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Abstract

This master’s thesis explores how ecological uncertainty is operationalized
within EIAs for offshore wind energy, comparing the centralized, state-led
model of Denmark with the decentralized, developer-led system of the
United Kingdom. The rapid expansion of offshore wind creates a regulatory
conflict between global climate mitigation and the localized protection of
marine ecosystems. While planning theories address scientific unknowns
conceptually, a critical gap remains in understanding how distinct national
governance structures alter the practical calculation, framing, and
communication of environmental risks within regulatory documentation.

Methodologically, this study employs a qualitative document analysis and
comparative case study design grounded in theories of the Precautionary
Principle and Decision-Making Under Deep Uncertainty. The empirical
dataset comprises the extensive public EIA dossiers and technical
appendices of four major North Sea projects: Thor and Kriegers Flak in
Denmark, alongside Dogger Bank and Norfolk Boreas in the United
Kingdom. Textual data were systematically processed using a qualitative
coding framework across six analytical dimensions to evaluate marine
receptors.

The conclusions demonstrate that institutional design directly drives how
ecological unknowns are formatted. The Danish system provides
streamlined, state-standardized baseline data but is vulnerable to
methodological reductionism and the under-acknowledgment of hidden
model uncertainties due to policy-driven acceleration. Conversely, the UK
model features extensive cumulative disclosures but struggles with baseline
data inflation and over-precautionary parameterization to avoid legal
vulnerabilities. Neither system effectively handles the tension between
reducible knowledge gaps and inherent environmental randomness. The
study concludes that improving EIA efficacy requires transitioning from
rigid, static predictive modeling toward adaptive, post-consent management
frameworks that iteratively integrate ongoing monitoring data.
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SUMMARY

The rapid expansion of offshore wind energy across Europe represents a critical pillar of the
transition toward renewable energy systems and the achievement of broader climate mitigation
goals. However, this expansion creates a direct conflict between global climate mitigation and
the local protection of marine ecosystems. Environmental Impact Assessment (EIA) serves as
the primary regulatory mechanism for identifying potential environmental risks and managing
uncertainties before project development consent is granted. Within the context of large-scale
offshore wind deployment, ecological uncertainty poses a fundamental challenge due to the
immense complexity of marine environments and a persistent lack of long-term scientific

knowledge regarding cumulative and ecosystem-level impacts.

This project addresses a critical research gap located at the intersection of environmental
planning theory and practical regulatory execution. While existing academic literature
frequently addresses technical engineering concerns, economic variables, or abstract planning
theories, it rarely explores how distinct national planning systems modify these concepts in
practice. Specifically, there is a lack of comparative research demonstrating how a developer-
led planning model, versus a centralized, state-led planning model, alters the way scientific
data gaps and ecological uncertainties are calculated, framed, and communicated within
technical EIA documentation. This thesis directly bridges that gap by investigating how
ecological uncertainty is addressed within offshore wind EIAs in Denmark and the UK,
analyzing the specific operational differences that emerge in assessment practices between the

two countries.

To address this problem systematically, the investigation employs an analytical framework
grounded in qualitative document analysis and comparative case study methodologies. The
research design begins with a dual theoretical grounding that combines the Precautionary
Principle and Decision-Making Under Deep Uncertainty (DMDU) theory. This theoretical
framework establishes a baseline for how scientific unknowns ought to be managed under ideal,

robust planning conditions.

The empirical core of the project consists of a rigorous document and technical review applied
directly to the public EIA reports and associated technical appendices of four prominent
offshore wind projects across two North Sea jurisdictions. These cases were selected because
they represent the clearest and most established examples of their respective national planning

philosophies. For the UK's developer-led system, the project analyzes the Dogger Bank and



the Norfolk Boreas offshore wind farms. For the Danish centralized, state-led system, the

project analyzes the Thor and the Kriegers Flak offshore wind farms.

The qualitative text fragments within these extensive regulatory documents were
systematically processed using a dedicated coding framework. This framework applies six
highly specific codes designed to capture the exact nature of ecological uncertainty
management: Hidden or Under-acknowledged Uncertainty (C1), Over-Reliance on Precaution
(C2), Potential Over or Underestimation of Impacts (C3), Decision-Relevance of Uncertainty
(C4), Transferability Issues (C5), and Reductionism (C6). The scope of this analysis is strictly
delimited to key biological and material receptors that serve as the primary drivers of legal and
scientific conflict during wind farm permitting, including marine mammals, seabirds, fish
populations, marine fish spawning grounds, benthic sand eel habitats, commercial fishing
vessel displacement, and marine archaeology. Finally, a comparative synthesis was executed,
directly contrasting the coded data from the UK system against the Danish model to reveal how

overarching institutional and regulatory structures drive the handling of ecological unknowns.

The main results of the project demonstrate that institutional design profoundly influences how
ecological uncertainty is operationalized, structured, and communicated. The comparative
analysis reveals that both national systems struggle to operationalize uncertainty effectively,
often leaving complex ecological processes poorly integrated across different stages of the

assessment.

In the UK’s developer-led model, the application of parameterization techniques, such as the
Rochdale Envelope, allows for flexibility but frequently leads to data inflation and over-
precautionary baselines to avoid legal vulnerability. The UK system demonstrates extensive
disclosure regarding cumulative and transboundary impacts, yet this openness is driven by a
decentralized, developer-led burden of proof that exposes individual projects to significant

baseline data gaps, modeling sensitivities, and regulatory delays.

Conversely, the Danish centralized "One-Stop-Shop" model shifts the initial assessment burden
to state authorities, providing more standardized baseline data. However, this centralized
approach can result in reductionism and the under-acknowledgment of hidden uncertainties
within the technical models, as policy dominance and the structural push for streamlined

permitting can supersede detailed ecological sensitivity analysis.

Ultimately, the findings indicate that neither system perfectly resolves the tension between

reducible knowledge gaps (epistemic uncertainty) and inherent environmental randomness



(aleatory uncertainty). The project concludes by providing practical recommendations for

marine spatial planning, emphasizing that improving EIA effectiveness during an accelerating

energy transition requires moving away from rigid, static data assumptions and toward flexible,

adaptive management frameworks that can transparently incorporate new post-consent

monitoring data over time.

Keywords: Environmental Impact Assessment (EIA), Offshore Wind Energy, Ecological
Uncertainty, Precautionary Principle, Decision-Making Under Deep Uncertainty,

Denmark, UK
ABBREVIATIONS
CIA Cumulative Impact Assessment
DMDU Decision-Making Under Deep Uncertainty
EIA Environmental Impact Assessment
OWF Offshore Wind Farm
PP Precautionary Principle
UK United Kingdom

Table 1. Abbreviations in Alphabetical Order
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Chapter 1
INTRODUCTION

1.1 Problem Background

Offshore wind energy is expanding rapidly in Europe as part of the transition towards
renewable energy systems. Denmark is one of the leading countries in offshore wind
development, particularly in the North Sea, and continues to invest in large-scale offshore wind
projects. While offshore wind contributes significantly to climate mitigation goals, it also
introduces potential environmental pressures on marine ecosystems, including impacts on

biodiversity, seabed habitats, and ecosystem dynamics (Nordic Council of Ministers, 2025) .

Environmental Impact Assessment (EIA) is a key regulatory tool used to evaluate the
environmental consequences of proposed projects before development consent is granted. The
purpose of EIA is to support informed decision-making by identifying potential environmental
risks and addressing uncertainties related to project impacts (European Commission, 2000). In
the context of offshore wind, ecological uncertainty is particularly important due to the
complexity of marine ecosystems (E. Willsteed et al., 2017) and limited scientific knowledge

regarding long-term and cumulative effects (Nordic Council of Ministers, 2025).

Existing research shows that EIA practices often face challenges in effectively addressing
cumulative impacts and limitations in available ecological data, which contribute to uncertainty
in offshore wind assessments (E. Willsteed et al., 2017; E. A. Willsteed et al., 2018). These
challenges include limited baseline data, difficulties in predicting ecosystem responses, and
insufficient integration of uncertainty into assessment and decision-making processes (E.
Willsteed et al., 2017; E. A. Willsteed et al., 2018). As offshore wind development increases
in scale and density, these limitations become more significantClick or tap here to enter text.,

potentially affecting the reliability of environmental assessments (E. Willsteed et al., 2017).

The United Kingdom (UK) has extensive experience with offshore wind development and has
developed approaches to environmental assessment that attempt to manage ecological
uncertainty through adaptive monitoring, data collection, and evolving assessment practices.
In addition, it has developed collaborative and strategic approaches, such as regional ecosystem
monitoring programs and research partnerships, which aim to improve understanding of

cumulative and large-scale environmental impacts through coordinated data collection and
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analysis (Joint Nature Conservation Committee, 2025; ORE Catapult, 2024). These approaches
reflect an evolving assessment practice that integrates new knowledge and supports adaptive

decision-making under ecological uncertainty.

Comparing these approaches with Danish EIA practices enables analysis of how different
regulatory systems structure, interpret, and operationalize ecological uncertainty. Given the
continued expansion of offshore wind in the Danish North Sea, there is a need to understand
better how ecological uncertainty is currently addressed within EIA practices and whether
alternative governance and assessment configurations offer transferable mechanisms for
improving epistemic robustness and decision-making (E. Willsteed et al., 2017; E. A. Willsteed
etal., 2018) .

1.2 Research Gap

Current literature on offshore wind energy primarily focuses on technical engineering,
economic costs, or broader environmental law, while studies that examine EIAs often treat
them as objective scientific tools for measuring environmental risks (Larsen, 2022). Likewise,
research on the Precautionary Principle (PP) and Decision-Making Under Deep Uncertainty
(DMDU) tends to remain highly conceptual, with limited attention to how these theories are
applied within real-world environmental assessment processes (Bourguignon, 2015; Marchau

et al., 2019).

The broader literature recognizes ecological uncertainty as a critical challenge in offshore wind
EIAs, particularly given the complexity of marine ecosystems and the rapid expansion of
offshore wind development. Considerable progress has been made in identifying the sources,
types, and implications of ecological uncertainty, as well as in developing tools and
frameworks to address it. However, ecological uncertainty remains inconsistently and
inadequately operationalized in practice, with existing approaches often fragmented, lacking
integration into a unified framework, and constrained by data and monitoring limitations that
affect model reliability and ecological assessment (Clark et al., 2022; Haase et al., 2025; Miller
et al., 2025; Oh et al., 2021; Searle et al., 2025; Sun et al., 2026; Veronez et al., 2026).

A further gap exists in understanding how governance structures shape the practical
management of uncertainty. Existing research provides limited comparative analysis of how
different national planning systems influence the implementation of environmental assessment
theories and uncertainty management practices (Aeri Choi, 2025; Guerra, 2016; Oh et al., 2021;

Tran, 2025). Specifically, the literature does not adequately address how developer-led systems,

2
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such as the UK, and state-led systems, such as Denmark, influence the way ecological
uncertainty is assessed, interpreted, and incorporated into technical EIA documentation and

decision-making processes (O’Hagan, 2024)

By comparing the technical data models, assessment methodologies, and coding practices used
within these two contrasting institutional contexts, this thesis addresses the gap between
conceptual understandings of ecological uncertainty and their practical implementation in
offshore wind permitting. In doing so, it explores whether current approaches support
integrated, transparent, and effective uncertainty management, or whether they primarily
function as administrative mechanisms that facilitate project approval rather than ecological

accuracy.

1.3 Research Questions

Despite the increasing use of offshore wind energy as a key component of the energy transition,
ecological uncertainty remains a persistent challenge in EIA processes. This study therefore
investigates how ecological uncertainty is addressed within offshore wind EIAs in Denmark
and the UK and examines the differences that emerge in assessment practices between the two

countries. The main research question is:

How is ecological uncertainty addressed in Environmental Impact Assessments for offshore
wind projects in the United Kingdom and Denmark, and what differences emerge in the

assessment practices?
To answer the main research question, three sub-questions were formulated:

1. How is ecological uncertainty defined and conceptualized in EIA literature?

2. What methods are used in UK offshore wind EIAs to assess and manage ecological
uncertainty?

3. What limitations exist in current approaches, and how are these relevant to Danish EIA

practice?

1.3.1 Validation of the Research Question

The main research question is valid and relevant for both environmental policy and the
renewable energy industry. This research question is valid because ecological uncertainty is a
primary source of delay and legal conflict in offshore wind leasing (O’Hagan, 2024). If
regulators and developers do not understand how different planning systems handle scientific

unknowns, they cannot build efficient frameworks. By exploring how uncertainty is
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conceptualized and managed, this question helps identify why certain planning models lead to
data inflation and legal disputes, while others create hidden risks (Garnett & Parsons, 2017;
Larsen, 2022). Therefore, answering this question provides essential insights for improving

EIA effectiveness during an accelerating global energy transition.

1.5 Outline of Analytical Framework

To answer the research questions systematically, this thesis applies an analytical framework

built on qualitative document analysis and comparative case study methods.

The framework consists of four steps. First, a dual-lens theoretical framework combining the
PP and DMDU theory establishes how uncertainty should ideally be managed (Bourguignon,
2015; Marchau et al., 2019). Second, the framework is applied to the EIAs and technical
appendices of four offshore wind projects: Thor and Kriegers Flak in Denmark, and Dogger
Bank and Norfolk Boreas in the UK (Aeri Choi, 2025; O’Hagan, 2024). Third, the documents
are analyzed using six codes: Hidden/Under-acknowledged Uncertainty (C1), Over-Reliance
on Precaution (C2), Potential Over/Underestimation of Impacts (C3), Decision-Relevance of
Uncertainty (C4), Transferability Issues (C5), and Reductionism/Oversimplification (C6).
Finally, findings from Denmark's state-led system and the UK's developer-led system are
compared to explore how institutional structures shape the handling of ecological uncertainty

(Aeri Choi, 2025; Larsen, 2022).

1.6 Scope

The scope of this project is defined to ensure a deep analysis within the limits of a master's

thesis.

e Geographical: The study focuses exclusively on two North Sea jurisdictions: Denmark
and the UK. Other emerging offshore wind markets are excluded because Denmark
serves as the primary analytical base, while the UK provides a complementary
comparison and offers immediate accessibility through English-language
documentation.

e Ecological and Environmental: The analysis is delimited to a specific set of
environmental and socio-economic receptors that represent the primary drivers of
ecological uncertainty in offshore wind planning. This includes marine mammals, such
as harbor porpoises, and seabirds. It also extends to fish populations, marine fish
spawning habitats, and benthic ecosystems such as sand eel habitats. Beyond biological

receptors, the scope encompasses material, socio-economic, and cultural factors

4
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directly impacted by wind farm footprints, specifically commercial fishing vessel
displacement and marine archaeology. Other broader environmental impacts, such as
onshore cultural heritage or general socio-economic factors not related to maritime
industries, are excluded. These specific receptors were chosen because they are highly
protected by regional laws and represent the main areas where scientific data gaps,
modeling sensitivities, and legal challenges occur during the permitting process.

e Data Access Limitation: The study only includes offshore wind projects that have
fully completed, publicly available EIA documentation. The empirical data corpus is
restricted to four specific cases: Dogger Bank and Norfolk Boreas in the UK, alongside
Thor and Kriegers Flak in Denmark. Projects with private, confidential, or non-
disclosed regulatory files are excluded from the scope. While less transparent projects
might handle ecological uncertainty differently, the boundary conditions of this

research design restrict the analysis to verifiable public documentation.
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Chapter 2
LITERATURE REVIEW

2.1 State-of-the-Art

2.1.1 Ecological Uncertainty in Environmental Assessment

2.1.1.1 Definitions and Conceptual Foundations

Ecological uncertainty in EIA literature and environmental assessment is understood as a
complex issue arising from limits in knowledge, data gaps, and natural variability in ecological
systems. It includes epistemic uncertainty, which relates to incomplete knowledge such as
uncertainties in model structure, parameters, and measurements, and aleatory uncertainty,
which reflects natural variability and randomness in environmental processes (Bromwich et al.,
2025; Sahlin et al., 2021). Uncertainty can also be described as direct uncertainty, linked to
variability in predictions, and indirect uncertainty, which concerns the strength and
completeness of the knowledge supporting those predictions. These distinctions are important
for understanding and communicating confidence in environmental risk assessments (ERA)

and decision-making (Bromwich et al., 2025; Sahlin et al., 2021).

Ecological uncertainty also arises from linguistic ambiguity, such as different definitions of
biodiversity, and from decision-based choices, including how data is categorized and which
methods are applied. It occurs across multiple stages of assessment processes, including Life
Cycle Assessment (LCA), from data collection to the selection of biodiversity indicators,
making results more difficult to interpret and communicate (Bromwich et al., 2025; Sahlin et
al., 2021). In addition, uncertainty is closely linked to the quality and relevance of
environmental data, which is evaluated through criteria such as sampling methods, analytical

performance, and data handling (Bromwich et al., 2025; Sahlin et al., 2021)

In Life Cycle Impact Assessment (LCIA), ecological uncertainty is further influenced using
policy-based target values for weighting environmental impacts. Methods such as the
ecological scarcity method (ESM) aim to reduce interpretation uncertainty, while Monte Carlo
simulations are used to test the robustness of results under uncertain inputs (Lewerenz et al.,
2024; Sahlin et al., 2021). In environmental risk assessment, Bayesian networks (BNs) help

distinguish between aleatory and epistemic uncertainty, but they cannot fully capture all
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uncertainties and often need to be combined with other approaches (Lewerenz et al., 2024;

Sahlin et al., 2021).

In participatory and climate-related contexts, ecological uncertainty is addressed through
qualitative models, probabilistic forecasts, and DMDU. These approaches integrate stakeholder
input and explore future scenarios to support more robust decisions (Merino-Benitez,

Bojorquez-Tapia, et al., 2024; Merino-Benitez, Grave, et al., 2024; Reggiani et al., 2021).

Overall, ecological uncertainty is a multifaceted concept involving data limitations, model
assumptions, value-based choices, and natural variability, requiring transparent
communication and appropriate methods for decision-making (Bromwich et al., 2025; Hladik
et al., 2024; Lewerenz et al., 2024; Merino-Benitez, Bojorquez-Tapia, et al., 2024; Merino-
Benitez, Grave, et al., 2024; Reggiani et al., 2021; Sahlin et al., 2021).

2.1.1.2 Types of Ecological Uncertainty

Ecological uncertainty in offshore wind farm (OWF) development in regions such as Denmark
and the UK can be understood through several key types, which reflect both knowledge
limitations and natural variability. These include epistemic and aleatory uncertainty, as well as

model and data uncertainty, all of which influence the assessment of ecological impacts.
1. Epistemic and Aleatory Uncertainty

A fundamental distinction is between epistemic and aleatory uncertainty. Epistemic uncertainty
arises from incomplete knowledge or limited understanding of systems, such as uncertainties
in environmental impacts, model parameters, or ecosystem interactions. This type of
uncertainty can be reduced through improved data collection, monitoring, and model
development. In contrast, aleatory uncertainty refers to natural variability and randomness in
systems, such as fluctuating environmental conditions or unpredictable ecological responses.
This type of uncertainty cannot be eliminated, but can be described using statistical approaches

(Zitrou et al., 2022).

Methods such as marked point process models, originally developed to assess OWF
performance, separate these two types of uncertainty by modeling events such as system
failures and recovery. While primarily technical, this framework is useful for ecological
applications, as it helps distinguish between reducible knowledge gaps and inherent

environmental variability (Zitrou et al., 2022).

2. Model Uncertainty
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Model uncertainty refers to limitations in the structure, assumptions, and conceptual design of
models used to simulate ecological processes. Different model structures or assumptions can
produce very different predictions, especially when applied beyond the data used for calibration.
In the context of OWFs, this includes uncertainties in how seabird behavior, displacement, or
ecosystem interactions are represented in ecological models (Buckingham et al., 2026; Hajberg

& Refsgaard, 2005).

For example, individual-based models used for seabirds simulate movement, behavior, and
interactions with wind farms. However, due to limited empirical knowledge, key processes
such as energy use and mortality are often modeled across multiple scenarios, reflecting

uncertainty in both ecological understanding and model structure (Buckingham et al., 2026).
3. Data Uncertainty

Data uncertainty arises from incomplete, imprecise, or missing empirical data used to inform
models and assessments. In offshore wind EIAs, this is particularly evident in seabird studies,
where important parameters such as flight height are poorly documented. While some variables,
such as flight speed or nocturnal activity, are better understood, gaps in critical data reduce the

accuracy of collision risk models (CRMs) and overall impact predictions (Miller et al., 2025) .

These data limitations directly affect the reliability of ecological assessments and highlight the

need for improved monitoring and data collection.
Overall, ecological uncertainty in offshore wind development is a combination of:

a) Epistemic uncertainty (reducible knowledge gaps),
b) Aleatory uncertainty (irreducible natural variability),
¢) Model uncertainty (assumptions and structural limitations), and

d) Data uncertainty (limited or missing empirical information).

These types are interconnected and collectively influence the accuracy and reliability of
ecological impact assessments. Addressing them requires improved data collection, transparent
modeling approaches, and flexible frameworks that can incorporate new knowledge over time

(Buckingham et al., 2026; Hojberg & Refsgaard, 2005; Miller et al., 2025; Zitrou et al., 2022).

2.1.2 Ecological Uncertainty in Offshore Wind Development

Offshore wind development increases ecological uncertainty due to the complex and dynamic

nature of marine ecosystems, as well as the introduction of new environmental and socio-
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ecological pressures. Marine ecosystems are highly variable across space and time, and OWFs
add further complexity through their construction, operation, and interaction with existing
ecosystem processes. The ecological impacts of OWFs differ across species and habitats. For
example, construction phases often have negative effects, while operational phases may
produce both positive and negative outcomes depending on site-specific conditions. This
variability makes it difficult to predict ecosystem responses, particularly in shelf sea regions

such as those around Denmark and the UK (Watson et al., 2024).

OWFs also create spatial and temporal data gaps. For instance, they can restrict access to areas
used for fishery surveys, reducing the accuracy of stock assessments and affecting the
representation of species abundance. Differences in species traits, such as mobility and life
history, further influence the level of uncertainty (Sun et al., 2026). At the same time, current
monitoring systems face important limitations, including limited spatial and temporal coverage,
weak integration across data sources, and restricted real-time data access. These gaps reduce

the reliability of environmental assessments (She et al., 2023).

The North Sea, which includes waters around Denmark and the UK, is a highly used marine
area with multiple human pressures. The cumulative impacts of OWFs vary across space and
time, with some areas experiencing concentrated effects and other more dispersed impacts.
This spatial heterogeneity makes it more difficult to assess ecosystem-level changes and

manage offshore wind development effectively (Gusatu et al., 2021).

Interactions between OWFs and other marine activities, such as fisheries, further increase
uncertainty. OWFs may displace fishing activities or attract fish to turbine structures, leading
to changes in ecosystem dynamics. These interactions are difficult to predict, especially when
combined with climate change, which also affects species distribution and ecosystem
functioning. Although integrated models are being developed to assess these combined effects,

they still face significant knowledge gaps (Trifonova et al., 2025; Warlick et al., 2025).

Current knowledge is still limited, with a large proportion of OWF impacts on ecosystem
services remaining unclear. There is also a lack of research on decommissioning and floating
wind structures in deeper waters, which are important for future offshore wind development.

These gaps contribute further to ecological uncertainty (Watson et al., 2024).

2.1.2.1 Sources of Ecological Uncertainty in Offshore Wind

Ecological uncertainty arises from multiple, interrelated sources:
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1. Ecosystem-level uncertainty: Uncertainty in how OWFs affect primary production,
trophic interactions, and overall ecosystem functioning, especially at large spatial scales
(Isaksson et al., 2025).

2. Social-ecological uncertainty: Uncertainty from interactions with human activities,
such as fisheries, and climate-driven changes in species distribution (Trifonova et al.,
2025; Warlick et al., 2025).

3. Benthic uncertainty: Difficulty in assessing impacts on seabed communities due to
complex biological traits and limited data (Bolam et al., 2026).

4. Species-specific uncertainty: Limited data on species behavior, particularly bird flight
patterns and collision risks, which affect impact predictions (Green-Tkacenko et al.,
2025; Miller et al., 2025).

Overall, offshore wind development increases ecological uncertainty by creating data gaps,
introducing complex and interacting ecosystem pressures, and requiring integrated, multi-scale,
and species-specific approaches to environmental assessment (Bolam et al., 2026; Green-
Tkacenko et al., 2025; Gusatu et al., 2021; Isaksson et al., 2025; She et al., 2023; Sun et al.,
2026; Trifonova et al., 2025; Warlick et al., 2025; Watson et al., 2024).

2.1.2.2 Ecological Uncertainty in Offshore Wind: Avoidable or Unavoidable?

Ecological uncertainty in offshore wind development is generally considered unavoidable due
to the complexity of marine ecosystems and the multiple interacting pressures involved. OWFs
introduce stressors such as habitat change, noise, and altered fishing patterns, which interact

with climate change and natural variability (Huang et al., 2025; Isaksson et al., 2025).

The complexity of shelf sea ecosystems requires multi-scale and multi-species approaches, but
uncertainty cannot be fully eliminated. Natural variability in ecological indicators further

complicates impact detection, making long-term monitoring essential (Methratta, 2025).

Modeling tools help simulate impacts but remain limited by data gaps and uncertainties in
system representation. Spatial variability also means that uncertainty differs across regions and

ecological components (Bolam et al., 2026; Huang et al., 2025).

Thus, uncertainty must be managed rather than eliminated through adaptive research, improved
data, and flexible decision-making frameworks (Bolam et al., 2026; Huang et al., 2025;
Isaksson et al., 2025; Methratta, 2025).

2.1.3 Implications of Ecological Uncertainty for EIA

10
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2.1.3.1 Challenges that Uncertainty Poses for EIA Decision-Making in Offshore Wind
Uncertainty creates major challenges for EIA decision-making in Denmark and the UK,
especially for protected marine birds. Complex ecological processes are difficult to quantify,
and current methods often fail to measure uncertainty robustly. This leads to precautionary

decisions and reduced confidence in assessments (Searle et al., 2025).

The lack of integrated uncertainty assessment across EIA stages reduces reliability. Qualitative
and case-specific approaches also limit comparisons across projects, making it harder to

prioritize impacts (Tzioutziou et al., 2025).

Although data-driven tools can support analysis, they cannot replace human judgment.
Decision-making still requires balancing ecological, social, and economic factors under

uncertainty (Nay et al., 2021).

2.1.3.2 Representing and Communicating Ecological Uncertainty in EIAs of Offshore Wind
EIAs in Denamrk and the UK often struggle to represent and communicate ecological
uncertainty clearly. In particular, uncertainty in bird impact assessments is not fully quantified,

which reduces confidence in decision-making (Searle et al., 2025).

There is also limited transparency in how significance is defined and how uncertainty is
reported. Environmental Impact Statements (EISs) often do not clearly distinguish between
facts, assumptions, and expert judgment. This limits stakeholder participation and reduces

transparency (Veronez et al., 2026).

Seabird vulnerability assessments further highlight uncertainty due to data gaps and sampling

bias. These assessments require regular updates and more site-specific studies (Fauchald et al.,
2024).

Overall, improving EIA practice requires more transparent, integrated, and participatory
approaches to better quantify and communicate ecological uncertainty (Fauchald et al., 2024;

Searle et al., 2025; Veronez et al., 2026).

2.1.4 Frameworks for Addressing Ecological Uncertainty in Offshore Wind EIAs

2.1.4.1 Application of Uncertainty Classification and Ecosystem-Based Frameworks in
Offshore Wind EIAs

Uncertainty classification frameworks are increasingly applied in EIAs and ecological risk

assessments (ERAs) for OWFs in Denmark and the UK to address complex ecological

11
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interactions and data limitations. These frameworks aim to systematically identify, quantify,
and manage uncertainty across all stages of the assessment process, thereby improving the
reliability and transparency of decision-making (Searle et al., 2025). At the same time,
Ecosystem-Based Management (EBM) frameworks complement these approaches by
incorporating ecological complexity, cumulative impacts, and adaptive management into

offshore wind assessments (Clark et al., 2022).

A major challenge in EIAs is assessing impacts on protected marine species, especially birds.
These assessments involve interconnected processes such as behavior, energy use, and
population dynamics, which introduce high levels of uncertainty. Current methods often do not
quantify this uncertainty in a robust scientific way, leading to precautionary decisions and
reduced confidence in project approvals. To address this, end-to-end uncertainty frameworks
have been developed that integrate uncertainty estimates across all stages of assessment. These
approaches emphasize improved statistical modeling, enhanced data collection, and adaptive

assessment procedures to support more evidence-based decisions (Searle et al., 2025) .

Frameworks for Uncertainty Classification and Management

Several frameworks contribute to uncertainty classification and management in offshore wind
ElAs:
Statistical and End-to-End Uncertainty Frameworks
These frameworks integrate uncertainty across the entire assessment process, from data
collection to final decision-making. They improve consistency, transparency, and
communication of uncertainty (Searle et al., 2025).
1. Agent-Based Modeling (ABM)
Agent-based models analyze complex ecological and socio-environmental interactions.
Through sensitivity analysis, they identify the most significant and uncertain impacts
and allow comparison of alternative project options, providing a structured way to
manage uncertainty (Tzioutziou et al., 2025).
2. Ecological Vulnerability Indices
These frameworks assess species vulnerability based on traits such as sensitivity,
exposure, and resilience. They incorporate uncertainty within their structure and are
particularly useful for evaluating impacts on migratory birds and guiding targeted
monitoring strategies (Green-Tkacenko et al., 2025).

3. Bayesian Network (BN) Models

12
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Bayesian networks express uncertainty as probability distributions and integrate
multiple factors, including environmental variability, species sensitivity, and future
scenarios. They are valuable tools for decision-making under uncertain conditions and
are adaptable to offshore wind contexts (Mentzel et al., 2022).

Population Modeling Frameworks (e.g., Pop-GUIDE)

These frameworks guide ecological model development by balancing generality,
realism, and precision. They ensure alignment with assessment goals and available data
while explicitly accounting for uncertainty in model structure and parameters
(Raimondo et al., 2021).

Integrated Risk and Spatial Planning Frameworks (e.g., FARO)

These approaches link uncertainty analysis with operational risk assessment in marine
spatial planning. For example, the FARO framework translates climate uncertainty into
practical risk indicators for decision-making and is transferable to offshore wind EIAs
in Denmark and the UK (Paulo & Santos, 2025).

Knowledge Integration and Governance Frameworks

Uncertainty is also influenced by how knowledge is exchanged between scientists and
policymakers. Differences in timeframes, data use, and institutional roles can limit the
effective use of scientific evidence. Improved communication and collaboration can
reduce uncertainty and support adaptive and transparent decision-making (De Vries et

al., 2023).

Ecosystem-Based Management (EBM) and Complementary Frameworks

EBM frameworks provide a broader approach to managing ecological uncertainty in offshore

wind EIAs. EBM focuses on sustaining ecosystems by considering cumulative impacts across

ecosystem components, spatial and temporal complexity, and recovery processes. It requires

risk assessments that address multiple stressors and ecosystem values while explicitly

communicating uncertainty (Clark et al., 2022) .

Key EBM-related frameworks include:

1.

Cumulative Impact Assessment (CIA)

CIA frameworks evaluate the combined effects of multiple human activities on marine
ecosystems across space and time. By accounting for interactions between pressures
and ecosystem components, they improve the robustness of offshore wind EIAs and

strengthen the link between science and management (Morejon et al., 2025).

2. Scenario Analysis and Adaptive Management

13
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Adaptive management uses iterative planning processes that respond to ecological
feedback and uncertainty. Scenario analysis supports this by exploring possible future
conditions under different management strategies, improving decision-making under
uncertainty (Sander, 2023).
3. Performance Measure Frameworks

These frameworks use ecological, economic, and social indicators to evaluate the
effectiveness of management strategies and support trade-off analysis. They help
identify strengths and weaknesses in EBM implementation and guide adaptive

improvements (Haugen et al., 2025).

No single framework can address all aspects of ecological uncertainty. Therefore, a
combination of uncertainty classification tools and ecosystem-based approaches is
recommended to effectively manage uncertainty in offshore wind EIAs (Papadopoulou et al.,
2025).

Overall, the application of uncertainty classification and ecosystem-based frameworks in
offshore wind EIAs in Denmark and the UK reflects a shift toward more integrated, transparent,
and adaptive approaches. By combining statistical, ecological, and governance-based methods
with EBM principles, these frameworks make uncertainty more explicit and manageable. This
improves confidence in environmental assessments and supports more informed and balanced
decision-making in offshore wind development (Clark et al., 2022; Green-Tkacenko et al.,
2025; Haugen et al., 2025; Mentzel et al., 2022; Morejon et al., 2025; Papadopoulou et al.,
2025; Paulo & Santos, 2025; Raimondo et al., 2021; Sander, 2023; Searle et al., 2025;
Tzioutziou et al., 2025).

2.1.5 Approaches to Manage Ecological Uncertainty in EIA of OWFs

Managing ecological uncertainty in EIAs of OWFs in Denmark and the UK involves several
challenges related to how impacts are judged and how marine biodiversity is affected. One
important issue is that EIAs often do not clearly explain for whom the impacts are considered
significant. They also include limited input from local communities and social values. This
reduces participation in the process and may weaken how ecological uncertainty is managed
(Veronez et al.,, 2026). This shows the need for more context-based and participatory
approaches that clearly explain uncertainty and separate facts, assumptions, and expert

opinions in decision-making (Veronez et al., 2026).
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Ecological uncertainty is also connected to the combined effects of OWFs on species such as
seabirds. For example, studies on common guillemots in the southern North Sea show that
OWFs can cause large habitat loss due to disturbance. A disturbance zone of almost 20 km
around operating wind farms can affect a large part of the species’ habitat. These findings show
the importance of spatial planning and management strategies that use ecological data to reduce

impacts on biodiversity while also supporting renewable energy goals (Peschko et al., 2024).

In addition, the fast expansion of OWFs creates challenges for scientific monitoring, such as
fish stock assessments. Restricted access to OWF areas and changes in habitats can affect data
collection and create bias in long-term datasets. This makes it harder to assess ecological
impacts and increases uncertainty in environmental evaluations. To address this, survey
methods and monitoring systems need to be adapted to ensure reliable data collection as OWFs

continue to expand (Haase et al., 2025).

Although not directly focused on ecological uncertainty, some modeling approaches that deal
with epistemic uncertainty in OWF performance can support risk management. These
approaches help measure uncertainties related to design and operation and may indirectly
improve environmental decision-making by providing better predictions of OWF impacts

(Zitrou et al., 2022).

Overall, managing ecological uncertainty in OWF EIAs in Denmark and the UK requires better
participatory approaches for determining significance, inclusion of cumulative ecological
effects in spatial planning, and improved monitoring methods to ensure reliable data as offshore

wind development increases (Haase et al., 2025; Peschko et al., 2024; Veronez et al., 2026).

2.1.6 Managing Ecological Uncertainty in Offshore Wind EIAs: Denmark and the UK

Managing ecological uncertainty in EIAs of OWFs in Denmark and the UK involves challenges
related to significance determination, ecological impacts, monitoring limitations, and
governance frameworks. These challenges reflect both methodological gaps and the

complexity of marine ecosystems.
1. Challenges in Significance Determination and Participation

A key issue in EIAs is the lack of clarity about for whom impacts are considered significant.
Assessments often include limited input from local communities and social values, which
reduces participation and may weaken the management of ecological uncertainty. This

highlights the need for more context-sensitive and participatory approaches that clearly
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communicate uncertainty and distinguish between facts, assumptions, and expert judgments

(Veronez et al., 2026).
2. Cumulative Ecological Impacts and Spatial Planning

Ecological uncertainty is strongly linked to the cumulative effects of OWFs on marine species.
For example, studies on common guillemots in the southern North Sea show that OWFs can
lead to significant habitat loss due to disturbance, with impact zones extending up to 20 km
from turbines. These findings emphasize the importance of spatial planning and management
strategies that incorporate ecological data to reduce biodiversity impacts while supporting

renewable energy development (Peschko et al., 2024).
3. Monitoring Challenges and Methodological Improvements

The rapid expansion of OWFs creates challenges for ecological monitoring, including fish
stock assessments. Restricted access to OWF sites and habitat changes can bias long-term
datasets, making it harder to assess impacts and increasing uncertainty. This requires
adaptations in survey design and monitoring systems to ensure reliable data collection (Haase

et al., 2025).

Traditional monitoring approaches such as the before—after—control-impact (BACI) design
have limitations, as they rely on control sites and simple comparisons. As an alternative, the
before—and—after gradient (BAG) design samples along distance gradients from turbines and
can better capture spatial patterns, improve statistical power, and reduce uncertainty (Methratta,

2020)
4. Methodological Approaches to Managing Uncertainty

Several methodological tools support the assessment and management of ecological
uncertainty:
a) Agent-Based Modeling (ABM)
This approach analyzes complex ecological and socio-environmental interactions and
uses sensitivity analysis to identify the most significant and uncertain impacts. It also
supports comparison of alternative project options (Tzioutziou et al., 2025).
b) Modeling of Epistemic Uncertainty
Approaches that quantify uncertainty in OWF design and operational performance can
support risk management. While not directly ecological, they improve predictions and

indirectly support environmental decision-making (Zitrou et al., 2022).
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5. Governance and Risk Assessment Frameworks

Governance and regulatory systems for offshore wind development face challenges due to
limited experience and the difficulty of studying marine environments. Existing frameworks
are often not fully adapted to manage uncertainty, which can slow approval processes and affect
investment. Improvements are needed through evolving legal frameworks, integration of policy

instruments, and adaptive governance approaches (Guerra, 2016).

From a risk assessment perspective, there is a need for flexible systems that consider a range
of possible outcomes rather than simple thresholds. Recommended approaches include:
a) Using ecosystem services as a common framework for evaluating impacts
b) Considering multiple stressors and cumulative effects
c) Involving stakeholders, including communities and decision-makers, throughout the
process
These strategies improve transparency and incorporate social, economic, and ethical

considerations into uncertainty management (Selck et al., 2017).

Overall, managing ecological uncertainty in offshore wind EIAs in Denmark and the UK

requires:

a) More participatory and transparent approaches to significance determination
b) Integration of cumulative ecological effects into spatial planning

c) Improved monitoring methods and survey designs

d) Use of advanced modeling tools to assess complex interactions

e) Adaptive and flexible governance frameworks

Together, these approaches address the complexity of marine ecosystems and improve the
reliability and effectiveness of environmental assessments in offshore wind development
(Guerra, 2016; Haase et al., 2025; Methratta, 2020; Peschko et al., 2024; Selck et al., 2017,
Tzioutziou et al., 2025; Veronez et al., 2026; Zitrou et al., 2022).

2.1.7 Limitations of Current Approaches to Ecological Uncertainty in Offshore Wind
EIAs

Current approaches to managing ecological uncertainty in offshore wind EIAs in Denmark and
the UK face several important limitations related to data, modeling, and governance. These

limitations reduce the ability of EIAs to fully capture and manage ecological uncertainty.

1. Imbalance between climate and ecological uncertainty
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One key limitation is that scenario development methods mainly focus on climate-

related uncertainty, while giving less attention to ecological responses. This can

overlook the complexity and variability of ecosystems and lead to weak predictions of
unexpected ecological changes. As a result, it becomes difficult for managers to detect

early ecosystem shifts and take timely action (Clark-Wolf et al., 2025).

2. Data gaps and monitoring constraints

Ecological uncertainty is strongly affected by spatial and temporal data gaps. Offshore

wind development can restrict access to monitoring sites, particularly for fish

populations and other ecological indicators, thereby fish populations and other
ecological indicators, reducing the accuracy of abundance estimates used in EIAs

(Kinneging, 2024; Sun et al., 2026). In addition, incomplete environmental data, such

as risks from unexploded ordnance (UXO), further limits accurate impact predictions,

particularly for marine mammals (Kinneging, 2024; Sun et al., 2026). Although
modeling approaches can help fill missing data, they often produce higher uncertainty
within wind farm areas and do not perform equally well across species with different
life histories (Sun et al., 2026). These issues make it more difficult to assess ecological
impacts and predict long-term environmental changes (Sun et al., 2026).
3. Limitations in impact modeling approaches

There are also limitations in how ecological impacts are modeled (Nascimento et al.,

2025):

a) Earlier models have often simplified key pressures such as noise and vibration.

b) Recent tools, such as the MSP Challenge Simulation Platform, now include more
detailed categories (e.g., impulsive and continuous noise, seabed vibrations, air
disturbance), showing that previous approaches may have underestimated impacts.

c) Despite improvements, uncertainties remain in linking human pressures to

ecosystem responses.

This highlights ongoing challenges in accurately representing ecological processes in

ElAs.

4. Procedural and governance challenges
Legal, institutional, and procedural factors also contribute to ecological uncertainty:
a) There is limited integration between Marine Spatial Planning (MSP) and EIA

processes, which reduces coordinated environmental management (Tran, 2025).
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b) Regulatory frameworks are often not fully adapted to handle uncertainty, partly due
to limited practical experience in offshore environments (Tran, 2025).

c) Permitting processes can be complex and may lack detailed early-stage
investigations, especially regarding impacts on fisheries and marine species (Oh et
al., 2021).

These governance gaps can slow decision-making and reduce the effectiveness of

environmental assessments (Oh et al., 2021; Tran, 2025).

5. Overall implications for EIA effectiveness

Across these areas, ecological uncertainty remains a significant issue due to:

a) incomplete and uneven environmental data,

b) evolving but still imperfect modeling methods,

c) and fragmented legal and procedural frameworks.

Together, these limitations reduce the reliability of ecological risk assessments and

make it more difficult to predict and manage the environmental impacts of offshore

wind development in Denmark and the UK (Clark-Wolf et al., 2025; Kinneging, 2024;

Nascimento et al., 2025; Oh et al., 2021; Sun et al., 2026; Tran, 2025).

2.1.8 SOTA Synthesis and Research Gap

The SOTA literature on ecological uncertainty in offshore wind EIAs, particularly in Denmark
and the UK, shows that ecological uncertainty is widely recognized as a central challenge.
However, despite significant conceptual and methodological developments, important gaps

remain in how this uncertainty is systematically understood, quantified, and applied in practice.
1. Conceptual Recognition but Fragmented Application

The literature clearly establishes ecological uncertainty as a multi-dimensional concept. It
includes epistemic uncertainty, which arises from incomplete knowledge and can be reduced
through improved data and modeling, and aleatory uncertainty, which reflects natural
variability and cannot be eliminated. In addition, model uncertainty and data uncertainty further
shape how ecological impacts are assessed, particularly in relation to seabirds, fish populations,
and benthic ecosystems (Buckingham et al., 2026; Hojberg & Refsgaard, 2005; Miller et al.,
2025; Zitrou et al., 2022).

Although these classifications provide a strong theoretical foundation, their application in EIAs
remains inconsistent. Different studies and frameworks address specific types of uncertainty,

but there is no unified or standardized approach that integrates these categories across the full
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assessment process. As a result, uncertainty is often treated in a fragmented way rather than as

a coherent and structured component of decision-making (Searle et al., 2025).
2. Advances in Methods but Limited Integration

A wide range of methodological approaches have been developed to address ecological
uncertainty in offshore wind contexts. These include:
a) Statistical and end-to-end uncertainty frameworks aim to quantify uncertainty
across all stages of EIAs (Searle et al., 2025).
b) Agent-based models analyze complex ecological and socio-environmental interactions
(Tzioutziou et al., 2025).
c) Bayesian networks, which represent uncertainty probabilistically and support
decision-making under variable conditions (Mentzel et al., 2022).
d) Ecological vulnerability indices, which assess species sensitivity, exposure, and
resilience (Green-Tkacenko et al., 2025).
e) Population modeling frameworks, which balance realism and data availability
(Raimondo et al., 2021).
f) Monitoring innovations, such as the shift from BACI to BAG designs, to better
capture spatial ecological effects (Methratta, 2020).
In parallel, EBM approaches, including cumulative impact assessment (CIA), scenario analysis,
and adaptive management, aim to provide more holistic and integrated ways to deal with
ecological complexity and uncertainty (Clark et al., 2022; Haugen et al., 2025; Morejon et al.,
2025; Papadopoulou et al., 2025; Sander, 2023).

Despite these advances, a key limitation is the lack of integration between these tools. Most
approaches are applied in isolation or within specific stages of EIAs. There is limited evidence
of fully integrated frameworks that combine statistical, ecological, and governance-based
methods into a single operational system. This reduces their overall effectiveness in addressing

uncertainty in a comprehensive manner (Searle et al., 2025; Tzioutziou et al., 2025).
3. Persistent Data and Knowledge Gaps

The literature consistently highlights significant data limitations as a major source of ecological

uncertainty. These include:

a) Spatial and temporal gaps in ecological data, especially for fish populations and

seabirds (Haase et al., 2025; Sun et al., 2026).
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b) Limited data on key behavioral parameters, such as flight height for collision risk
models (Miller et al., 2025).
c) Restricted access to offshore wind farm areas, which affects long-term monitoring and
creates bias in datasets (Haase et al., 2025).
d) Incomplete environmental information, such as risks related to unexploded ordnance
(UXO) (Kinneging, 2024).
Although modeling approaches attempt to address these gaps, they often introduce additional
uncertainty, particularly when applied across species with different ecological traits. No single
model performs consistently well across all contexts, which limits the reliability of long-term

predictions (Sun et al., 2026).
4. Challenges in Representing Complex Ecological Systems

Marine ecosystems in the North Sea and surrounding regions are highly dynamic and
influenced by multiple interacting factors, including climate change, fisheries, and offshore
wind development. The impacts of offshore wind farms vary across species, habitats, and
project phases, with both positive and negative effects observed (Isaksson et al., 2025; Watson

et al., 2024).

However, current EIA approaches struggle to fully capture this complexity. Scenario
development methods often focus more on climatic uncertainty than on ecological variability
(Clark-Wolfet al., 2025). Similarly, earlier modeling approaches have simplified key pressures
such as noise and vibration, although recent improvements attempt to address this limitation

(Nascimento et al., 2025).

In addition, cumulative effects, such as habitat displacement and ecosystem-level interactions,
remain difficult to assess. While frameworks like CIA aim to address these challenges, their
practical implementation is still evolving (Morejon et al., 2025). This limits the ability of EIAs

to provide accurate and comprehensive representations of ecosystem responses.
5. Governance and Decision-Making Limitations

Beyond technical and data-related challenges, governance and institutional factors play a
significant role in shaping ecological uncertainty. Key issues include:
a) Limited integration between Marine Spatial Planning (MSP) and EIA processes (Tran,
2025).
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b) Underdeveloped regulatory frameworks that are not fully adapted to manage
uncertainty (Guerra, 2016).

c¢) Complex permitting procedures that lack detailed early-stage ecological assessments
(Oh et al., 2021).

d) Weak communication of uncertainty, including unclear definitions of impact
significance and limited distinction between data, assumptions, and expert judgment
(Veronez et al., 2026).

e) Insufficient inclusion of community perspectives and social values in decision-making
(Veronez et al., 2026).

These challenges reduce transparency and hinder the effective use of scientific knowledge in
policy and planning. They also contribute to precautionary decision-making, which may not

always be supported by robust evidence (Searle et al., 2025).

2.2 State-of-Practice: Offshore Wind EIA Systems

The legal and regulatory frameworks governing EIAs for OWFs in Denmark and the UK are
shaped by a distinct combination of national legislation, European directives, and evolving
administrative practices. These frameworks define how environmental impacts are assessed,

managed, and integrated into final decision-making processes.

While both nations operate under overarching European environmental principles, such as the
EU EIA Directive, their practical methodologies, consenting procedures, institutional
structures, and philosophical approaches to marine spatial planning reveal fundamental

differences in how they manage uncertainty and risk.

2.2.1 Regulatory Frameworks and Consenting Pathways

2.2.1.1 The Danish Centralized "One-Stop-Shop'" Model

Denmark is widely recognized for its highly centralized, state-led planning mechanism, which
operates primarily through a "one-stop-shop" model managed by the Danish Energy Agency
(Energistyrelsen, or DEA).

1. Consolidated Licensing and Governance: The DEA acts as the central coordinating
authority, actively supervising environmental assessments and issuing a single
consolidated license that covers preliminary site investigations, construction
permissions, and electricity production (Kirong, 2019; Swedish Government Official

Reports, 2024).
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2. State-Led Risk Reduction: The Danish state assumes the primary responsibility for

site selection, maritime spatial planning, and preliminary environmental assessments
before a project tender is launched (Svensk Vindenergi, 2024). This approach
substantially reduces upfront development and environmental uncertainties for
developers, as the state establishes a binding Maritime Spatial Plan designating specific,
pre-assessed renewable energy zones (Swedish Government Official Reports, 2024).
Policy Orientation and Regulatory Options: Denmark’s regulatory context integrates
broader policy principles such as energy justice, transparent governance, protection of
community rights, and an emphasis on public participation and local acceptance (Aeri
Choi, 2025). However, the Danish regulatory environment also includes Regulatory
Real Options (RROs) held by state authorities, which introduce an additional layer of
investment uncertainty and control that developers cannot fully manage, potentially
reducing project financial valuations (Iniesta & Barroso, 2015).

Tendering Evolution: While Denmark historically maintained a developer-led,
unsolicited "open-door" application process, modern practice has transitioned almost
entirely to structured, government-led public tenders to manage grid connection limits

and spatial conflicts (Svensk Vindenergi, 2024).

2.2.1.2 The UK Developer-Led Model

In contrast to the centralized Danish system, the UK utilizes a decentralized, developer-led

model where private developers identify suitable development zones within designated seabed

regions leased by The Crown Estate.

1.

The Development Consent Order (DCO) Process: For large-scale offshore wind
developments, specifically those with capacities exceeding 100 Megawatts (MW),
projects are legally classified as Nationally Significant Infrastructure Projects (NSIPs)
under the Planning Act 2008. Developers must navigate a highly structured process
including pre-submission stages (screening and scoping), the preparation and quality
control of Environmental Impact Statements (EIS), and formal post-submission review
and decision-making procedures (Dibo et al., 2025; Glasson et al., 2013; O’Hagan,
2024).

The Analytical Burden on Developers: Because site identification and detailed
environmental investigations are carried out by the developer rather than pre-packaged
by the state, the UK consenting process places a much heavier analytical and financial

burden on the project applicant to prove environmental acceptability. Legal challenges
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over time have subsequently strengthened the role of these EIAs, ensuring their deep
integration into planning and approval processes (Dibo et al., 2025; Glasson et al.,
2013).

3. Multi-Layered Marine Planning: The UK framework incorporates Strategic
Environmental Assessment (SEA), permitting processes, and Marine Spatial Planning
(MSP) under the Marine and Coastal Access Act 2009, alongside obligations from the
Marine Strategy Framework Directive, to manage marine activities in an integrated way

(Soria-Rodriguez, 2020; Woolley, 2015).

2.2.2 EIA Practice and Methodologies

Although both nations share a common EIA structure (e.g., baseline environmental studies,
report preparation, identification of mitigation measures, and public consultation), some

differences in scope and in the application of baseline data exist (O’Hagan, 2024).

2.2.2.1 Parameterization and the Rochdale Envelope

A core component of the UK's state-of-practice in EIA design is the "Rochdale Envelope"
principle. Because offshore wind technology evolves rapidly between the initial planning phase
and actual procurement, developers rarely specify the exact turbine model, foundation

dimensions, or layout in their initial application (The Planning Inspectorate, 2018).

Instead, the EIA must establish a "Maximum Design Scenario" (MDS) that defines a boundary
of maximum potential physical impacts, such as the maximum possible hammer energy for pile
driving or the largest physical seabed footprint, to ensure that the final constructed parameters
do not exceed the assessed impacts (FOREWIND, 2014a; Vattenfall AB, 2019n). While this
legal framework provides developers with crucial commercial flexibility, it frequently results
in highly conservative assessments that risk overestimating physical environmental impacts to

guarantee regulatory compliance.

2.2.2.2 Baseline Data Gaps and the Use of Proxy Data

The collection of empirical baseline data presents a major practical challenge in offshore EIA
development. In UK practice, when site-specific data collection is limited by seasonal
constraints, logistical issues, or harsh marine environments, developers frequently utilize
"proxy data" borrowed from neighboring wind developments (FOREWIND, 2014a; The
Planning Inspectorate, 2018).
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For example, during the environmental characterization of the offshore cable corridor for the
Norfolk Boreas project, the developer relied on benthic grab samples and sediment
contamination data gathered from the adjacent Norfolk Vanguard project as a representative
proxy (Vattenfall AB, 2019¢c, 2019j). Similarly, the Dogger Bank EIA relied on historical
regional datasets dating back to the 1990s to supplement local benthic surveys (FOREWIND,
2014d).

In Denmark, the state-led model mitigates this baseline data gap to some extent by providing
pre-existing, regional SEAs for tendered areas, though developers still must conduct project-
specific modeling for sensitive biological receptors (Svensk Vindenergi, 2024; Swedish

Government Official Reports, 2024).

2.2.2.3 National Variations in Assessment Scope

While the baseline methods are broadly aligned under European practices, variations in scope
exist. For example, the UK systematically incorporates additional assessment components such
as Health Impact Assessments (HIA), which extend the scope of evaluation beyond
environmental impacts alone (MORIMATSU, 2018). Denmark has extensive experience in
offshore wind development and applies environmental and health-related assessments in line
with broader European practices, though with different institutional pathways (MORIMATSU,
2018).

2.2.3 Institutional Coordination, Mitigation, and Monitoring Standards

To manage complex environmental interactions across multiple projects and spatial scales,
both frameworks rely on tiered assessment and mitigation tools, though their coordination and

enforcement remain a subject of ongoing debate.

2.2.3.1 Cumulative, Strategic, and Transboundary Assessments

1. Cumulative Impact Assessments (CIAs): Cumulative Impact Assessment (CIA) is a
key component of the offshore wind EIA framework, applying at both strategic and
project levels to manage complex environmental interactions across multiple projects
and spatial scales (Dibo et al., 2025; Woolley, 2015). These assessments are designed
to promote coordination between institutions, establish a clear allocation of
responsibilities, and facilitate stakeholder engagement to support more informed
decision-making and environmental governance (Dibo et al., 2025; Woolley, 2015).

2. Multi-Layered Assessments: In addition to the standard EIA, the UK framework

includes related assessments such as the Habitats Regulations Assessment (HRA),
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which focuses specifically on protected species and European-designated sites.
Together, these tools strengthen environmental evaluation (Dibo et al., 2025; Woolley,
2015).

Systemic Fragmentation and Enforcement Gaps: Within the broader European
context, offshore wind EIAs are guided by the EIA Directive, which requires the
consideration of key environmental factors during project assessment (Soria-Rodriguez,
2020). Evidence suggests that existing strategic planning and environmental assessment
tools are not always fully effective in preventing cumulative ecological harm, indicating
gaps in practical enforcement and coordination (Soria-Rodriguez, 2020; Woolley,

2015).

2.2.3.2 Mitigation and Monitoring Standards

Mitigation practices in both Denmark and the UK are heavily governed by the mitigation

hierarchy: avoid, reduce, and offset (Phalan et al., 2018).

1.

Precautionary Spatial and Operational Controls: To mitigate direct physical
impacts on sensitive marine archaeological features, both countries mandate the use of
Archaeological Exclusion Zones (AEZs) around known anomalies (Tarrant &
Mcmillan, 2017). For biological receptors, acoustic mitigation during foundation piling
is a key standard of practice. This involves utilizing Acoustic Deterrent Devices
(ADDs) and Passive Acoustic Monitoring (PAM) to clear an exclusion zone of marine
mammals before piling commences (FOREWIND, 2014f).

Operational Controls: "Soft-start" piling protocols, where the hammer energy is
gradually increased over a period of 20 to 30 minutes, are globally implemented to
allow marine life to swim away from the noise source before injurious sound levels are
reached (FOREWIND, 2014f). In highly sensitive mammal habitats, physical sound
barriers such as Big Bubble Curtains are frequently deployed to attenuate noise
propagation (Vattenfall AB, 20191).

Post-Consent Monitoring and Adaptive Management: Because EIA predictions are
based on theoretical modeling, the post-consent phase increasingly relies on adaptive
management frameworks to manage residual uncertainty. In the UK, developers are
required to submit draft In-Principle Monitoring Plans (IPMPs) and Project
Environmental Management Plans (PEMPs) as part of their DCO applications
(Vattenfall AB, 2019n). These documents commit developers to carrying out post-

construction monitoring, such as benthic recovery surveys or radar-based monitoring
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of seabird collision rates, to validate the assumptions made in the EIA and trigger

corrective operational adjustments if empirical impacts exceed the initial predictions.
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Chapter 3.
THEORIES

Decision-making in offshore wind energy developments is often affected by ecological
complexity, non-linearity, and limited data availability. As a result, EIAs for offshore wind
projects are rarely conducted under conditions of complete scientific certainty. This thesis,
therefore, explores how ecological uncertainty is interpreted and managed in offshore wind

EIAs in Denmark and the UK through two main theoretical perspectives: the PP and DMDU.

3.1 The Precautionary Principle (PP)

The primary theoretical lens of this thesis is the PP, which is a central concept in environmental
law and governance within the EU and the UK. The principle states that where there are threats
of serious or irreversible environmental damage, the lack of complete scientific certainty
should not delay cost-effective measures to prevent environmental harm (European
Commission, 2000). In contemporary environmental governance, the principle has evolved
beyond the simple idea of “better safe than sorry” and is now understood as a structured risk
management approach used under conditions of scientific complexity and uncertainty

(Bourguignon, 2015).

In this context, the principle also shifts the burden of proof toward those proposing potentially
harmful activities. In situations where scientific consensus is incomplete, developers and
decision-makers are expected to demonstrate that environmental risks are adequately managed
(Bourguignon, 2015). In offshore wind development, this principle guides regulatory
intervention during the consenting stage of projects, even when causal relationships between
stressors and ecological impacts are not fully understood. For example, uncertainty may remain
regarding the exact effects of pile-driving noise on marine species such as harbor porpoises

(Bourguignon, 2015).

Within this thesis, the PP is used to examine the issue of Over-reliance on Precaution (C2) in
offshore wind EIAs. In projects such as Dogger Bank and Norfolk Boreas, precaution is
operationalized through the use of the Rochdale Envelope, where developers assess “worst-
case scenarios” to satisfy legal and regulatory requirements under uncertainty (The Planning
Inspectorate, 2018). This approach is intended to ensure that environmental harm is not

underestimated during project approval processes.
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3.1.1 "Strong" vs. "Weak' Precautionary Interpretations

Academic discourse in the last decade has differentiated between "Strong" and "Weak"

versions of the principle, a distinction that is central to this thesis's comparative analysis:

1. Strong Precaution: Prioritizes environmental protection above all other considerations,
often requiring a "No-Regrets" approach. This is theoretically aligned with the Danish
centralized model, where the state-led planning process de-risks the environment before
commercial activity begins (Aeri Choi, 2025).

2. Weak Precaution: Incorporates a balancing act between environmental safety and
economic or technical feasibility. This version is more visible in the UK’s developer-
led system, where the Rochdale Envelope allows for flexibility while ensuring that a
"Maximum Design Scenario" is assessed to prevent unforeseen harm (The Planning

Inspectorate, 2018).

3.1.2 Proportionality and Precautionary Inflation

An important conceptual element of the PP is proportionality. The European Commission
emphasizes that precautionary measures should remain proportionate to the desired level of
environmental protection (De Smedt & Vos, 2022; European Commission, 2000). This thesis
uses the concept of proportionality to evaluate whether the current offshore wind EIA practices
have moved beyond reasonable precaution toward what can be described as “precautionary

inflation.”

Precautionary inflation occurs when multiple conservative assumptions are combined within
EIAs, leading to highly unrealistic predictions of ecological impacts. Although these
assumptions are intended to reduce uncertainty, they may increase project complexity and
regulatory burden without providing confirmed ecological benefits (Garnett & Parsons, 2017).
This raises important questions about whether current approaches achieve an appropriate

balance between environmental protection and renewable energy development.

3.2 Decision-Making Under Deep Uncertainty (DMDU)

Alongside the PP, this thesis applies the concept of DMDU as an analytical framework for
evaluating administrative and scientific practices in offshore wind EIAs and to address the
methodological gaps identified in the coding (M1-M4). Unlike traditional risk management,
which relies on predictable probability distributions, in this study, DMDU is applied when

stakeholders do not know or cannot agree upon the models that relate actions to consequences
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(Marchau et al., 2019). Deep uncertainty exists when decision-makers cannot confidently
predict ecological outcomes, agree on system behavior, or determine the probability of future
events due to limited knowledge and complex environmental interactions (Marchau et al.,

2019; Stanton & Roelich, 2021).

In this study, DMDU methods are relevant at building robust, flexible plans that address a range
of deep uncertainties, often using large scenario spaces and “monitor and adapt” approaches
rather than rigid “predict and act” methods. These enable virtual experimentation with
strategies to reduce societal impacts (Stanton & Roelich, 2021). Hence, this theory is critical
for analyzing Decision-Relevance (C4) in this thesis. It shifts the focus from finding a single
"optimal" project design to finding "robust" strategies that perform well across a range of
uncertain future scenarios. In the analysis of Thor and Kriegers Flak, DMDU theory helps
explain why certain uncertainties are documented as "Missing Knowledge" but often does not
change the final "significance" rating of an impact, as the decision-making system prioritizes

robustness and project continuity over scientific absolute certainty (Larsen, 2022).

In offshore wind development, DMDU is relevant because marine ecosystems involve
interconnected ecological processes, cumulative impacts, and incomplete datasets. Traditional
prediction-based approaches may therefore struggle to adequately address uncertainty. By
applying DMDU, this thesis explores how regulatory systems, assessment methods, and
scientific practices respond to uncertain ecological conditions in Denmark and the UK

(Marchau et al., 2019).

3.2.1 Robustness over Optimality

Building upon the challenges of deep uncertainty, the operational objective shifts from
identifying an 'optimal' solution based on predictable models to achieving 'robustness' across
multiple plausible futures, even if it is not the "perfect" solution for any single scenario (Larsen,
2022). This thesis uses this theory to evaluate the Decision-Relevance of Uncertainty (C4).
For instance, in the Thor case, uncertainties are acknowledged but often do not change the
"significance" rating because the decision-making system prioritizes the "robustness" of project

delivery over the resolution of every scientific unknown.

3.2.2 Adaptive Management and Post-Consent Learning

DMDU theory emphasizes that because the future is unpredictable, governance must be
iterative. This leads to the concept of Adaptive Management, where decisions are designed

to be modified as new data emerges. This is operationalized in the UK through In-Principle
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Monitoring Plans (IPMPs), which allow a project to proceed under the condition that
uncertainty will be managed through real-world monitoring during and after construction

(O’Hagan, 2024; Vattenfall AB, 2019n).

Together, the PP and DMDU provide the theoretical foundation for understanding how
ecological uncertainty is interpreted, operationalized, and managed within offshore wind EIAs.
The PP establishes the threshold for when developers must act in the face of uncertainty, and
DMDU explains how unknowns are navigated within environmental decision-making. By
synthesizing these perspectives into a single analytical framework, this thesis evaluates
whether current assessment practices appropriately balance ecological protection, scientific
uncertainty, and offshore wind development goals. The framework also provides a basis for
understanding how precaution is translated into regulatory practice and whether the handling
of uncertainty represents genuine risk reduction or primarily administrative compliance that

prioritizes project approval over ecological accuracy.

3.3 Contextual Framing: Regulatory and Institutional Architectures in Denmark and the

UK

3.3.1 Legislative Foundations (The Laws)

The primary divergence lies in the legal assignment of the environmental assessment mandate,
dividing the nations into state-led planning and developer-led archetypes(Larsen, 2022). Under
the Danish Promotion of Renewable Energy Act, the Danish Energy Agency (Energistyrelsen)
centrally manages site allocation. The state legally retains the mandate to pre-examine sites,
coordinating and conducting overarching environmental baselines before project allocation
(Larsen, 2022). Conversely, in the UK, the consenting pathway is driven by the Planning Act
2008 and the National Policy Statements (NPS). Large-scale projects are classified as
Nationally Significant Infrastructure Projects (NSIPs) requiring a Development Consent Order
(DCO), placing the legal burden of identifying and assessing environmental risk entirely on the

developer (The Planning Inspectorate, 2018).

3.3.2 Guidance and Standardization (The Rules)

This legislative division directly influences how regulatory bodies address scientific data gaps
and manage the conflict between climate mitigation and local ecological preservation (De
Smedt & Vos, 2022). The Danish Energy Agency issues centralized, standardized technical
criteria. Because baseline expectations are established by state authorities, individual

developers face less pressure to over-inflate ecological modeling assumptions to survive legal
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scrutiny (Larsen, 2022). In contrast, the UK system relies on advisory, evolving guidelines
issued by statutory nature conservation bodies like Natural England and the Joint Nature
Conservation Committee. Lacking rigid legal boundaries, developers face exposure to third-
party legal challenges over predictive gaps, driving an extensive reliance on the Rochdale
Envelope to capture vulnerabilities through maximum design parameters (The Planning

Inspectorate, 2018).

3.3.3 Institutional Culture and Risk Allocation (The Philosophy)

These frameworks cultivate contrasting institutional cultures regarding risk tolerance and
scientific uncertainty (De Smedt & Vos, 2022). The Danish state-led framework functions as a
centralized, collaborative "one-stop-shop" model. By selecting planning zones and de-risking
boundaries early, Denmark fosters an institutional culture built on regulatory trust and
administrative consensus (Larsen, 2022). Conversely, the market-driven, developer-led
architecture of the UK creates a risk-averse environment. Because the developer bears the
absolute financial and legal risk of judicial challenges, EIAs adopt a defensive posture,
resulting in precautionary inflation where multiple worst-case assumptions are stacked to
secure legal compliance (The Planning Inspectorate, 2018). This structural stability reduces
institutional anxiety, shifting the operational focus away from defensive legal insulation and

toward managing long-term systemic choices under deep uncertainty (Marchau et al., 2019).
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Chapter 4.
METHODOLOGY

4.1 Research Design

To address the research questions systematically, this study employed a three-step

methodological process, as illustrated in Figure 1 below.

SQ1: How is ecological uncertainty defined and
conceptualized in EIA literature?

MAIN RESEARCH QUESTION:
How is ecological uncertainty addressed in

~_ElAs for offshore wind projects in Denmark and the UK, ~—
and what differences emerge in THEORETICAL FRAMEWORK

the assessment practices?
/’\ NN /\
\ N\

/PRECAUTIONARY DECISION MAKING \

Literature
Review

L PRINCIPLE UNDER DEEP
("Strong vs. "Weak"; | UNCERTAINTY
Proportionality & | (Robustness; Adaptive
Precautionary Inflation management)

N N A

A 4 v

SQ3: What limitations exist in current approaches, and how
are these relevant to Danish EIA practice?

S$Q2: What methods are used in UK offshore wind ElAs to
assess and manage ecological uncertainty?

[ [
| | : |

DATA CASE STUDIES: CASE STUDIES: DATA
COLLECTION n UKB ) DENMARK COLLECTION
ogger Bank; (Thor; Kriegers Flak) (EIA Reports)
) Norfolk Boreas) L lg |
ANALYSIS
(QUALITATIVE COMPARATIVE
CODING) ANALYSIS
FINDINGS &
CONCLUSION:
« Answers to SQ1,
SQ2, S03

« Recommendations
« Limitations & Future
Research

Fig 1. Research design of this Study

The research design follows a structured, top-down approach (Kanazawa, 2024) to investigate
how ecological uncertainty is addressed in EIAs for offshore wind projects in Denmark and the
UK. The process begins with the Main Research Question, which centers on evaluating

assessment practices and identifying the differences that emerge between the two nations.
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To answer this central question, the design splits into three distinct analytical streams based on

the sub-questions:

1. Theoretical Grounding (SQ1): The first branch addresses Sub-Question 1 by
establishing the Theoretical Framework. This framework integrates two overlapping
conceptual lenses: the PP (focusing on “Strong vs. Weak” interpretations,
proportionality, and precautionary inflation) and DMDU (focusing on robustness and
adaptive management). These dual lenses provide the basis for evaluating ecological
uncertainty in the literature.

2. Empirical Investigation (SQ2 & SQ3): The remaining branches direct the empirical
case study analysis. Sub-Question 2 focuses on the methods used in the UK, drawing
from EIA reports (Data Collection) for the Dogger Bank and Norfolk Boreas projects.
Sub-Question 3 examines the limitations of current approaches and their relevance to
Danish practice, collecting EIA data from the Thor and Kriegers Flak projects.

3. Synthesis and Evaluation: The data and case studies from both countries feed directly
into two core processing blocks: Analysis (Qualitative Coding) and Comparative
Analysis. Here, the empirical data is evaluated against the theoretical concepts

established in the first stream.

Finally, the entire workflow converges into the Findings & Conclusion block. This terminal
stage delivers explicit answers to the three sub-questions, presents practical recommendations
for stakeholders, and outlines the limitations and future research paths for the academic

community.

4.2 Literature Review

The literature search for the problem analysis was conducted applying two distinct
methodologies to capture both academic theory and regulatory reality. The review is split into
a State of the Art (SOTA), which is based on peer-reviewed academic literature, and a State of
Practice (SOP), which relies on publications from governments, environmental agencies, and

planning consultants. The specific methods for these two approaches are detailed below.

4.2.1 State of the Art (SOTA)

The purpose of the State-of-the-Art section is to demonstrate a thorough familiarity with prior
academic research regarding EIAs and ecological uncertainty, and to establish the theoretical

foundations of the PP and DMDU. This review follows a semi-systematic approach, which is
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ideal for mapping broad, interdisciplinary, and evolving research fields across environmental

science and public policy.

Development of the Search String

Block 1 Block 2 Block 3
Search terms Search terms Search terms
Can be left out at first
Environmental
Offshore wind Assessment UK
project” OR OR
OR Sustainability UK
Offshore wind Assessment OR
farm* OR England
OR Environmental Impact OR
Offshore wind* AND | Assessment AND | Scotland
OR OR OR
marine wind EIA Wales
OR OR OR
wind development Risk analysis Denmark
OR OR OR
OWF Ecological uncertainty Danmark
OR OR
Danish

Table 2. Search String for Literature Review

The academic literature search was guided by a structured search protocol built around three

main conceptual blocks derived from the main research question:

1. Block 1 (The Technology): Focuses on the specific marine infrastructure.
2. Block 2 (The Assessment Process): Focuses on the regulatory and risk frameworks.

3. Block 3 (The Geographical Focus): Focuses on the specific national contexts.

Boolean operators (OR, AND) and truncation symbols (*) were used to combine these blocks
into a comprehensive final search string: (“offshore wind project” OR “offshore wind farm”
OR “offshore wind*” OR “marine wind” OR “wind development” OR “OWF”) AND

(“Environmental Assessment” OR “Sustainability Assessment” OR “Environmental Impact
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Assessment” OR “EIA” OR “Risk analysis” OR “Ecological uncertainty”) AND (“UK” OR
“UK” OR “England” OR “Scotland” OR “Wales” OR “Denmark” OR “Danmark” OR
“Danish”)

Screening and Selection Process

The search string was deployed across three primary scholarly databases: Scopus, Web of
Science, and the Aalborg University Library search assistant (Primo). These databases were
selected due to their extensive indexing of high-impact environmental policy and marine

science journals.
To refine the results, strict inclusion and exclusion criteria were applied:

1. Temporal Limit: Literature was limited to the last 10 years to capture the most recent
advancements in offshore wind technology, data modeling capabilities, and updated
marine planning laws.

2. Language Limit: Sources were restricted to English and Danish (later translated into
English with the help of Google Translate).

3. Geographical Relevance: Literature had to focus on European marine ecosystems or
European planning frameworks, ensuring high transferability to the UK and Danish

context.

A multi-stage screening process was conducted to manage the records that were retrieved. First,
all identified articles were screened by title to remove duplicates and clearly irrelevant topics.
Second, the abstracts of the remaining papers were read critically to ensure they directly
evaluated ecological uncertainty or EIA frameworks rather than purely structural engineering
or economic variables. Finally, a full-text read-through was performed on the remaining papers.
This systematic distillation resulted in a final set of core academic articles that revealed key
themes, such as model sensitivities and data gaps, which helped define the research gap and

shape the qualitative coding matrix (C1 to C6).

4.2.2 State of Practice (SOP)

The State-of-Practice review was conducted to uncover the practical, baseline reality of how
environmental planning operates within national regulatory bodies and industrial sectors.
While the SOTA establishes what theory says about ecological uncertainty, the SOP maps what

planners, developers, and advisors do in practice.
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The search strategy for the state of practice utilized an unstructured, exploratory approach
across search engines such as Google and Google Scholar, combined with targeted searches

within official institutional databases:

1. Denmark: The Danish Energy Agency (Energistyrelsen) and the Danish Centre for
Environmental Assessment (DCEA at Aalborg University via VBN).
2. UK: The official UK government planning portals (GOV.UK and the Planning

Inspectorate).

Snowballing techniques (Berg, 2001)were also applied by reviewing the reference lists of
national planning whitepapers to discover additional relevant policy documents. This combined
search yielded key administrative definitions of risk and outlined the structural differences
between Denmark's centralized, state-led planning philosophy and the UK's decentralized,
developer-led framework. These findings provided the necessary context to bridge the gap

between academic theory and the empirical analysis of the selected case study documents.

4.3 Case Study Analysis

To understand how ecological uncertainty is evaluated and managed in different regulatory
systems, this thesis utilizes a comparative case study design focusing on Denmark and the UK.
The empirical core of this assessment relies on Qualitative Document Analysis (QDA). QDA
is a systematic research method used to evaluate printed or electronic documents to extract
meaning, gain understanding, and develop empirical knowledge (Kanazawa, 2024; Larsen,
2022; Morgan, 2022). This approach is particularly suited for this study, as EIA workflows are
heavily document-driven processes where regulatory compliance, scientific data, and policy

goals are negotiated in writing (Kanazawa, 2024; Morgan, 2022).

4.3.1 Dataset and Selection Criteria

The dataset consists strictly of public regulatory documentation for four major offshore wind
farm projects. The selected projects represent key development frameworks within their

respective jurisdictions:

1. Denmark: Thor and Kriegers Flak
2. UK: Dogger Bank and Norfolk Boreas

The primary documents analyzed include the main Environmental Statements (ES), EIA
reports, and Strategic Environmental Assessments (SEAs). Crucially, this method extends

beyond the high-level summary of chapters to include an extensive review of the associated
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technical appendices. These appendices contain raw acoustic models, avian collision risk
calculations, data interpolation assumptions, and baseline survey methodologies. Analyzing
these technical attachments is essential for uncovering the mathematical boundaries, data gaps,
and hidden scientific model sensitivities that are often omitted from introductory chapters

(Berg, 2001; Kanazawa, 2024).

4.3.2 Document Analysis and Coding Process

The qualitative document analysis followed a rigorous reading and coding procedure. Each
document text was systematically reviewed to identify how developers, environmental
consultants, and state regulators defined, measured, and balanced scientific unknowns. To
ensure an objective and structured analysis across all four cases, text fragments were

categorized using a specific qualitative coding matrix developed from the literature:

Hidden/Under-acknowledged Uncertainty (C1)
Over-Reliance on Precaution (C2)

Potential Over/Underestimation of Impacts (C3)
Decision-Relevance of Uncertainty (C4)

Transferability Issues (C5)

AN A e

Reductionism / Oversimplification (C6)

By contrasting the coded statements from the UK’s developer-led appendices against the
Danish state-led documentation, this method links specific analytical practices back to the

underlying governance structures and theoretical ideas of the PP and DMDU (Kanazawa, 2024).

4.4 Comparative Analysis

To evaluate how ecological uncertainty is managed across different planning frameworks, this
thesis uses a qualitative comparative analysis method (Morgan, 2022). This section describes
how the four offshore wind case studies from Denmark and the UK were systematically
compared. The comparison was structured using the PP theory and DMDU theory to identify

structural differences in assessment practices.
4.4.1 Theoretical Framework for the Comparison
The comparative analysis was not a simple description of each project. Instead, the comparison
used two main theoretical lenses to evaluate the data gathered from the case study documents:
1. The PP Framework: This framework was used to compare how each country balances
local ecological protection against global climate goals. The comparison examined
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whether the systems applied a "strong" approach by delaying projects until data was
certain, or a "weak" approach by allowing development to move forward under
economic pressure.

The DMDU Framework: This framework was used to compare how each planning
system behaves when experts cannot agree on exact ecosystem impacts. The analysis
compared whether the regulators looked for an "optimal" decision based on perfect
scientific predictions or a "robust" decision that focuses on achieving long-term climate

targets despite existing data gaps.

4.4.2 The “Comparison” Process

The comparative analysis followed a three-step process to ensure a balanced evaluation of all

four cases:

1.

Horizontal Coding Review: The qualitative codes (C1 to C6) applied to the UK cases
(Dogger Bank and Norfolk Boreas) were placed directly alongside the codes applied to
the Danish cases (Thor and Kriegers Flak). This allowed for a direct, side-by-side
comparison of text fragments regarding issues like ecological reductionism and proxy
data.

Cross-Case Pattern Identification: The analysis searched for patterns, similarities,
and differences across the cases. It evaluated how the UK's developer-led framework
influenced the behavior of scientists compared to how Denmark's state-led framework
influenced them. For example, the study compared how the UK's Rochdale Envelope
created precautionary inflation, and whether the Danish centralized data collection
avoided this issue or created different problems, such as hidden uncertainties.
Institutional Mapping: Finally, the differences in scientific modeling and data
gathering were mapped back to the national laws and administrative structures of each
country. This step connected the practical methods found in the technical appendices

directly to the overarching governance styles of the two nations.

By using this systematic approach, the comparative analysis explained why Denmark and the

UK manage ecological uncertainty differently. It showed how their administrative setups

change the practical use of environmental theory during the green energy transition.

4.5 Use of Artificial Intelligence (Al)

In this master's thesis, Al tools, specifically Copilot, ChatGPT, and Gemini, were utilized to

support various stages of the research process. The application of these tools depended on the
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specific task, and they were used as a supplement to, rather than a replacement for, independent

academic judgment and critical thinking.
The primary areas where Al tools were applied include:

1. Text Correction and Language Refinement: Al was used to identify grammatical
errors, suggest precise academic synonyms, and rephrase sentences. This process
helped condense dense paragraphs without altering their original meaning, smooth
transitions between complex ideas, and ensure a logical, fluent flow throughout the text.
Copilot was the primary tool for language editing. Because Copilot was accessed using
an Aalborg University (AAU) institutional account, the sessions maintained
commercial data protection. This ensures that the data remained private and was not
saved or used to train the Al model.

2. Brainstorming and Outlining: Al supported the initial stages of idea generation by
suggesting potential headings for sections and sub-sections, proposing relevant titles
for figures and tables, helping structure the initial chapter outlines, and brainstorming

names for analytical codes. Gemini and ChatGPT were the primary tools for this.

While Al tools supported these procedural and linguistic tasks, all content, including the
conceptual conclusions, was independently developed, critically reviewed, and curated by the
researcher. Every section conforms to Aalborg University departmental guidelines regarding
the use of Al in postgraduate research. The researcher remains fully responsible for the

academic integrity, accuracy, and analysis presented within this thesis.
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Chapter 5.
CASE STUDY ANALYSIS

This chapter presents a comparative analysis of ecological uncertainty as addressed in EIAs for
offshore wind farm developments. The purpose of the case studies is to move beyond general
regulatory or theoretical discussions and instead examine how uncertainty is operationalized in
practice within project-specific assessments. By focusing on concrete examples, the analysis
reveals how different assessment traditions interpret, communicate, and manage ecological

uncertainty in applied contexts.

The analysis focuses specifically on how ecological uncertainty is described, quantified, and
addressed within different environmental topics. This includes examining data limitations,
model uncertainty, underlying assumptions, and the use of precautionary or worst-case
approaches. Particular attention is given to how uncertainty is communicated, including the

degree of transparency and the distinction between qualitative and quantitative assessments.

The analytical focus is on ecological receptors commonly assessed in offshore wind ElAs,
including fish, marine mammals, birds, bats, and benthic habitats. Across these categories, the
chapter examines patterns in how uncertainty arises and how it is handled within the assessment
process. This enables a structured comparison between cases and supports the identification of

broader methodological tendencies.
The selection of case studies is guided by three main considerations.

1. First, a comparative design is adopted by examining projects from Denmark and the
UK. These two countries are among the most experienced developers of offshore wind
globally, yet they operate within distinct regulatory, institutional, and methodological
frameworks. This makes them well-suited for identifying differences in how ecological
uncertainty is approached within EIAs.

2. Second, the cases are limited to large-scale offshore wind projects. This ensures
comparability in terms of project complexity, technological scale, and potential
ecological impact. Large projects typically require extensive baseline studies, advanced
modelling, and detailed impact assessments, making them particularly relevant for

examining how uncertainty is identified and managed.

41



«

AALBORG UNIVERSITET

Sirajum Munira Talukder Master’s Thesis HACEMSNINAEEY

3. Third, the availability and quality of documentation play a central role in case selection.
Only projects with comprehensive and publicly accessible EIA material were included.
This allows for a systematic and transparent document analysis, ensuring that the
assessment of uncertainty is grounded in clearly documented methodologies,

assumptions, and conclusions.

Methodologically, the chapter applies qualitative document analysis to the selected EIA reports
and their associated technical appendices.
Appendix Reference: The coding results presented below are summarized. Full coding

themes are provided in Appendix 1, detailed coding tables for each case in Appendix 2, and
the complete coding matrix in Appendix 3.

5.1 Case Descriptions & Analysis

5.1.1 Case Study 1: Kriegers Flak Offshore Wind Farm (Denmark)

Location and Project Overview

Kriegers Flak Offshore Wind Farm is located in the Baltic Sea, south of Denmark, near the
maritime borders with Germany and Sweden. The site lies within a semi-enclosed marine
system characterized by relatively low salinity gradients and ecologically sensitive habitats,

including key areas for fish, marine mammals, and migratory birds.

The project represents a large-scale offshore wind development. It includes consideration of
turbine sizes up to 20 MW, which introduces new technical and ecological uncertainties

compared to earlier offshore wind projects.
Ecological Uncertainty in the EIA

The EIA reveals multiple layers of ecological uncertainty, spanning data limitations, model

constraints, and deeper scientific unknowns.

At the data level (Ul), several assessments rely on limited temporal or spatial datasets. For
example, bird migration patterns and benthic community distributions are derived from
sampling campaigns that represent snapshots rather than long-term variability (NIRAS, 2015b,
2015a).

At the model level (U2), significant uncertainty arises from reliance on predictive tools such as

underwater acoustic propagation models and the DEPONS model for harbor porpoises (NIRAS,
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2015¢). These models depend heavily on parameter assumptions and exhibit sensitivity to

environmental variables such as salinity and temperature.

More critically, the EIA exposes a scientific gap (U3), particularly regarding behavioral
responses of marine species. For instance, there is limited knowledge about how Baltic fish
species respond to low-frequency noise from large turbines (Vattenfall AB & NIRAS, 2018).
Similarly, long-term displacement effects for harbor porpoises remain uncertain even after

noise exposure ceases (NIRAS, 2015c).

Finally, cumulative uncertainty (U4) is explicitly acknowledged in the NIRAS, (2015)
document, where current models are described as insufficient for assessing population-level

cumulative impacts across projects.
Assumptions and Scenario Framing
To operationalize these uncertainties, the EIA relies on several key assumptions.

The most prominent is the use of worst-case assumptions (S1), including maximum monopile
diameters (up to 15 m) and maximum hammer energy during pile driving (NIRAS, 2015¢).

These assumptions are intended to bound the upper limits of impact.

In addition, the EIA employs scaling and transfer assumptions (S2). For example, the impacts
of 20 MW turbines are assumed to be comparable to previously assessed 5 MW turbines for
most ecological receptors (Vattenfall AB & NIRAS, 2018). Similarly, behavioral responses of
Baltic harbor porpoises are inferred from North Sea data (NIRAS, 2015c¢)

The assessment also depends on behavioral assumptions (S3), such as the expectation that
animals will flee from noise sources or relocate to alternative habitats. These assumptions

simplify complex ecological dynamics and are rarely validated with site-specific empirical data.
Handling of Uncertainty

Uncertainty is primarily managed through precautionary mitigation strategies.

Key mitigation measures (H1) include:

e Big Bubble Curtains to reduce underwater noise
e Acoustic Deterrent Devices (ADDs) to displace marine mammals

e Soft-start (ramp-up) piling procedures
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In some cases, monitoring management (H2) is proposed, particularly for benthic recovery and

invasive species colonization (NIRAS, 2015a).

These measures are embedded within a precautionary framework that systematically applies
conservative thresholds, such as those from (Popper et al., 2014; Southall et al., 2019), to define

injury and disturbance zones.
Transparency and Confidence
The EIA demonstrates a relatively high level of transparency.

Uncertainties are explicitly disclosed (T1) in dedicated sections, and distinctions are made
between data limitations, model outputs, and assumptions (73). Confidence levels (T2) are also
provided in some cases, with higher confidence assigned to physical injury thresholds and

lower confidence to behavioral predictions (NIRAS, 2015¢).

However, while uncertainties are clearly listed, there is less emphasis on critically evaluating

their acknowledgement of limitations in methods or scope (T4).
Critical Analysis
Several critical issues emerge from a deeper interrogation of the Kriegers Flak assessment.

First, the report relies on hidden uncertainties (C1) that are never fully addressed. For example,
the thresholds for auditory injury in fish and marine mammals are treated as robust, yet these
are derived from laboratory settings or controlled conditions rather than dynamic, field-based
ecological contexts (NIRAS, 2015c). From a researcher's perspective, this is problematic
because a laboratory environment cannot replicate the cumulative stress or ambient noise of
the Baltic Sea; treating these thresholds as absolute facts without acknowledging their

experimental limitations creates a false sense of security regarding animal safety.

Second, the consistent use of worst-case assumptions and conservative thresholds suggests a
heavy over-reliance on precaution (C2). While this approach is intended to prevent the
underestimation of impacts, it often results in "precautionary inflation" where predicted effects
are unrealistic (NIRAS, 2015b). By stacking multiple conservative assumptions, the EIA
produces a distorted picture of environmental risk that could lead to unnecessary regulatory

hurdles or inflated mitigation costs without providing additional ecological benefits.

Third, the combination of model sensitivity and simplified behavioral assumptions introduces

a significant risk of impact misestimation (C3). For instance, collision risk models for birds are
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notoriously sensitive to avoidance rates, which are themselves based on limited empirical data.
The report treats these rates as stable inputs, but in reality, a fraction of a percentage change in
bird behavior could be the difference between a negligible impact and a population-level crisis.
The failure to provide a sensitivity analysis for these variables is a notable weakness in the

report’s logic (NIRAS, 2015b).

Fourth, transferability issues (C5) arise from the use of non-site-specific data. Applying North
Sea behavioral data to Baltic populations assumes that harbor porpoises in different sea basins
behave identically (NIRAS, 2015c). This represents a significant leap of faith; Baltic
populations live in a lower-salinity environment and may have different stress responses.
Relying on "borrowed" data without validating its local relevance undermines the project-

specific accuracy of the entire assessment.

Finally, regarding decision-relevance (C4), the EIA does not clarify whether these uncertainties
materially affect the final conclusions. While the assessment is transparent about what it does
not know, it never explains if those gaps might change the "significant" rating of an impact. As
it stands, the report presents a list of doubts but then asks the decision-maker to proceed,
suggesting that the uncertainty is documented for compliance rather than for genuine risk

management (NIRAS, 2015¢, 2015b, 2015a; Vattenfall AB & NIRAS, 2018).

5.1.2 Case Study 2: Thor Offshore Wind Farm (Denmark)

Location and Project Overview

The Thor Offshore Wind Farm is located in the Danish North Sea, west of Jutland. It is one of
Denmark’s largest planned offshore wind projects and includes both offshore infrastructure

and extensive onshore components, such as export cables and high-voltage substations.

The inclusion of land-based elements introduces additional environmental domains, including
soil, groundwater, and human-use interactions, expanding the scope of uncertainty beyond

marine ecology.
Ecological Uncertainty in the EIA

The Thor EIA exhibits a broad spectrum of uncertainty, primarily concentrated in data

limitations and modeling assumptions.

At the data level (Ul), baseline ecological data are often limited to specific survey periods,

creating uncertainty regarding interannual variability. For example, fish population
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assessments are based on surveys conducted in May and September 2020, which may not
capture longer-term fluctuations (RAMB@LL, 2021b). In addition, rare species such as
Atlantic cod are difficult to assess due to low catch rates, limiting statistical robustness

(RAMB@LL, 2021b).

At the model level (U2), uncertainty arises from the use of ecological and acoustic models,
including the DEPONS model for marine mammals and noise propagation models for defining
impact zones (RAMBOLL, 2021a). These models depend on assumptions about species

behavior and environmental conditions.

The EIA also identifies cumulative uncertainty (U4), particularly in the RAMBOLL A/S, (2021)
for marine mammals and birds, where combined impacts across multiple projects are difficult

to quantify.

Unlike Kriegers Flak, there is less emphasis on fundamental scientific uncertainty (U3),
although some gaps remain in understanding behavioral responses and ecosystem dynamics

(RAMBOLL A/S, 2021).
Assumptions and Scenario Framing
The Thor EIA relies heavily on structured assumptions to address uncertainty.

As in other offshore wind EIAs, worst-case assumptions (S1) are applied, including maximum
turbine sizes, highest cable voltages, and continuous operation of infrastructure (COWI, 2022;

RAMBOLL, 2021b).

The assessment also incorporates behavioral assumptions (S3), such as constant fleeing speeds
for marine mammals and the assumption that displaced species will relocate to suitable habitats

(RAMBOLL, 2021a; RAMBOLL A/S, 2021).

In addition, a reference scenario assumption (S4) is used, where environmental conditions are
assumed to remain stable in the absence of the project (COWI, 2022). This simplifies baseline

dynamics but may overlook ongoing environmental change.
Handling of Uncertainty

Uncertainty is addressed through a combination of mitigation, monitoring, and planning

strategies.

Mitigation measures (H1) include:
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e Directional drilling to avoid disturbance to watercourses
¢ Oil containment systems for infrastructure

e Use of environmentally safe drilling additives
Monitoring and adaptive management (H2) are emphasized through:

e Emergency response plans for drilling incidents

e Monitoring for blow-outs and contamination

Avoidance strategies (H3) are also employed, such as routing cables to bypass sensitive areas

and using directional drilling for protected streams.

In addition, procedural measures (H4), including regulatory requirements and contractor

specifications, play a role in managing uncertainty.
Transparency and Confidence
The Thor EIA demonstrates a high level of transparency.

A dedicated “Missing Knowledge” section explicitly lists uncertainties (T1), including
unknown chemical compositions, uncertain soil volumes, and incomplete contamination
mapping (COWI, 2022). The distinction between known data and modeled assumptions is
generally clear (73).

However, while uncertainties are documented in detail, there is limited discussion of their

broader implications for impact significance (74) (COWI, 2022).
Critical Analysis

The Thor EIA displays a high level of technical detail, but several critical issues persist. While
uncertainties are documented, there is pervasive evidence of reductionism (C6). Complex
ecological behaviors are reduced to fixed parameters, such as constant fleeing speeds or
uniform habitat substitution (RAMBOLL, 2021a). This represents an oversimplification of
nature; an animal’s decision to flee is influenced by age and health, which are not captured by
a single "speed" variable. Reducing biological complexity to a static number makes the model

easier to run but makes the results significantly less reliable.

Second, the consistent application of worst-case assumptions indicates a degree of
precautionary over-reliance (C2). While precaution is a legal necessity, the "stacking" of

conservative estimates, such as assuming maximum turbine size and highest hammer energy

47



«

AALBORG UNIVERSITET
STUDENTERRAPPORT

Sirajum Munira Talukder Master’s Thesis

simultaneously, likely leads to a systematic overestimation of impacts. This creates a "phantom
risk" that may not exist in reality, potentially causing stakeholders to focus on the wrong

environmental priorities during the construction phase.

Third, there is a clear potential for impact misestimation (C3) where models are sensitive to
input assumptions or where baseline data are sparse. For example, the fish population
assessments relied on very narrow survey windows in 2020 (RAMBOLL, 2021b). It can be
argued that basing a multi-decadal project on two months of data is statistically insufficient; it
fails to account for interannual variability, leaving the project vulnerable to unforeseen

ecological changes that could have been identified with a longer study period.

Fourth, despite the detailed documentation, the EIA provides a limited evaluation of decision-
relevance (C4). The report lists "Missing Knowledge" in a dedicated section (COWI, 2022),
but it stops short of explaining how this affects environmental acceptability. If the soil volumes
or contamination levels are uncertain, the report should explain the specific threshold at which
the project becomes "too risky." Without this link, the documentation of uncertainty appears to

be a box-ticking exercise rather than a tool for informed decision-making.

Finally, hidden uncertainties (C1) persist regarding species adaptation and recovery. The report
assumes that once construction ends, the environment will return to a stable state. However,
there is no empirical evidence provided to support the timeline of this recovery. This "return to
baseline" assumption is one of the weakest parts of the EIA, as it ignores the potential for
permanent community shifts or the colonization of the site by invasive species during the

construction disturbance (MASOE, 2022).

5.1.3 Case Study 3: Dogger Bank Offshore Wind Project (UK)

Location and Project Overview

The Dogger Bank project is situated on the Dogger Bank, a massive shallow sandbank in the
central North Sea, approximately 125 km to 290 km off the UK coast. As one of the largest
offshore wind developments in the world, its location is characterized by high ecological
productivity, serving as a critical habitat for sand eels, commercial fish species, and vast
numbers of foraging seabirds. The project’s unprecedented scale required the assessment of
massive turbine arrays, which introduced complex uncertainties regarding the "barrier effect"

for migratory birds and the long-term integrity of the sandbank’s benthic ecosystems.

Ecological Uncertainty in the EIA
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The EIA for Dogger Bank reveals a layered structure of uncertainty. At the data level (Ul),
assessments for benthic and fish ecology were forced to rely on a combination of historical
North Sea datasets from the 1990s and site-specific surveys that functioned as "snapshots"
rather than long-term records (FOREWIND, 2014f, 2014d, 20141). This creates uncertainty
regarding whether the baseline data reflects the natural interannual variability of a highly
dynamic environment. At the model level (U2), the project relied heavily on the Band Model
(2012) for avian collision risk, which exhibited extreme sensitivity to avoidance rate
parameters (FOREWIND, 2014d, 2014j). Scientific uncertainty (U3) is also prominent,
specifically concerning the "stepping-stone" effect where turbine foundations might facilitate
the spread of invasive species, and the lack of knowledge regarding how electromagnetic fields
(EMF) from subsea cables affect the migration of elasmobranchs (FOREWIND, 2014d, 2014b).
Cumulative uncertainty (U4) is explicitly addressed in the context of the wider North Sea
development, noting the difficulty in predicting the total population-level impact on migratory

birds across multiple neighboring wind farms (FOREWIND, 2014k).
Assumptions and Scenario Framing

To simplify these complexities, the EIA utilizes several framing assumptions. The most central
is the use of worst-case assumptions (S1) via the Rochdale Envelope, assuming the maximum
possible hammer energy for piling and the largest physical footprint for foundations
(FOREWIND, 2014a). Behavioral assumptions (S3) are also critical, such as the premise that
key prey species like sand eels have a limited ability to flee and will be completely lost within
the direct project footprint (FOREWIND, 2014e, 20141). For birds, the EIA assumes high
avoidance rates (98-99%) for collision models, which, while standard in the industry, lack site-

specific empirical validation for turbines of this magnitude (FOREWIND, 2014c, 2014b).
Handling of Uncertainty

Uncertainty is managed through a precautionary mitigation framework (HI). This includes the
use of Marine Mammal Mitigation Plans (MMMP) that incorporate Passive Acoustic
Monitoring (PAM) and "soft-start" piling to clear exclusion zones (FOREWIND, 2014g).
Monitoring strategies (H2) focus on post-construction benthic recovery to validate impact
predictions (FOREWIND, 2014d, 2014j). Furthermore, procedural measures (H4), like the
appointment of a Fisheries Liaison Officer (CFLO) are used to manage the inherent uncertainty
of wvessel displacement and potential conflicts within commercial fishing grounds

(FOREWIND, 2014h).
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Transparency and Confidence

The project demonstrates high transparency by including dedicated "Difficulties Encountered"
sections (71) within technical chapters. Confidence levels are systematically assigned to
various impacts (73), though higher confidence is generally reserved for physical process
modeling, while behavioral and population-level predictions for marine mammals are explicitly

labeled with lower confidence (FOREWIND, 2014f).
Critical Analysis

A critical evaluation of the Dogger Bank EIA reveals a heavy reliance on the "Rochdale
Envelope," which introduces significant precautionary inflation (C2) (FOREWIND, 2014a).
By stacking worst-case parameters for turbine height and foundation footprint, the EIA creates
a theoretical impact profile that likely exceeds reality. While this reduces legal risks, it creates
a "worst-case bias." By focusing on unrealistic maximums, the assessment might overlook

more likely, smaller-scale impacts that require different mitigation strategies.

Furthermore, the assessment suffers from a high degree of reductionism (C6). Ecological
receptors are evaluated in isolation; for example, sand eels are assessed for habitat loss, while
seabirds are assessed for collision risk (FOREWIND, 2014d, 2014e, 2014f). This siloed
approach represents a major ecological oversight. It fails to interrogate the trophic link between
the two: if the wind farm footprint reduces sand eel density, the real impact on seabirds might
not be collision, but starvation. The EIA’s failure to model these predator-prey dynamics is a

significant flaw that ignores the complexity of the Dogger Bank food web.

There are also hidden uncertainties (C1) regarding the socio-economic behavior of the fishing
industry. The EIA treats vessel displacement as a predictable spatial shift (FOREWIND,
2014h). This logic appears economically naive. It does not account for how fluctuating fuel
prices or changes in target species' market value might alter where fishers choose to go. If it
becomes too expensive to navigate around the wind farm, the fleet might concentrate in smaller,
sensitive areas nearby, creating a secondary environmental impact that the EIA completely

ignores.

Regarding decision-relevance (C4), the project’s approval suggests that the identified
uncertainties, particularly the sensitivity of avian collision models, were deemed "acceptable"
simply because the project was a strategic priority (FOREWIND, 2014c). This implies that

science was secondary to the policy. When the margin of error in a bird mortality model is
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larger than the predicted impact itself, the "non-significant" conclusion is based on hope rather
than a hard calculation. This suggests a lack of transparency in how the final "acceptability" of

the project was determined.

5.1.4 Case Study 4: Norfolk Boreas Offshore Wind Farm (UK)

Location and Project Overview

The Norfolk Boreas Offshore Wind Farm is located in the southern North Sea, approximately
73 km from the Norfolk coast. The project is part of a larger zone of development, including
the Norfolk Vanguard project. A key technical feature of Boreas is the use of High Voltage
Direct Current (HVDC) technology for power export. While this reduces the number of cables
required, it introduces unique uncertainties regarding localized heat dissipation in the seabed

and its subsequent effects on sediment chemistry and benthic organisms (Vattenfall AB, 2019j).
Ecological Uncertainty in the EIA

Uncertainty is primarily driven by data limitations (Ul), particularly along the offshore cable
corridor, where site-specific benthic and contaminant data were partially inferred from the
neighboring Vanguard project (Vattenfall AB, 2019}, 2019c). Model uncertainty (U2) arises
from the use of Anatec’s COLLRISK for navigation and MIKE21 for physical processes, both
of which are sensitive to input assumptions regarding vessel track standard deviations and
sediment grain sizes (Vattenfall AB, 2019a, 2019d, 2019g). Scientific uncertainty (U3) is
identified in the behavioral responses of harbor porpoises to "noise fatigue" from multiple
concurrent piling events across the southern North Sea (Vattenfall AB, 2019i). Finally,
cumulative uncertainty (U4) 1s a major focal point in the transboundary assessment, where the
difficulty in obtaining high-resolution data from Dutch and Belgian projects creates a

"speculative" outlook for cumulative effects (Vattenfall AB, 20191, 2019k).
Assumptions and Scenario Framing

The EIA relies on the "Maximum Design Scenario" (S/), assuming the smallest possible
turbine size to maximize the total number of foundations and noise-generating events
(Vattenfall AB, 2019n, 2019b). Scaling assumptions (S2) are used to estimate impacts on fish
populations from smaller-scale studies (Vattenfall AB, 2019¢). The assessment also utilizes
reference scenario assumptions (S4), where the baseline of commercial shipping and fishing

activity is assumed to remain static (Vattenfall AB, 2019f, 2019a, 2019h).

Handling of Uncertainty
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Management strategies rely on precautionary mitigation (H1), such as the use of Big Bubble
Curtains and Acoustic Deterrent Devices (ADDs) to protect marine mammals (Vattenfall AB,
20191). Where seabed data was ambiguous, Archaeological Exclusion Zones (AEZs) were
applied as a safeguard (H3) (Tarrant & Mcmillan, 2017; Vattenfall AB, 2019h). Adaptive
management (H2) is utilized through the Project Environmental Management Plan (PEMP),
which allows for the adjustment of construction methods if monitoring reveals unforeseen

environmental impacts (Vattenfall AB, 2019n).
Transparency and Confidence

Transparency is high, with explicit disclosure of data limitations in each technical chapter (7).
The distinction between empirical data and modeled predictions is well-maintained (T3)
(Vattenfall AB, 20191, 2019¢). However, the confidence in transboundary and cumulative
impacts is clearly labeled as /imited due to external data access issues (74) (Vattenfall AB,

20191).

Critical Analysis

The Norfolk Boreas EIA is sophisticated but contains deep-seated flaws in its handling of data.
A primary concern is impact misestimation (C3) stemming from the substitution of professional
judgment for missing empirical data. In chapters concerning fish spawning and sediment
contaminants, the lack of site-specific sampling led to the use of "proxy data" from the
neighboring Vanguard project (Vattenfall AB, 2019¢). From a researcher's perspective, this
represents a major transferability issue (C5). Localized seabed features at the Boreas site could
differ substantially from the Vanguard site; assuming they are identical is an analytical shortcut

that reduces the site-specific accuracy of the entire impact assessment.

The consistent use of "Standard Fleeing Speeds" for marine mammals is another clear example
of reductionism (C6). By assuming all harbor porpoises flee at a constant rate of 1.5 m/s, the
model ignores the animal’s physiological state, such as age or pregnancy (Vattenfall AB,
2019i). This is an unrealistic biological assumption. A pregnant porpoise or a juvenile cannot
maintain the same fleeing speed as a healthy adult, meaning the risk of auditory injury for these
vulnerable groups is likely underestimated. The model prioritizes computational simplicity

over biological reality.

Furthermore, the decision-relevance of uncertainty (C4) is tested in the transboundary

assessment. The EIA admits that acquiring data from non-UK projects is difficult, leading to a
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"speculative" cumulative impact analysis (Vattenfall AB, 2019n, 2019m). This highlights a
systemic failure. If the cumulative assessment is admittedly speculative, then any conclusion
of "no significant impact" is inherently unreliable. This creates a "blind spot" in the
management of the wider North Sea, where individual projects are approved based on

incomplete information about their neighbors.

Finally, there is an over-reliance on precaution (C2) in the use of Archaeological Exclusion
Zones (AEZs). While protecting heritage is vital, the broad application of zones around every
geophysical anomaly, without high-resolution verification, suggests a lack of effort to define
the actual risk (Tarrant & Mcmillan, 2017). These blanket exclusions can lead to unnecessary
spatial constraints during construction. This indicates that the project opted for the easiest
precautionary route rather than conducting detailed surveys necessary to balance heritage

protection with construction efficiency.
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Chapter 6.
COMPARATIVE ANALYSIS

6.1 Cross-Case Comparison of Uncertainty Types

The four offshore wind projects reveal distinct patterns in how different categories of
uncertainty, ranging from hidden scientific gaps to parameterized ecological behaviors,

manifest within environmental statements.

6.1.1 Hidden Uncertainties (C1)

Hidden uncertainties regarding baseline ecology and socio-economic behaviors persist across

all examined cases, though their specific focus varies by jurisdiction.

1. Kriegers Flak: The assessment relies on "hidden" uncertainties by treating laboratory-
derived acoustic thresholds for auditory injury in fish and marine mammals as absolute,
field-ready facts. This approach fails to account for the dynamic, cumulative ambient
stressors of the open Baltic Sea (NIRAS, 2015c¢).

2. Thor: The Thor EIA exhibits a similar baseline vulnerability by relying on unverified
assumptions regarding the post-construction timeline and success rate of habitat
recovery, treating a return to the ecological baseline as a certainty without presenting
empirical evidence to support the timeline of this recovery (COWI, 2022; RAMBOLL,
2021a).

3. Dogger Bank: The UK assessment shifts this hidden uncertainty into the socio-
economic domain. The EIA treats commercial fishing vessel displacement as a
predictable spatial shift, completely ignoring how fluctuating fuel prices, operating
costs, or changing target species' market values might alter where fishers choose to

navigate post-exclusion (FOREWIND, 2014h; Vattenfall AB, 2019a).

6.1.2 Over-Reliance on Precaution (C2)

Precautionary inflation represents a pervasive systemic issue across both regions, driven by the

desire to minimize legal and regulatory risks.
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1.

Dogger Bank: Under the UK's developer-led framework, this is exemplified by the
heavy reliance on the Rochdale Envelope. By stacking worst-case parameters for
maximum turbine height and foundation footprint simultaneously, the EIA creates an
inflated theoretical impact profile that likely exceeds reality, creating a "worst-case
bias" that potentially overlooks more probable, smaller-scale impacts (FOREWIND,
2014a).

Norfolk Boreas: Similarly, the Norfolk Boreas project exhibits precautionary inflation
through the broad application of Archaeological Exclusion Zones (AEZs) around every
geophysical anomaly without high-resolution verification, opting for administrative
safety over detailed spatial surveys (Tarrant & Mcmillan, 2017).

Kriegers Flak: Stacking conservative assumptions and thresholds is also evident in the
Danish context. In the Baltic assessment, this practice results in "precautionary
inflation" where predicted ecological impacts are unrealistic (NIRAS, 2015b).

Thor: The Thor EIA mirrors this dynamic by simultaneously assuming maximum
turbine size and highest hammer energy, creating "phantom risks" that skew the focus

of construction-phase environmental priorities (RAMB@LL, 2021a).

6.1.3 Reductionism (C6)

The simplification of complex ecological systems into static, manageable parameters is a

shared methodological shortcut.

1.

Norfolk Boreas: The Norfolk Boreas assessment applies a uniform "Standard Fleeing
Speed" of 1.5 m/s for all harbor porpoises. This completely ignores the animal’s
physiological state, such as age or pregnancy, thereby risking an underestimate of
auditory injury for these vulnerable groups to maintain computational simplicity
(Vattenfall AB, 20191).

Thor: The Thor EIA similarly reduces complex biological systems to static numbers
by applying fixed parameters, such as constant fleeing speeds or uniform habitat
substitution, which fails to capture how age and health influence an animal's choice to
flee (RAMBOLL, 2021a).

Dogger Bank: The most significant trophic reductionism is observed in the Dogger
Bank EIA, where ecological receptors are evaluated in strict isolation (e.g., sand eels
are assessed for habitat loss, while seabirds are assessed for collision risk)

(FOREWIND, 2014d, 2014f, 2014e). By ignoring the trophic, predator-prey links
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between sand eel density and seabird nutrition, the assessment fails to model the
complex food web of the Dogger Bank (FOREWIND, 2014f, 2014d, 2014e).

4. Kiriegers Flak: Methodological reductionism is also evident in the Danish context
through the simplification of underwater acoustic impacts. The project models animal
safety by converting dynamic marine life responses into fixed, laboratory-derived
threshold numbers (NIRAS, 2015c). By treating these static values as absolute field
realities, the model strips away complex ecological variables such as ambient sea noise,
habitat context, and individual animal health to keep the compliance calculations simple

(NIRAS, 2015c¢).

6.2 Differences in Methodological Treatment

The technical methodologies utilized to handle missing data and model environmental risks
diverge sharply between the projects, exposing distinct analytical strategies for managing

uncertainty. See Table 3 below.

Methodological Parameter

Danish Projects (Kriegers

Flak & Thor)

UK Projects (Dogger Bank
& Norfolk Boreas)

Primary Data Source

Regional Strategic
Environmental Assessments

(SEAs) and targeted local

Private developer-led site-
specific sampling

supplemented by project

Reports, 2024).

surveys (Kirong, 2019; | proxies (The Planning

Svensk Vindenergi, 2024). Inspectorate, 2018).

Reliance on state-provided

baseline data and | Extensive use of

standardized regional | professional judgment and
Handling of Missing Data

models (Swedish | neighboring "proxy" data

Government Official | (Vattenfall AB, 2019e).
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_ _ Rochdale Envelope
Standardized physical
_ "Maximum Design
Acoustic Modeling | parameters with a focus on
‘ . Scenario" (MDS) utilizing
Approach regional population models

high-energy parameters

(RAMB@LL, 2021a).
(FOREWIND, 2014a).

] . Receptor-specific  physical
Population-level dynamics | o
. ) impacts, collision risks, and
and regional behavioral _ _
Key Ecological Focus localized displacement

trends (NIRAS, 2015c;

(FOREWIND, 2014d,
RAMBOLL, 2021a).

2014f, 2014e).

Table 3. Differences in the Methodological Treatment of the Cases

6.2.1 Transferability Issues (C5)

The treatment of data gaps reveals contrasting approaches to spatial transferability.

1. Norfolk Boreas: The Norfolk Boreas project demonstrates a high reliance on data
substitution, utilizing "proxy data" from the neighboring Norfolk Vanguard project to
characterize fish spawning and sediment contaminants due to a lack of site-specific
sampling within the Boreas zone (Vattenfall AB, 2019j, 2019e, 2019c). This introduces
substantial transferability doubts, as localized geological features and baseline
conditions may vary between the two distinct sites.

2. Kiriegers Flak: Conversely, Kriegers Flak encounters a transferability issue by
applying North Sea behavioral data directly to Baltic populations of harbor porpoises
(NIRAS, 2015¢). This approach assumes ecological equivalence across distinct sea
basins with highly variable salinity levels, environmental pressures, and genetic profiles,
illustrating how spatial data borrowing is utilized across both systems to bypass

empirical gaps.

6.2.2 Potential Over / Underestimation of Impacts

Model sensitivity represents a major source of potential impact misestimation (C3) in both

jurisdictions.
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Kriegers Flak: For avian receptors, collision risk models are highly sensitive to minor
variations in avoidance rates. Yet, the EIA treats these rates as static inputs rather than
conducting comprehensive sensitivity analyses, meaning a fraction of a percentage
change in bird behavior could be the difference between a negligible impact and a
population-level crisis (NIRAS, 2015b).

Thor: In terms of temporal resolution, the fish population assessments for the Thor
wind farm relied on highly restricted baseline surveys conducted within narrow two-
month windows in 2020 (RAMBO@LL, 2021b). This methodology fails to capture
interannual fluctuations or climate-induced shifts in migration, highlighting a

systematic willingness to trade temporal data depth for regulatory expedience.

6.3 Differences in Communication and Transparency

How uncertainties are disclosed, framed, and evaluated for decision-makers varies significantly,

reflecting the institutional culture of each country's regulatory bodies.

6.3.1 The Presentation of Gaps and '"Missing Knowledge"

1.

Thor: The Thor EIA adopts a highly structured and transparent approach to disclosure
by dedicating an explicit "Missing Knowledge" section to land-based impacts, soil
contamination, and volume calculations (COWI, 2022). However, this transparency is
undermined by a lack of interpretive synthesis; the report lists what is unknown but
fails to connect these gaps to actual environmental acceptability thresholds.

Kriegers Flak: Similarly, the Kriegers Flak report clearly documents model limitations
and data gaps but leaves the implications of these uncertainties unresolved, presenting

them as technical footnotes rather than central decision-making inputs (NIRAS, 2015c).

6.3.2 UK Cumulative and Transboundary Disclosures

In the UK, the communication of uncertainty is heavily shaped by the requirements of the

Development Consent Order (DCO) process.

1.

Norfolk Boreas: The transboundary assessment explicitly acknowledges the difficulty
of acquiring high-quality, standardized data from non-UK North Sea projects, leading

the developers to label their cumulative impact analysis as "speculative" (Vattenfall AB,
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2019n). While this admission represents a high level of procedural transparency, it
simultaneously highlights a systemic communication gap.

2. Dogger Bank: The Dogger Bank EIA similarly struggles with cumulative data
standardization, resulting in an assessment where the cumulative effects on wide-
ranging marine mammals are characterized by low confidence levels, yet are ultimately

presented as non-significant to facilitate project approval (FOREWIND, 2014f).
6.4 Differences in Decision-Making Approaches

The final integration of scientific uncertainty into regulatory consent decisions reveals a

fundamental tension between precautionary science and strategic policy priorities.

6.4.1 Decision-Relevance of Uncertainty (C4) and Policy Dominance

Across all cases, there is an evident disconnect between the detailed documentation of scientific

uncertainty and its material impact on the final consent decision.

1. Dogger Bank: The approval of Dogger Bank indicates that the profound sensitivities
and margins of error within its avian collision models were deemed "acceptable" by
regulatory authorities primarily because the project’s immense scale was aligned with
national strategic energy security targets (FOREWIND, 2014c¢). In this instance, the
strategic priority of the infrastructure effectively overrode the scientific uncertainties
highlighted in the EIA.

2. Norfolk Boreas: This dynamic is equally apparent at Norfolk Boreas, where
speculative transboundary data and unverified marine mammal fleeing models did not
prevent the determination of a "no significant impact" conclusion (Vattenfall AB,

2019n).

6.4.2 Regulatory Control and Adaptive Management

The mechanism for handling outstanding risks during the post-consent phase differs by

jurisdiction.

1. The Danish Projects (Thor & Kriegers Flak): In Denmark, the state retains more
direct, active supervisory control. At Thor, the Danish Energy Agency actively

supervises the EIA process and retains the authority to halt proceedings or demand
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additional site-specific assessments if environmental standards are questioned, directly

influencing the project's financial risk profile (Iniesta & Barroso, 2015; Kirong, 2019).
2. The UK Projects (Dogger Bank & Norfolk Boreas): In the UK model, as

demonstrated in both the Dogger Bank and Norfolk Boreas applications, decision-

makers manage residual risk by legally binding the developer to post-consent adaptive

management frameworks. These include draft In-Principle Monitoring Plans (IPMPs)
and Project Environmental Management Plans (PEMPs) (FOREWIND, 2014f;
Vattenfall AB, 2019n). This shifts the burden of resolving uncertainty from the pre-

consent phase to long-term post-construction monitoring.

6.5 Structural Drivers

The divergent patterns of uncertainty management identified across these four projects are not

merely the result of developer preference; they are structurally driven by the regulatory,

institutional, and data systems of Denmark and the UK, as illustrated in Figure 2 below.

STRUCTURAL
DRIVERS

v

Denmark: State-Led
"One-5Stop-Shop™
Model

i

v

UK: Developer-Led
Model

|

Pre-selected sites (SEA)
De-risked baseline data

DEA coordinates all permits
Higher state regulatory risk

Private developer site select
High commercial flexibility
Heavy reliance on

Fochdale Envelope & "Proxy
Data"

Fig 2: Structural Drivers (own creation)

6.5.1 The Centralized versus Decentralized Planning Philosophy

1. The Danish Centralized System: The centralized, state-led model of Denmark,

operated through the Danish Energy Agency (DEA), is designed to de-risk projects
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before public tender (Svensk Vindenergi, 2024). Because the state conducts regional
SEAs and designates specific renewable energy zones, projects like Kriegers Flak and
Thor benefit from a pre-established baseline data foundation (Swedish Government
Official Reports, 2024). This minimizes the need for developers to utilize speculative
proxy data. However, because the state coordinates all permits under a single "one-stop-
shop" banner, developers face unique regulatory risks from direct state intervention and
the exercise of Regulatory Real Options (Iniesta & Barroso, 2015).

2. The UK Decentralized System: The UK's developer-led system, operating under the
Planning Act 2008, places the entire burden of identifying sites, conducting offshore
baseline surveys, and proving environmental acceptability on the private applicant.
Because developers must secure a Development Consent Order (DCO) in a highly
litigious environment, they utilize the Rochdale Envelope to build maximum
commercial flexibility into their design parameters (The Planning Inspectorate, 2018).
This structural requirement directly drives the "precautionary inflation" and "worst-
case bias" observed at Dogger Bank and Norfolk Boreas, where developers choose to
systematically overestimate physical impacts rather than risk a legal challenge for
exceeding their consented parameters (FOREWIND, 2014a; Tarrant & Mcmillan,
2017; Vattenfall AB, 2019n).

6.5.2 Data Access and Systemic Fragmentation

The structural setup of national marine data repositories also drives the handling of uncertainty.

1. The Danish Projects: In Denmark, while data is more centralized under state-led
initiatives, the regional scope of the data can lead to transferability errors when North
Sea parameters are applied to the ecologically distinct Baltic Sea basin without
localized calibration (NIRAS, 2015¢c; RAMBOLL, 2021a).

2. The UK Projects: In the UK, the lack of centralized, standardized regional databases
forces individual developers to independently negotiate data sharing with commercial
competitors or rely heavily on localized "proxy" data from neighboring leases, as seen
in the Norfolk Boreas dependency on Norfolk Vanguard data (FOREWIND, 2014c).
This creates a fragmented data landscape where cumulative and transboundary impacts

are difficult to model with high confidence (Vattenfall AB, 2019n).
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To summarize, the UK’s developer-led model incentivizes commercial flexibility at the cost of
precautionary inflation and methodological reductionism, whereas the Danish state-led model
minimizes upfront developer baseline risk but subjects projects to direct regulatory

interventions and centralized assumptions that may not reflect site-specific biological realities.
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Chapter 7.
DISCUSSION

7.1 Bridging Theory and Practice

This thesis connects the PP and DMDU theories with the practical reality of offshore wind
planning. The PP states that it is important to protect the environment even when full scientific
proof is missing (Bourguignon, 2015). In offshore wind planning, this theory focuses on
ecological uncertainty. This means it is not fully known how wind turbines impact marine life,

such as birds and marine mammals (Bourguignon, 2015).

However, the energy transition changes how regulators use this principle (Stanton & Roelich,
2021). Today, decision-makers must balance two different ecological problems. First, they face
the local risk of hurting marine life. Second, they face the global risk of climate change if they

delay renewable energy.

Because of this conflict, planning systems also use DMDU theory (Marchau et al., 2019).
DMDU theory states that when data is uncertain, we should not look for a single perfect
solution. Instead, we must look for robustness (Marchau et al., 2019; Stanton & Roelich, 2021).
A robust decision is a choice that works well across many different future scenarios. In practice,
both Denmark and the UK view the approval of large wind farms as a robust choice to fight
global climate change. Because the choice is robust for the climate, local ecological
uncertainties lose their importance (Larsen, 2022). This shift in priority aligns with a broader
systemic trend identified by Watson et al. (2024), where strategic macro-energy policy

dominance increasingly overrides localized scientific caution during the consenting process.

7.2 Why Uncertainty Remains Poorly Operationalized

Ecological uncertainty remains poorly managed in EIAs of OWFs due to administrative and
legal pressures. The PP requires decisions to be based on a comprehensive scientific evaluation
(Bourguignon, 2015). However, the legal pressure to approve projects quickly forces scientists

to simplify complex data.

First, EIAs frequently use Reductionism/Oversimplification (C6) (RAMBOLL, 2021a).
Complex biological systems are turned into simple, static formulas to make them easy to

calculate. For example, the acoustic models for Norfolk Boreas assume that all harbor
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porpoises swim away at a constant speed of 1.5 m/s (Vattenfall AB, 20191). This assumption
ignores the age, health, and real-world behavior of individual animals. In the Dogger Bank case,
different species are assessed in separate chapters (FOREWIND, 2014c, 2014b). The model
ignores how changes in fish populations directly reduce the food supply for seabirds. This
compartmentalized approach reflects a wider methodological flaw identified across global
offshore wind literature; traditional marine management tools are often applied as isolated
mechanisms that does not evaluate whole ecosystem transformations or trophic predator-prey

dynamics (Isaksson et al., 2025; Papadopoulou et al., 2025).

Second, systems rely heavily on Transferability Issues (C5) when site-specific data is
missing(FOREWIND, 2014b, 2014c; Iniesta & Barroso, 2015; Vattenfall AB, 2019¢). This
practice creates a proxy gap because it assumes that different marine environments behave in
the same way. In the UK, developers borrow data from nearby projects because they lack
shared national databases. Norfolk Boreas relied heavily on bird data collected for Norfolk
Vanguard (Vattenfall AB, 2019¢). In Denmark, proxy data is transferred across completely
different sea regions. The state applies mammal parameters from the North Sea directly to the
Baltic Sea, as seen in the Kriegers Flak assessment (NIRAS, 2015a). This spatial borrowing
fills data gaps quickly, but it ignores the unique biological conditions of separate sea basins.
Utilizing unvalidated proxy data or short-term data transfers significantly degrades the
statistical reliability of exposure and risk characterizations within marine environmental

assessments (Hladik et al., 2024).

7.3 Implications for EIA Effectiveness

These practices directly undermine the effectiveness of the EIA as a tool for environmental
protection. Instead of reducing environmental risks, the EIA process often becomes a tool for

administrative compliance.

In the UK, the developer-led system causes Over-Reliance on Precaution (C2). Because
developers fear legal challenges, they use the Rochdale Envelope to assess a "Maximum
Design Scenario" (The Planning Inspectorate, 2018). They stack multiple worst-case
assumptions together in their models (Garnett & Parsons, 2017). For example, they calculate
the loudest possible construction noise alongside the maximum number of marine mammals.
This creates an impact prediction that is much higher than reality. Precautionary inflation does
not protect animals. It serves as a legal shield, so developers do not break their permits during

construction. This dynamic demonstrates how statutory precautionary mechanisms can be
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repurposed as administrative tools to build commercial flexibility, though they introduce highly

unrealistic risk profiles (Garnett & Parsons, 2017).

In both countries, ecological uncertainty lacks Decision-Relevance of Uncertainty (C4). In the
Kriegers Flak case, the collision risk models for seabirds are highly sensitive to small changes
in bird avoidance rates (NIRAS, 2015b). A tiny shift in the percentage can change the predicted
impact from low to high. Despite this volatility, the EIA presents the findings as static truths,
and regulators accept them without extra tests. This practice exposes a deep conceptual gap
regarding avian assessments; relying on rigid, static metrics introduces a false sense of
mathematical certainty, whereas modeling must shift toward dynamic, individual-based
approaches to handle real-world behavioral changes (Buckingham et al., 2026; Searle et al.,

2025).

Furthermore, the Thor EIA includes a specific section called "Missing Knowledge" that
outlines clear gaps in baseline data. Under a strict interpretation of the PP, these gaps should
delay project approval (COWI, 2022). Instead, the framework treats this disclosure as an
administrative formality. Naming the uncertainty satisfies the requirement for transparency,
but it does not stop project approval. This reflects a broader systemic conflict where licensing
processes deliberately utilize risk-weighted frameworks to proceed with approvals despite
prominent data gaps (Bolam et al., 2026), directly contrasting with scientific demands for long-

term spatiotemporal data depth (Haase et al., 2025; Sun et al., 2026).

7.4 Implications for Offshore Wind Governance

The mismanagement of ecological uncertainty shows that offshore wind governance prioritizes
political and climate targets over local ecological safety. Regulators use DMDU strategies to
ensure that the urgent demand for renewable energy overrides local scientific unknowns

(O’Hagan, 2024).

To keep projects moving forward, governance frameworks rely heavily on Adaptive
Management (Marchau et al., 2019). This strategy is very visible in the UK system through
post-consent monitoring plans (O’Hagan, 2024; Vattenfall AB, 2019n). Regulators allow
projects to receive consent despite gaps in scientific knowledge. However, they add a
condition: developers must monitor the actual ecological impacts during and after construction.
This approach allows offshore wind governance to achieve its political goals quickly, while

leaving the actual management of ecological risks for a later date (O’Hagan, 2024).
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This institutional behavior is driven by an underlying structural fragmentation within CIAs.
Because individual project boundaries are ill-equipped to evaluate cumulative pressures across
regional sea basins, and because competitive developers lack standardized data-sharing
protocols, governance frameworks default to post-consent monitoring rather than resolving
systemic baseline uncertainties before approval (Dibo et al., 2025; Gusatu et al., 2021; E. A.
Willsteed et al., 2018).

7.5 Transferability between Denmark and the UK

The UK and Danish planning systems handle ecological uncertainty in different ways because

of their structural designs (Aeri Choi, 2025).

The UK developer-led system allows for commercial flexibility, but it leads to precautionary
inflation, fragmented data, and high legal costs. Developers over-engineer in their risk
assessments to avoid court challenges. This system utilizes the Rochdale Envelope to assign
risk directly to the private applicant (The Planning Inspectorate, 2018), driving the

overestimation of physical impacts as an administrative defense mechanism.

The Danish state-led system provides centralized data and rapid permitting, but it relies on
broad macro-assumptions that can hide local environmental risks (Larsen, 2022). This model
relies on early state centralization to absorb baseline risks (Iniesta & Barroso, 2015), yet it
introduces unique regulatory constraints if state authorities exercise active interventions when

environmental baselines are altered.

These systems cannot be easily transferred from one country to another without changing their
core structures. If the UK tried to adopt the Danish model, it would require a massive central
government agency to take over data collection. If Denmark adopted the UK model, it would
create higher legal and financial risks for private developers, slowing down the Danish energy
transition. Neither system can achieve a perfect application of the PP. Instead, both countries

can modify the principles to match their own institutional priorities.
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Chapter 8.
CONCLUSION

To determine how Denmark and the United Kingdom operationalize ecological uncertainty
within offshore wind EIAs, this study has evaluated the conceptual, methodological, and
structural variations embedding their respective assessment practices. The following sections
synthesize the empirical and theoretical findings of this study, structured around direct

resolutions to the three sub-questions that guided the research.
Sub-Question 1: How is ecological uncertainty defined and conceptualized in EIA literature?

In EIA literature, ecological uncertainty is conceptualized as an inherent challenge when
predicting how complex marine systems will react to development ex ante (Bromwich et al.,
2025; Larsen, 2022; Sahlin et al., 2021). The literature distinguishes between epistemic
uncertainty, which is a lack of data that can theoretically be filled, and deep uncertainty, where
scientists and stakeholders do not agree on system models or future probabilities (Buckingham
et al., 2026; Hojberg & Refsgaard, 2005; Marchau et al., 2019; Merino-Benitez, Bojorquez-
Tapia, et al., 2024; Miller et al., 2025; Nay et al., 2021; Zitrou et al., 2022). Furthermore,
literature defines the application of the PP as the primary legal and philosophical tool designed
to guide decision-making under these uncertain conditions (Bourguignon, 2015; de Sadeleer,

2010).

Sub-Question 2: What methods are used in UK offshore wind ElAs to assess and manage

ecological uncertainty?

The UK's developer-led system uses specific administrative, legal, and methodological tools to
manage ecological uncertainty. Under Advice Note Nine, developers rely heavily on the
Rochdale Envelope to evaluate a "Maximum Design Scenario" (The Planning Inspectorate,
2018). Methodologically, they use spatial Transferability Issues (C5) from neighboring leases
to fill data gaps (Galparsoro et al., 2022; Nordic Council of Ministers, 2025; Rahman & Kumar,
2024; Stranddorf et al., 2026; Veronez et al., 2026). To manage residual risks, the UK system
relies on Adaptive Management through post-consent monitoring plans (O’Hagan, 2024;
Vattenfall AB, 2019n). This approach permits project consent while delaying the resolution of

specific ecological unknowns until construction begins.
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Sub-Question 3: What limitations exist in current approaches, and how are these relevant to

Danish EIA practice?

Current approaches suffer from distinct limitations. The UK's reliance on the Maximum Design
Scenario leads to Over-Reliance on Precaution (C2), where stacking worst-case assumptions
creates impact profiles that are decoupled from ecological reality (Garnett & Parsons, 2017).
Additionally, both systems suffer from Reductionism/Oversimplification (C6), which flattens
complex animal behaviors into static variables to make models computationally tractable

(Merino-Benitez, Grave, et al., 2024; Paresh Desai, 2026).

These limitations are highly relevant to Danish EIA practice, which handles uncertainty
through a centralized, state-led model (Aeri Choi, 2025). While Denmark avoids the
precautionary inflation seen in the UK, its reliance on standardized state data creates Hidden
Uncertainties (C1) (Larsen, 2022). The Danish system treats broad regional macro-assumptions
as absolute site-specific truths, revealing that both nations ultimately sacrifice detailed

localized ecological precision to achieve rapid regulatory approval for renewable energy.

The thesis reveals three primary findings regarding the management of ecological uncertainty

in the offshore wind sector:

1. Precaution as a Legal Shield: In developer-led frameworks, the PP is often modified.
Instead of functioning as a tool for genuine ecosystem protection, it is used as an
administrative and legal shield. Developers intentionally over-estimate potential harm
to marine life, such as harbor porpoises and seabirds, to protect their permits from
judicial review.

2. The Sacrifice of Ecological Depth for Tractability: Regulatory timelines force a
systematic reliance on Reductionism/Oversimplification (C6) (Merino-Benitez, Grave,
et al., 2024). Complex, non-linear biological behaviors are reduced to simple, static
metrics, such as a fixed 1.5 m/s fleeing speed for marine mammals, to make data
calculation possible for EIA approval.

3. The Marginalization of Uncertainty: Explicitly identified data gaps and model
sensitivities lack real Decision-Relevance of Uncertainty (C4). Mentioning "Missing
Knowledge" in an EIA satisfies the procedural requirement for transparency, but it does
not influence or alter the final regulatory decision to grant project consent (de Sadeleer,

2010).
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This thesis contributes to environmental governance literature by integrating the PP
(Bourguignon, 2015) with DMDU theory (Marchau et al., 2019) to evaluate ecological risk

assessments.

First, the thesis demonstrates that the PP does not operate in a vacuum during an energy
transition. It expands the theoretical work of De Smedt & Vos, (2022) by showing how national
institutional designs reshape the definition of "precaution." The principle is constantly balanced

between localized ecological risks and global climate goals.

Second, the thesis applies DMDU theory to show that offshore wind governance frameworks
treat project consenting as a problem of robustness rather than optimality (Merino-Benitez,
Bojorquez-Tapia, et al., 2024; Nay et al., 2021). By demonstrating how post-consent
monitoring functions as an Adaptive Management tool, this research provides a clear
theoretical explanation for why regulators comfortably accept large gaps in site-specific

ecological data (O’Hagan, 2024).

8.1 Recommendations

Based on the comparative findings, this thesis offers targeted recommendations for key groups:

For EIA Practitioners and Developers: To improve the utility of EIAs, practitioners and
developers must move away from compounding worst-case assumptions, which traditionally
occur when multiple extreme parameters are stacked simultaneously. Instead, executing
separate sensitivity analyses will effectively minimize precautionary inflation and provide
regulatory authorities with significantly more realistic ecological impact profiles. Furthermore,
practitioners must clearly disclose model volatility rather than presenting highly sensitive
ecological frameworks, such as avian collision risk models, as static realities. Systematically
displaying how minor adjustments in baseline inputs radically alter final impact calculations is

essential for maintaining analytical transparency throughout the consenting process.

For the Academic Community, Researchers, and Students: The academic community
should prioritize investigating the spatial proxy gap, with a specific focus on evaluating the
biological validity of data transferability across distinct marine environments (Rahman &
Kumar, 2024; Stranddorf et al., 2026; Veronez et al., 2026). Generating dedicated empirical
studies is necessary to determine whether ecological parameters derived from one specific sea
basin can be accurately applied to another without compromising assessment integrity.
Additionally, researchers and students must work to bridge the gap between ecology and policy

by critically evaluating how environmental science is routinely simplified for administrative
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compliance. Future academic research should focus on developing innovative modeling
methods that preserve critical ecological complexities while remaining functionally useful for

policymakers and regulatory frameworks.

8.2 Directions for Future Research

Future research should prioritize the long-term empirical evaluation of post-consent monitoring
programs over the next decade, as such longitudinal analysis is essential to determine whether
adaptive management strategies actively mitigate impacts on marine ecosystems or merely
delay the regulatory recognition of ecological harm. Furthermore, expanding this comparative
framework to other global jurisdictions would provide valuable insights into broader
institutional dynamics. Investigating additional state-led or developer-led planning systems
would reveal whether the patterns of precautionary inflation and centralized hidden uncertainty

identified in this study remain structurally consistent across different regulatory environments.
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