilitator. 

2.2.3. Shared cognitive model development (round 3) 
After all 14 expert interviews were completed and proposed indi-

vidual cognitive models for each expert were developed, a “stand-
ardisation and integration” step was carried out to create a shared 
cognitive model. The facilitation process for this was broadly adapted 
from the description of facilitated modelling techniques common to 
operations research where participants were asked clarifying questions 
in order to describe and discuss their perspective on the development of 
a shared cognitive model (Burgman et al., 2021; Franco and Montibeller, 
2010). However, all dialogue was conducted using 
telecommunications-only owing to the UK Coronavirus restrictions and 
face-to-face interactions were not possible. The aim of this step was to 
collate information sourced during the study including individual 
cognitive models and relevant evidence, to propose a shared model 
output from the expert group to facilitate further analysis and discussion 
between the group - as recommended in Brady (2015) and Mukherjee 
et al. (2015). The purpose of the standardisation step was to normalise 
the terms and explanations used by the different experts. For example, 
there were language differences, such as the terms used to explain an 
impact, alongside the level of detail provided by different experts to 
describe the similar impacts. The individual cognitive models were 
reviewed to propose impact tables separated into environmental, social 
and economic objectives by the facilitator (RO). Impacts were further 
divided into sub-groups suggested by the facilitator and agreed upon by 

the Delphi panel group, based on emergent properties of individual 
maps (Eden, 2004). The impact subgroups were based on analysing the 
category-social, economic or environment-in which the final effect was 
described i.e. largely affecting social communities (social domain), 
economic activity (economic domain) and/or marine ecosystems 
(environmental domain) (Fig. 4). 

The impact tables were then used to integrate the cognitive maps to 
develop a shared cognitive model of the 14 experts about the hypo-
thetical scenario and designated study questions. The experts were 
asked to review the standardised and collated map and asked to answer 
the following question: 

“Do you agree/disagree the standardised and shared model proposals 
made by the facilitator (RO) have included your original contributions 
including survey response and individual cognitive model, to the questions 
posed during this study?” 

Table.3 
Summary statistics of the final experts that participated in the Delphi-cognitive mapping study.  

Location Participants Background Participants Expertise Participants 

Europe 10 Research 8 Social 4 
North America 2 Business 2 Economic 5 
Internationala 2 NGO 3 Environmental 5   

Government 1    

a International was categorised for participants operating in multiple countries. 

Box 1 
Survey questions for participants.  

1) Please list the consequences (positive and or negative) you believe the scenario will have on biodiversity.  
I. If possible, please indicate the species, ecosystems that you believe will be altered and whether they will respond positively or negatively. If 

you have any information or prior examples we could obtain to support this assessment please note this for us.  
2) Please list the consequences (positive and or negative) you believe the scenario will have on ecosystem processes and functions.  
I. If possible, please indicate the process or function that you believe will be altered and whether this has positive or negative implications. If 

you have any information or prior examples we could obtain to support this assessment please note this for us.  
3) Please list the consequences (positive and or negative) you believe the scenario will have on marine resources used by relevant stakeholders.  
I. If possible, please indicate the marine resources altered, the stakeholders you believe will be affected, and whether they will respond 

positively or negatively. If you have any information or prior examples we could obtain to support this assessment please note this for us.  
4) Please list the consequences (positive and or negative) you believe the scenario will have on societal community members and networks.  
I. If possible, please indicate the community members and networks that you believe will be altered and whether they will respond positively or 

negatively. If you have any information or prior examples we could obtain to support this assessment please note this for us.  
5) Please list the consequences (positive and or negative) you believe the scenario will have on economic development.  
I. If possible, please indicate the economic sectors or industries that you believe will be altered and whether this has positive or negative 

implications. If you have any information or prior examples we could obtain to support this assessment please note this for us.  

Fig. 4. Schematic illustrating the process of categorising impacts into themes 
based on the domain of the final impact/nodal change e.g. largely affecting 
marine wildlife, wind farm infrastructure and so on. 
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“Do you strongly disagree with any potential consequences proposed 
by other collaborators? Yes or No- if yes, please provide an evidence 
source to substantiate your claim.” 

Clarifying the shared model was to prevent errors and interference 
with the experts’ beliefs owing to the subjective interpretation of the 
findings by the facilitator (RO). Any disagreement expressed was sub-
sequently followed up to clarify and revise a particular pathway. Experts 
were also given a chance to provide comments on the collated findings 
and shared model including whether they disagreed with impacts 
identified by other experts-based on providing evidence to substantiate 
their claim and explaining their disagreement. Any information con-
testing impacts was captured and provided in the results as a form of 
discussion needed for completing the full Delphi procedure (Brady, 
2015). The final revisions and any contested variables were captured via 
email between the facilitator and SMEx in addition to Microsoft Teams, 
lasting up to 60 min of call time, between the months of April 2022 and 
ending in April 2023. The key steps to the group cognitive modelling 
process and outputs at each stage are summarised in Fig. 5. 

3. Results 

3.1. Group cognitive modelling 

The panel of 14 subject matter experts were convened which resulted 
in 29 individual cognitive models being captured. Separate models were 
proposed by an individual SMEx based their breadth/depth of knowl-
edge relating to the objectives of interest (see Box 1). Of the 29 indi-
vidual cognitive models, 13 related to largely environmental impacts 
and 16 were largely related to social including economic impacts. The 
29 individual models were integrated into five shared cognitive models 
by the facilitator and accepted by the SMEx panel explaining the 
perceived consequences of establishing the hypothetical scenario for 
seaweed farming in Hornsea wind farm across economic, social and 
environmental objectives over the next ten years. Impact tables were 
produced providing a list of the suggested consequences alongside an 
explanation for their causality. Impacts were categorised by objectives 
-environmental, economic, and societal - and sub-themes within each 
objective considered emergent themes of the assessment namely, abiotic 
and biotic (environmental domain), economic and industry develop-
ment and marine economic stakeholders (economic domain), and social 
community and infrastructure (social domain). The impact tables can be 
found in supplementary materials titled ““impact tables (standardised)” 
and are strongly recommended to be reviewed in combination with the 
cognitive maps in the following sub-sections for clarity regarding 

impacts and explanations of causal pathways. 

3.1.1. Social to environmental consequences 
The “Abiotic map” collates all the perceived final impacts to the non- 

living components of the ecological system (Fig. 6). Several factors were 
perceived to influence different parts of the abiotic environment 
including the seabed and chemical composition of the sea with resulting 
knock-on effects resulting in perceived impacts to the ocean-atmosphere 
dynamic. Most impacts had single causal pathways, but in some cases, 
possible compounding effects were identified, for example, increased 
rates of seabed sedimentation via two separate causal pathways and 
increases in (fossil-based) energy demand and consumption due to 
seaweed aquaculture industry development and disruptions to the op-
erations of the offshore wind farm (Fig. 6). Moreover, the abiotic model 
included trade-off events, in the case of the climate change variable 
defined as “Global Warming Potential”, the variable may increase or 
decrease because of the introduction of seaweed aquaculture inside the 
wind farm array based on the disruptive effect to wind farm operations 
and seaweed industry development or added carbon dioxide (CO2) 
sequestration started by the seaweed biomass at the site. 

The “Biotic map”, describes the perceived interlinkages between the 
seaweed aquaculture development and final consequences to the living 
components of the ecological system (Fig. 7). The perceived impacts 
have potential effects occurring at the genetic level, microorganismal 
level including virus and bacterial changes in addition to the in-
teractions with microalgal populations through to larger pelagic or-
ganisms and whole ecosystem ecology level. Both aquatic and non- 
aquatic species including avian organisms, were anticipated to experi-
ence impacts. The map highlights a diversity of complex interactions 
including feedback loops that positively increase variables relating to 
biodiversity dynamics including, increased predation opportunities and 
the attraction and/or abundance of biodiversity at the site, in addition to 
increased habitat complexity (Fig. 7). Trade-offs were present, with 
primary production suggested to both increase and or decrease 
depending on the sequence of events (sub-impacts/nodal changes) 
evolving from the seaweed farm infrastructure and farmed seaweed 
biomass in addition to the growth and loss of epifaunal species from the 
area. Compounding effects were also captured on several occasions 
relating to biosecurity risks with augmentation to marine bacteria and 
viruses and further amplified with the introduction of non-native spe-
cies. Further compounding effects may potentially result for aquatic 
biodiversity amplifying or decreasing the abundance internal and 
external to the site. The “Economic and Industry Development” map 
focuses on the perceived implications towards economic activity in the 

Fig. 5. Workflow detailing the stages of the Delphi and Cognitive mapping processes to identify potential consequences in the environmental, social, and economic 
domains resulting from hypothetical development of seaweed aquaculture inside Hornsea wind farm. 
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area resulting from the introduction of seaweed aquaculture into the 
wind farm array (Fig. 8). Several interlinkages with the economic system 
were expressed with potential for increases in business activity and 

supply of bio-based products in addition to changes in labour dynamics 
and innovation resulting from multiple components of the seaweed 
aquaculture development including presence of seaweed biomass for 

Fig. 6. Standardised and shared cognitive model on the potential impacts to environmental (abiotic) system of the hypothetical scenario of expanding seaweed 
aquaculture inside Hornsea Wind Farm over the next ten years. -Boxed variable indicates starting node; Arrows show direction of influence between proposed 
variables (blue for primary and orange for additional/secondary pathways suggested by experts); Dashed lines explain key exogenous variables expressed by 
participant; plus/minus symbols denote the direction of change i.e. increasing or decreasing, of child nodes. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Standardised and shared cognitive model on the potential impacts to environmental (biotic) system of the hypothetical scenario of expanding seaweed 
aquaculture inside Hornsea Wind Farm over the next ten years. -Boxed variable indicates starting node; Arrows show direction of influence between proposed 
variables (blue for primary and orange for additional/secondary pathways suggested by experts); Dashed lines explain key exogenous variables impacting the 
seaweed farm system; plus/minus symbols denote the direction of change i.e. increasing or decreasing, of child nodes; Rn highlights reinforcing feedback loo; *n 
indicates secondary or tertiary impacts to/from a node. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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value added extraction, new biomass production and microeconomic 
activity in the area. 

The “marine economic stakeholders” map details the perceived 

consequences to stakeholders from utilising oceanic resources for com-
mercial purposes (Fig. 9). Multiple existing stakeholders were perceived 
to be affected by the seaweed aquaculture development including the 

Fig. 8. Standardised and shared cognitive model on the potential impacts to social system (economic and industry development) of the hypothetical scenario of 
expanding seaweed aquaculture inside Hornsea Wind Farm over the next ten years. -Boxed variable indicates starting node; Arrows show direction of influence 
between proposed variables (blue for primary and orange for additional/secondary pathways suggested by experts); Dashed lines explain key exogenous variables 
impacting the seaweed farm system; plus/minus symbols denote the direction of change i.e. increasing or decreasing, of child node; *n indicates secondary or tertiary 
impacts to/from a node. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Standardised and shared cognitive model on the potential impacts to social system (Marine Economic Stakeholders) of the hypothetical scenario of expanding 
seaweed aquaculture inside Hornsea Wind Farm over the next ten years. -Boxed variable indicates starting node; Arrows show direction of influence between 
proposed variables (blue for primary and orange for additional/secondary pathways suggested by experts); Dashed lines explain key exogenous variables impacting 
the seaweed farm system; plus/minus symbols denote the direction of change i.e. increasing or decreasing, of child nodes. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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offshore wind farm, oil and gas/carbon capture storage organisation(s), 
shipping, tourism sector and fisheries. Trade-off events were highlighted 
including both possible increases to, and decreases in, the wind farm’s 
operational costs and complexity via multiple causal pathways, owing to 
the seaweed aquaculture development. 

The “Social community and Infrastructure” map presents the 
perceived impacts relating to the local community and infrastructure, 
with predominantly non-economic implications (Fig. 10). Different as-
pects of the local community were affected ranging from the local au-
thority, for example raising administrative needs, or increased pressures 
on infrastructure and developments in the area. A variety of knock-on 
effects were expressed in the shared cognitive map with positive feed-
back loops being present in the case of seaweed aquaculture develop-
ment increasing local government planning and regulation development 
because of increased risk and liabilities to the wind farm area from 
seaweed aquaculture operations. Moreover, the increased availability of 
seaweed biomass was perceived to enable seaweed value-added process 
activity that would encourage development of seaweed processing fa-
cilities (Fig. 10). Compounding effects were present in the social com-
munity map, with multiple causal impacts including lowering the 
aesthetic value of the area and raising stakeholder conflicts and industry 
opposition. 

The cognitive maps in addition to iterative surveying also produced a 
catalogue of the suggested impacts with descriptions of the cause(s) for 
impacts to social, economic and ecological systems-see supplementary 
materials (“impact tables (standardised).exl”). The impact tables con-
tained available evidence sources and the identifiers of the proposed 
variables, with multiple identifiers to several variables expressed and in 
other cases, only containing one-a condense summary of the impact 
table is found below (Table 4). 

3.1.2. SMEx’s model evaluation 
During the final round of elicitation Subject Matter Experts were 

provided with the opportunity to contest and comment on claims made 
by other panellist with opportunities to supply evidence to support their 
claim. Table 5 captures commentary of panel members contesting spe-
cific claims with the likelihood of five impacts being contested/ 

disagreed by panels members and thus, controversial. The main impacts 
proposed and had their likelihood or accuracy contested were the 
expectation for non-local or temporary work force extending from the 
seaweed farm leading to a decrease in income to the local area. The 
reduction in livestock emissions from consumption of seaweed-based 
products. Resource sharing opportunities with bioenergy product po-
tentials and reduced operational costs for offshore wind farm. The im-
provements to human and livestock health and lastly, increased 
economic circularity capacity and activity. 

4. Discussion 

Overcoming the implementation gap of the MUS requires improved 
understanding of the consequences of MUS development across social 
and environmental dimensions. This understanding is essential to 
facilitate a more integrated management approach as highlighted by 
previous MUS literature yet lacked the necessary structures to do so, 
namely, conceptual models (Abhinav et al., 2020; van den Burg et al., 
2020a,b; O’Shea et al., 2022). The use of a hypothetical scenario and 
Delphi methodology initiated a structured decision-making approach to 
the seaweed aquaculture-wind farm system, aiming to enhance under-
standing of the consequences and enable further integrative analyses 
and management of commercialisation in real-life systems. The infor-
mation sourced elucidates the potential consequences to social, eco-
nomic, and environmental domains perceived from developing seaweed 
aquaculture inside an existing wind farm as a move towards MUS. The 
cognitive maps and impact tables illustrate the complexity of oper-
ationalising a MUS concept, highlighting various factors that should be 
considered in the management of developing a seaweed 
aquaculture-wind farm system. 

4.1. Conflicting views on the impacts of MUS 

An emergent theme of the assessment was the possible costs (trade- 
offs/risks) and benefits to different social-ecological components of the 
surrounding area. For example, the cognitive maps highlight that the 
seaweed aquaculture-wind farm system may increase and/or decrease 

Fig. 10. Standardised and shared cognitive model on the potential impacts to the social system (social community and infrastructure) of the hypothetical scenario of 
expanding seaweed aquaculture inside Hornsea Wind Farm over the next ten years. -Boxed variable indicates starting node; Arrows show direction of influence 
between proposed variables (blue for primary and orange for additional/secondary pathways suggested by experts); Dashed lines explain key exogenous variables 
impacting the seaweed farm system; plus/minus symbols denote the direction of change i.e. increasing or decreasing, of child node; *n indicates secondary or tertiary 
impacts to/from a node. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Table 4 
Summary of impact table describing the proposed effects resulting from inte-
gration of seaweed aquaculture and a wind farm. Table categorises the primary 
entity effected, the suggested impact and the SMEx of the Delphi panel that 
proposed the impact.  

Objective Entity Suggested Impact Number of 
identifiers 

Environmental 
(Abiotic) 

Marine Chemical 
Composition 

Reduction in level of 
Chemicals at and/or 
around Site 

13 

Marine Physical 
Structures 

Seabed Sedimentation 5 
Seabed Damage/ 
Scouring 

1 

Marine 
Hydrodynamics 

Disturbance and 
reduction to 
Hydrodynamic Flow 

5 

Ocean- 
Atmosphere 

Sunlight Attenuation 
in Water Column 

7 

Ocean Alkalisation 3 
Reduction in Climate 
Active Gases and 
Global Warming 
potential 

5 

Increase to Climate 
Active Gases 

4 

Environmental 
(Biotic) 

Avian Organisms Collision potential 
with Wind Turbines 

3 

Behavioural 
adaptations including 
feeding prevention 
and attraction to site 

5 

Aquatic 
Organisms 

Attraction of aquatic 
biodiversity to site and 
enhanced habitat 
structural complexity 

9 

Damage and or 
increased mortality of 
aquatic biodiversity at 
site 

6 

Disrupted and or 
reduced pelagic 
organisms’ migration 

2 

Genetic 
Restructuring/ 
Disruption in Native 
Seaweed Populations 

1 

Ecosystem 
Ecology 

Increased stock of 
Biomass in the 
Ecosystem 

5 

Increased primary 
production and 
nutrient capture 
efficiency of the 
ecosystem 

1 

Reduced Primary 
Production level of the 
Ecosystem 

6 

Reduced stock of 
biomass in the 
ecosystem/disruption 
(unspecified) to food 
web dynamics/ 
induction of ecosystem 
tipping point 

5 

Reduction in 
Eutrophication 
potential 

4 

Non-native species 
introduction and 
biosecurity issues 

4 

Reduced Seabed 
recovery opportunities 

1 

Social communities 
including Marine 
Stakeholders (non- 
economic) and 
infrastructure 

Recreation Disruption to 
recreational activities 
and reduced aesthetic 
value 

4  

Table 4 (continued ) 

Objective Entity Suggested Impact Number of 
identifiers 

Enhancing to 
recreational fishing 
opportunities 

6 

Local Social 
Communities 

Concerns, conflicts 
and seaweed industry 
opposition with local 
residents 

5 

Raised public 
awareness of seaweed 

1 

Reduced emigration 
drive and workforce 
displacement from 
local area 

2 

Public 
institutions/ 
organisations 

Lowered public 
support for local 
authority 

1 

Increased 
opportunities for 
training and capacity 
building 

1 

Demand for local 
government planning 
and regulation 
developments 

1 

Infrastructure and 
transportation 

New port 
constructions and port 
activity including 
management 

3 

Increased marine and 
road traffic 

3 

New biomass 
processing facilities in 
area 

5 

Marine Economic 
Stakeholders 

Wind Farm 
Operations 

Net Gain opportunity 
and improved Social 
Licence to Operate 
score for OWF 
developer 

2 

Disruption to Wind 
Farm logistics/ 
operations including 
increased labour and 
marine vessel use time 

6 

Increased costs and 
complexity including 
risks and 
management, for OWF 
operations 

10 

Resource sharing 
opportunities with 
bioenergy product 
potentials and reduced 
operational costs for 
OWF 

2 

Enhanced design life 
of Wind Turbines 

1 

Wind Farm array 
profitability/ 
efficiency of area 

1 

Fisheries Disruption with 
reduced income, 
conflict and 
displacement potential 
for fisheries including 
static pot and line, at 
the site 

9 

Improved catch rate 
and opportunities for 
fisheries at and or 
external to the site 

5 

Tourism Increase tourism 
activity/potential at 
site 

1 

(continued on next page) 
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global warming potential depending on carbon budget of the supply 
chain and knock on effects to existing wind farm maintenance opera-
tions. It may promote and/or damage biodiversity as a result of 
providing habitat functions that supports marine life or cascading effects 
that threatens populations levels. It could raise income and/or cause 
debt depending on how the projects are implemented and prevent 
emigration drives in coastal areas or promote tensions in local com-
munities. The conflicting outcomes to result from an MUS project must 
therefore be carefully reviewed prior to, and if progressed, during the 

Table 4 (continued ) 

Objective Entity Suggested Impact Number of 
identifiers 

Oil and Gas; 
Carbon Capture 
Storage 

Limiting development 
potential for oil and 
gas, and carbon 
capture storage 
operations at the site 

1 

Shipping Reduced shipping 
access opportunities 
through site with 
stakeholder conflict 
potential 

3 

Search and 
Rescue 

disturbance to Search 
and Rescue operations 
at site 

1 

Other New marine 
stakeholders and 
entrants to marine 
industry 

2 

Reduced Stakeholder 
Competition Inshore 

1 

Economic and 
Industry 
Development 

Innovation New research and 
innovation 
opportunities 

2 

Demand for 
automation services 

2 

Increased potential for 
multitrophic 
aquaculture at site 

1 

Bio-based 
Industry 

New Seaweed Industry 
Development based on 
the increased biomass 
processing activity and 
bio-product supply 
with income 
generation/ 
opportunities 

13 

Opportunities for 
external businesses 
and diversification of 
local economy 

7 

Debt creation and 
economic losses/ 
instability 

5 

Workforce and 
knowledge demand/ 
development 
including high skilled, 
transferable, local and 
or non-local labour 

7 

New Ecosystem 
services credit options 
(Cabron Dioxide, 
Nitrogen, Phosphate) 

2 

Improvements to 
human and livestock 
health 

1 

UK food independence 
and or increased food 
export 

1 

Economic 
circularity and 
decarbonisation 

Economic circularity 
capacity and activity 

9 

Decarbonisation and 
coupled climate 
change mitigation 

4  

Table 5 
Summary table of impacts that were contested by other members of the SMEx 
panel including their justification for disagreeing with the likelihood of impacts 
proposed by other SMEx and any related evidence to support their protest.  

Consequence Disagreement Justification Relevant 
Literature 

Non-local or 
temporary work 
force extending 
from the 
seaweed farm 
leading to a 
decrease in 
income to the 
local area 

Claim contested 
by an individual 
on the SMEx 
panel member 

Prior to the 
farming activity, 
there wouldn’t 
have been that 
income to the 
community 
anyways. 

Not supplied 

Reduced livestock 
emissions from 
consumption of 
seaweed- based 
products 

Claim contested 
by an individual 
SMEx panel 
member 

Some initial, and 
mostly lab-based, 
studies have 
suggested that 
halogenated, red 
seaweed species 
can reduce 
methane emissions 
from cows when 
incorporated into 
their feed. Kelps, 
like your model 
uses, are not 
halogenated, and 
to my knowledge, 
there is currently 
no indication to 
suggest that they 
would have the 
same effect on 
methane. So I 
suggest that you 
remove the "- 
livestock 
emissions" from 
this model. 

Related evidence 
to counterclaim 
includes: Halogen 
chemistry of the 
red alga 
Asparagopsis 
taxiformisby 
McConnell and 
Fenical (1977) 
and benefits and 
risks of including 
the bromoform 
containing 
seaweed 
Asparagopsis 
taxiformisin feed 
for the reduction 
of methane 
production from 
ruminants by 
Glasson et al., 
(2022). 

Resource sharing 
opportunities 
with bioenergy 
product 
potentials and 
reduced 
operational costs 
for OWF 

Claim contested 
by an individual 
SMEx panel 
member 

Bioenergy 
opportunity is 
unlikely due to 
economically 
unviable 
production within 
wind farm array; 
relationship 
between seaweed 
aquaculture and 
wind farm 
operator more 
likely to be 
“encouraged” 
through 
governmental 
incentives/policies 

Related evidence 
to counterclaim 
includes: van den 
Burg et al. (2016); 
https://kennisde 
len.rvo.nl/groups 
/view/244e11b4- 
4982-410f-ab 
62-eb94b7e23d 
51/community-o 
f-practice-noord 
zee/blog/view/b 
81e1b8a-89b5- 
400f-98b1-1130e 
ad4c50b/doorv 
aart-en-medegeb 
ruik-update-op- 
noordzeeloket; 
https://www.rvo. 
nl/sites/default/f 
iles/2022-11/V 
ragen-antwoorde 
n-webinar-Route 
kaart-2030-2031. 
pdf 

Improvements to 
human and 
livestock health 

Claim contested 
by an individual 
SMEx panel 
member 

risks to health also 
exist from 
consumption of 
seaweed and 
therefore, not 
always a 
guaranteed 
improvement 

Related evidence 
to counterclaim 
includes: http 
s://www.fao. 
org/3/cc0 
846en/cc0846en. 
pdf and Banach 
et al. (2020) 

Economic 
circularity 

Claim contested 
by an individual 

More waste 
doesn’t inherently 
lead to more 

Not supplied 

(continued on next page) 
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implementation and scale up of production systems. Especially as the 
results of this study further extends the existing evidence base on project 
costs and complexity associated with the MUS (Ciravegna et al., 2024). 
It, therefore, cannot be assumed that the outcomes of a MUS project are 
solely positive or negative and may incur mixed outcomes within and 
across the sub-objectives of sustainability-social, economic, and 
environmental. 

Despite the major socio-economic advantages of pursing an MUS 
type system being claimed by prior research-namely, minimising marine 
stakeholder conflicts (Abhinav et al., 2020; Przedrzymirska et al., 2021), 
the cognitive mapping has contradicted such claims. The integration of 
seaweed aquaculture was perceived by several SMEx to disrupt marine 
economic stakeholders, even those thought to be excluded from effects 
from the MUS. Stakeholders perceived to be affected included those in 
shipping seeking future access rights as well as ongoing fisheries that are 
within the wind farm array, in addition to external operations effected 
by knock-on effects caused by seaweed aquaculture activity (Fig. 9). 
With the emerging wind sector in the North Sea and heavy conflict 
potential expected amongst marine stakeholders (Pettersen et al., 2023), 
the MUS does not offer a resolution by default. Assuming otherwise 
could amplify conflict problems when the opposite outcome was 
intended from the MUS innovation. 

Based on the findings of this study, the co-location of seaweed 
aquaculture with wind farms also carries potential to exasperate existing 
problems with offshore wind energy operations. Offshore wind farms 
have been flagged in several articles for exerting detrimental pressures 
onto the local environment (Rezaei et al., 2023), including disrupting 
fecundity and behaviour to increased mortality of marine aquatic and 
avian life (Galparsoro et al., 2022). The subject matter experts involved 
in this study perceived similar impacts, supporting the prior research 
(Galparsoro et al., 2022), that could result through addition of seaweed 
aquaculture, including raised mortality and significant disruption to 
ecological networks within and beyond the boundaries of Hornsea wind 
farm (Figs. 6 and 7). 

Furthermore, the carbon sequestration potential of seaweed aqua-
culture as a tool to mitigate climate change is repeatedly advocated in 
prior research (Alleway, 2023; Duarte et al., 2022; van den Burg et al., 
2023) and has been one of the promised benefits of co-locating seaweed 
aquaculture and wind farms (Maar et al., 2023). The cognitive maps, 
again, contradict these claims and highlights a more nuanced view. 
Instead, they demonstrate assuming climate change mitigation from 
seaweed aquaculture presents an incomplete picture of what may 
happen. The carbon budget is dependent on whole seaweed supply chain 
dynamics (context-dependent) and the complexity of carbon flux in 
social-ecological systems-increasing or decreasing through numerous 
direct and indirect pathways, such as disturbance of wind farm vessels 
(Fig. 6). Nonetheless, many of the experts foresee the positive outcomes 
attributed to nearshore seaweed farming such as nutrient remediation, 
habitat improvements and so on (Barrett et al., 2022; Hasselström et al., 
2018), do still carry over into the offshore environment. Given the di-
chotomy of pathways evolving from the MUS project, a key question 
surrounds the balance between the positive outcomes vs trade-offs in 
pursuit of system development. To these ends, potential consequences 
must be considered further in a transparent, open and systematic 
assessment before accepting the consequences and concluding any 

sustainability claims in the MUS project (Gibson, 2006). 

4.2. Uncertainty 

It is important to note that the impacts we present (positive or 
negative) are not necessarily guaranteed, and the maps highlight the 
variability of different outcomes that may result depending on the 
evolution of seaweed aquaculture and event sequences extending from 
development. For example, seaweed biomass can be processed into a 
variety of high value market products as well as biofuels (for example 
cosmetics, Gegg and Wells, 2019), and this was reflected during the 
cognitive mapping process (see supplementary materials, “impact tables 
(standardised).exl”). Consequently, owing to the variety of product 
outcomes this would have implications for the extended effects that may 
be experienced in other social-ecological system components, such as 
mitigating climate active gases e.g., requiring the seaweed aquaculture 
to result in products with a capacity to displace fossil-based counterparts 
in the economy (Fig. 8). Even within the scope of this study, some ex-
perts contradicted the assertions made by others, providing evidence 
regarding the likelihood of a particular outcome (refer to Table 5). Given 
the multiple scales of seaweed aquaculture that were defined in the 
hypothetical case study, impact likelihood and severity are dependent 
on the temporal and spatial scales that were presented in the case-study 
and in real-life. The types of infrastructure, aquaculture practices, exact 
siting and timeline for development will all factor into the probabilities 
of the event sequences proposed within this study where the situation is 
under continued evolution (Buck and Buchholz; Buck et al., 2017; Bak 
et al., 2020). The cognitive maps and impact tables promote high-level 
understanding on potential outcomes of seaweed aquaculture and wind 
farm co-location. More importantly, though, the structured findings 
present the necessary entry points i.e. conceptual maps, formerly un-
available to further reduce questions of uncertainty in MUS develop-
ment (O’Shea et al., 2022). Example methodologies include, but are not 
limited to, the use of Bayesian Network analysis, System Dynamics and 
other Knowledge Based Conceptual Models, that can be extrapolated 
from our conceptual maps and impact table (Franco and Montibeller, 
2010; French, 2021; Kelly et al., 2013). The modified Delphi and 
cognitive mapping highlight the value of diverse perspectives when 
considering factors of importance in the decision to implement a 
seaweed aquaculture-wind farm system, with each individual panellist 
bringing a unique contribution of potential outcomes based on their area 
of expertise (even within similar fields). A theme consistent with pre-
vious application of group conceptual mapping (Cawson et al., 2020). 

This study aimed to explore the potential consequences of co- 
locating seaweed aquaculture and wind farms, with a sub-objective to 
structure findings for the purpose of facilitating further IAM and 
developing decision support tools. The use of cognitive mapping suc-
cessfully revealed the sheer range of consequences, with positive and 
negative implications, and presented conceptual maps that provide a 
vital entry point to facilitate further techniques to support sustainable 
management of the MUS innovation. Managers intending to implement 
MUS such as co-locating seaweed aquaculture and wind farms, should 
exercise caution and thoroughly consider all uncertainties, trade-offs, 
and risks that come with the project in both social and environmental 
domains. It’s challenging, from our assessment, to conclude any defin-
itive outcome, whether it’s a specific impact’s severity and likelihood or 
broader overarching objectives such as social-ecological sustainability. 
Nonetheless, the structured expert elicitation and conceptual mapping is 
a pivotal first step in the realisation of commercial operations of the 
MUS that carries significant potential across the dimensions of 
sustainability. 

4.3. Limitations, further research and practical implications 

While we have sought an approach that is comprehensive, the 
methodology has limitations given the resource constraints and 

Table 5 (continued ) 

Consequence Disagreement Justification Relevant 
Literature 

capacity and 
activity 

SMEx panel 
member 

circularity in the 
economy if 
infrastructure or 
capacity for 
recycling isn’t 
available in first 
instance  
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availability of participants amongst other issues. For example, in the 
conceptual maps relating to the hypothetical case study presented in this 
research, impacts to other marine sectors such as shipping, fisheries, oil 
and gas, carbon capture storage, restoration and so on, were captured 
(Fig. 9). However, wind farms also have significant and diverging im-
plications to tourism (Smythe et al., 2020). Despite this association, 
impacts to tourism-viewed in positive and/or negative light-were 
covered in considerably less detail compared with other sectors such 
as fisheries, with cognitive maps only noting increased tourism activity 
at the site as a direct result of adding seaweed aquaculture (Fig. 9). This 
outcome may be genuine with no major impact likely for tourism in our 
hypothetical scenario or because it was disregarded at the time of the 
assessment in favour of more familiar sectors such as fisheries. Our 
chosen method does not allow us to extract which is correct and future 
research must examine these details further. 

Furthermore, the scenario outline aimed to provide boundaries on 
the cognitive mapping, however, areas were left less defined including 
the exact infrastructure being installed for seaweed aquaculture and 
siting of said infrastructure inside the wind farm array in addition to the 
seaweed biomass densities and characteristics of maintenance activity. 
Further refinement would be necessary to limit any potential effects 
owing to case study uncertainty; however, the qualitative nature of the 
study deems the effect to be minor. Further research could replicate and 
test further scenarios to examine how boundary conditions affected the 
responses and resulting cognitive mapping. 

The lead author also aimed to include a diversity of perspectives in 
the subject matter expert panel in attempt to limit bias, however, was 
unable to secure representation of Asian-based experts which could in-
fluence predications. Therefore, inclusion of more non-European and 
North American participants in follow-up studies is strongly advised 
where panel diversity is crucial to improve predictions as outlined in 
structured elicitation protocols (Hemming et al., 2018a,b). The 
high-level investigation should also be counterbalanced with inclusion 
of local relevant parties affected by proposed development plan-
s/projects in future research (Keen, 1997). Additionally, while govern-
ment and business were represented in the sample further investigations 
with these particular stakeholders would be worthwhile to balance them 
with the higher numbers of researchers included in the sample. 

The cognitive modelling process opted to keep anonymity among the 
subject matter experts to reduce negative group dynamics and thus did 
not allow for open discussion. However, discussion among SMEx can be 
valuable step in the cognitive modelling process and may yield alter-
native results, including improvements to predications (Burgman et al., 
2021; Hemming et al., 2018a,b). Additional research could use further 
qualitative (interviews/focus group) and/or quantitative approaches to 
further examine the phenomena and generalise these findings more 
widely. Additionally, future research should also concentrate on these 
areas where results were contested perhaps by using a method, such as 
group discussion/interview, that brings those who disagree together to 
seek resolution and agreement (Hemming et al., 2018a,b; Cawson et al., 
2020). 

After proposing a visual representation of the situation, further 
research should continue with the structured decision-making process in 
the MUS. Particular efforts should be made towards evaluating the 
probability (likelihood and severity) of outcomes perceived by experts. 
Additionally, we recommend further exploration of management stra-
tegies, employing integrative assessment and modelling techniques such 
as Bayesian Network or Simulations (Kelly et al., 2013), which are 
central to the planning. As well as examining stakeholder perceptions, to 
assess the true sustainability potential of the MUS system in this scenario 
(and others) full sustainability and energy analyses (which can translate 
different energy, material and economic flows in solar energy joules 
and/or energetic flows and streams) such as Life Cycle Assessment (LCA) 
and Exergy analysis need to be completed (Muench and Guenther, 2013; 
Aghbashlo et al., 2022; Gheewala, 2023; Yousuf et al., 2022). Research 
shows that these types of analysis can improve efficiency, produce better 

designs, and improved R&D amongst other aspects. Additionally, anal-
ysis such as COMPLIMENT which integrates life cycle assessment, 
multi-criteria analysis and environmental performance indicators could 
be used to examine the industries potential (Hermann et al., 2007). 

In terms of practical recommendations, it is clear that any MUS 
scheme will only be successful by embracing the multidimensional/ 
multi objective and complex nature of these systems to be able to limit 
trade-offs across social, economic, and environmental dimensions 
(Bakshi, 2019; Wohlfahrt et al., 2019; Urmetzer et al., 2020). Any pro-
jects must consider the economic potential, especially of seaweed 
aquaculture which has been shown to be problematic (van den Burg 
et al., 2016) with issues having been highlighted relating to the whole 
seaweed processing and supply chain (Gegg and Wells, 2019) and its 
feasibility. Additionally, loss to other marine stakeholders needs to be 
considered (see Fig. 9). This type of economic data is currently lacking in 
the offshore MUS context (van den Burg et al., 2016). 

Several projects are underway testing the feasibility of seaweed 
production inside wind farm arrays, where examples include H2020 
UNITED (2020), MUSICA project (2020), and ULT Farms (2020). And 
these will be key in putting into practice the learnings developed here. 
These projects will facilitate a “learn-by-doing” approach that is useful 
in the innovation cycle for maturing activity and processes and provides 
information for decision-making (Hellsmark et al., 2016; IPCC, 2022). 
Within this, process systems engineering techniques can be used in 
conjunction including industrial design, experimental analysis, and 
techno-economic assessment to determine viable seaweed processing 
systems applicable to the seaweed aquaculture-wind farm case study 
(Bakshi, 2019; Buchner et al., 2018; Cardin, 2014) alongside energy and 
LCA analysis noted above. However, our research highlights that tech-
nical feasibility, while necessary for scale up, must be considered 
alongside other elements. Involvement of stakeholders from all areas 
must be ensured even in small scale pilots as the success and feasibility 
of the MUS system depends not just on technological feasibility but 
acceptance and support from a wide range of stakeholders, including the 
broader public. A technology push approach will not be effective in this 
case and wider perspectives need to be integrated (Bruton et al., nd.). 
Doing this in a structured manner would also allow a process evaluation 
to take place, an approach used across multiple disciplines, to examine 
how the project was delivered, the beneficiaries of the project, problems 
arising and how they were resolved, rather than focusing on outcomes 
only (Jain et al., 2004). More broadly, our study has demonstrated the 
value of group-based conceptual mapping for holistic evaluations of 
innovations in the bioeconomy transition. Previous studies were largely 
confined to environmental systems modelling (Cawson et al., 2020), 
thus our study extends the value of this method to scale-up implications 
of bioresource technologies. 

5. Conclusion and outlook 

In this study the consequences of co-locating seaweed aquaculture 
and existing wind farm as a move towards MUS were explored across 
social, economic and environmental domains. The use of a Delphi and 
cognitive mapping methodology generated information regarding the 
perceived social and environmental impacts of developing seaweed 
aquaculture over the next ten years inside Hornsea Wind Farm array. 
Impacts perceived by the group of subject matter experts tallied to 58 
potential consequences and were diverse carrying positive and negative 
implications. In some cases, there is the potential to exacerbate existing 
problems attributed to wind farm development such as species fecundity 
and ecosystem disruption or in social terms, stakeholder conflict among 
marine users. On the other hand, integrating seaweed aquaculture inside 
a wind farm does carry significant potential to improve surrounding 
social and environmental conditions such as enhanced habitat structures 
for aquatic life and creating new economic opportunities. This dichot-
omous nature of outcomes and coupled uncertainty warrants further 
systematic investigations to support decision-making. The cognitive 
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maps and impact tables developed in this study serve as crucial entry 
points for further integrative assessment and modelling techniques MUS 
management. These include probabilistic and simulation studies, as well 
as sustainability assessment tools such as exergy and lifecycle and trade- 
off analyses, all aimed at enhancing understanding of factors pertinent 
to sustainable management of MUS project(s). Given the complexity and 
uncertainty in addition to risk potential of co-locating seaweed and 
offshore wind sectors, we also recommend it is worthwhile exploring 
alternative development strategies to limit variability in the situation 
and complement ongoing offshore trials such as studies in process sys-
tems engineering. More broadly, the use of Delphi and cognitive map-
ping was a valuable contribution in assessing the multidimensional 
nature of managing innovations in the Sustainable Bioeconomy transi-
tion. Providing a means to account for multiple objectives and bring 
together diverse perspectives in the evaluation of conceptual stage in-
novations and thus, recommend the application of the methodology in 
other relevant settings. 
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