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Emission Scenarios for a 100% Renewable Faroese Power System
A System-Level Life Cycle Carbon Intensity Assessment Towards 2040
Jakob Hedlund and Konrad Ljungqvist
Department of Technology Management and Economics
Chalmers University of Technology

Abstract
The Faroe Islands have set an ambitious target of transitioning towards a fully re-
newable electricity system, but the climate impact of different technology pathways
remains uncertain. This thesis assesses how alternative energy system configurations
influence the system-level life cycle carbon intensity of the Faroese power system in
2040. Five scenarios were evaluated using outputs from a Python for Power System
Analysis (PyPSA) based energy system model: a Base scenario, a Tidal scenario,
an Offshore wind scenario, a Vehicle-to-Grid scenario and a Combined scenario in-
cluding all investigated technologies. For each scenario, the system-level carbon
intensity was calculated by combining technology-specific life cycle GHG emission
factors with modelled installed capacity and annual electricity generation. Storage
infrastructure, including battery energy storage systems and Vehicle-to-Grid (V2G),
was included as a separate system-level contribution.

The results show that the climate impact of a 100% renewable power system depends
strongly on the available technology mix. Among the CO2-constrained scenarios, the
Combined scenario achieved the lowest system-level carbon intensity, at 11.0 g CO2-
eq/kWh, followed by the Tidal scenario at 33.8 g CO2-eq/kWh. The Base, Offshore
wind and V2G scenarios showed much higher carbon intensities, ranging from 56.6
to 57.5 g CO2-eq/kWh. A key reason for this difference is the amount of battery
storage required to balance the variable renewable generation. The Combined sce-
nario required significantly less stationary battery storage, resulting in a much lower
storage-related climate impact.

The findings imply that achieving a low-carbon renewable electricity system is not
only a matter of replacing the fossil generation, but also of integrating comple-
mentary technologies that reduce storage requirements, curtailment and capacity
overbuilding. Tidal power appears especially valuable in the Faroese context due
to its predictable generation profile, while V2G mainly contributes flexibility rather
than direct emission reductions. Overall, the results highlight the importance of
whole-system planning when assessing renewable energy transitions in isolated power
systems.

Keywords: Faroe Islands, renewable energy transition, climate impact, life cycle
assessment, PyPSA, tidal energy, energy storage, Vehicle-to-Grid, isolated power
systems.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

BESS Battery Energy Storage System
BoS Balance of System
EoL End of Life
EPD Environmental Product Declaration
EV Electric Vehicle
GHG Greenhouse Gas
GWP Global Warming Potential
HFO Heavy Fuel Oil
HVAC Heating, Ventilation, Air Conditioning
ISO International Organization for Standardization
LCA Life Cycle Assessment
O&M Operation and Maintenance
PV Photovoltaic
PyPSA Python for Power System Analysis
TMS Tidal Management System
V2G Vehicle-to-Grid
WTT Well-to-Tank
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Nomenclature

Below is the nomenclature of the specific climate impact metrics and terms used
throughout this thesis.

• Life cycle GHG emissions
The absolute total mass of greenhouse gas emissions associated with a tech-
nology over its entire life cycle. Expressed in kg CO2-eq.

• Capacity-based life cycle GHG emission factor
The life cycle GHG emissions normalized by the installed capacity of a tech-
nology. Expressed in kg CO2-eq/MW or kg CO2-eq/MWh.

• Life cycle carbon intensity
The life cycle GHG emissions normalized by the generated electricity or elec-
tricity demand. Expressed in g CO2-eq/kWh.

• System-level life cycle carbon intensity
The aggregated life cycle carbon intensity of the entire power system, including
both generation and storage contributions. Expressed in g CO2-eq/kWh.
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1
Introduction

1.1 Background and Context
Renewable energy and its integration into power systems are increasingly important
to mitigate climate change caused by fossil fuel-based electricity generation. The
International Renewable Energy Agency (IRENA) reports that the renewable share
of the total power capacity reached 46.4% in 2024, corresponding to 4 448 GW. In
2024, renewable sources generated approximately 31.9% of global electricity, con-
sisting mainly of hydropower, wind and solar photovoltaics (PV) [1]. During the
same year, the renewable power capacity increased with 585 GW (15.1%), where
wind and solar energy dominate the capacity expansion, accounting for 96% of the
net additions [2]. Many countries have set goals to limit the pollution and achieve
a clean energy production.

The Faroe Islands, an 18-island archipelago located in the North Atlantic Ocean,
have set a national goal of achieving 100% renewable energy production by 2030.
This target was originally established in 2014 through a strategic partnership be-
tween the Faroese public power company SEV and the national government [3], [4].
In 2024, the total electricity production on The Faroe Islands amounted to 480.4
GWh. The majority of the electricity, 43% was generated from fossil fuels, while
wind and hydropower accounted for 32% and 23%, respectively. The remaining 2%
was produced from solar, biogas and tidal energy [5].

Transitioning this system to fully renewable energy presents several complex chal-
lenges. Due to the absence of interconnectors to neighbouring countries, the Faroese
grid operates in complete isolation, meaning all electricity demand must be met by
local generation [6]. Furthermore, renewable energy sources are inherently variable
and often intermittent, as they depend on fluctuating weather conditions. Factors
such as wind speed and direction, solar irradiation and precipitation are inherently
unpredictable and constantly changing [6].

This inherent intermittency creates a technical limit to how much variable renewable
generation the isolated system can integrate without extensive energy storage. Since
plans for large-scale pumped hydro storage have recently encountered economic and
logistical challenges [7], there is an increasing need to diversify the energy mix and
evaluate alternative flexibility mechanisms. To expand the total renewable capacity,
offshore wind power serves as a potential pathway [8]. Concurrently, to manage the
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1. Introduction

fluctuations from weather-dependent sources, Vehicle-to-Grid (V2G) technology is
emerging as an alternative approach to system balancing by using electric vehicle
(EV) fleets as distributed battery storage [9], [10].

To complement the system’s variable renewable generation, tidal energy is being
investigated in the Faroe Islands due to its high predictability. Through a collabo-
ration with the marine energy developer Minesto, this technology aims to provide a
consistent power output to mitigate fluctuations and balance the electricity grid [6],
[11]. A successful integration of such predictable renewable energy could become a
key factor in phasing out fossil fuels, both in the Faroe Islands and in other locations
with suitable tidal resources. In the Faroese context, this could allow the current
oil-fired power plants to be transitioned into a pure emergency reserve.

Given the diversified nature of the energy system and the varying life cycle carbon
intensities of its components, evaluating the future configuration of the grid is of
critical importance. Such an assessment provides essential insights into how inter-
mittent renewable sources can be optimally balanced with predictable resources and
flexible V2G storage. By quantifying the long-term climate impacts and potential
storage overheads, decision-makers are equipped to identify the most sustainable
pathways toward complete decarbonization. This structural evaluation therefore
ensures that the expansion of the power sector not only meets the national climate
targets and guarantees grid stability, but also minimizes the system-level life cycle
carbon intensity while maintaining cost efficiency.

While previous studies have primarily focused on the economic performance and
technical feasibility of the Faroese energy transition [6], there remains a knowledge
gap regarding the life cycle climate impact of alternative future power system con-
figurations. As the Faroe Islands look beyond their initial 2030 target towards a
fully realized, sustainable power system by 2040 [3], [4], closing this environmental
research gap is important for informed long-term strategic planning. This thesis
aims to address this gap by evaluating how the strategic integration of tidal energy,
offshore wind and V2G technology influences the overall carbon intensity of the
future power system compared to a baseline configuration.

1.2 Research Questions
The aim of this thesis is to evaluate how different future system configurations influ-
ence the climate impact of the Faroese power system by 2040, expressed primarily
as system-level life cycle carbon intensity. To achieve this, the study is guided by
the following main research question:

What is the projected impact of alternative energy system configurations
on the system-level life cycle carbon intensity of the Faroese power system
in 2040?

In order to answer this main question, the following sub-questions will be addressed:

1. How does the integration of tidal energy influence this carbon intensity com-
pared to a baseline scenario without tidal power?

2



1. Introduction

2. What is the effect of offshore wind power deployment on the overall carbon
intensity in 2040 compared to the baseline scenario?

3. How does the implementation of V2G technology influence the carbon intensity
and flexibility of the Faroese power system in 2040?

4. Which energy system scenario minimizes the system’s carbon intensity while
maintaining cost efficiency in 2040?

1.3 Scope and Delimitations
The scope of this thesis covers the climate impact assessment of the Faroe Islands’
power system, projecting its transition towards a fully renewable energy mix. While
the national objective targets a completely decarbonized system by 2030 [4], the
year 2040 is selected as the target year for this analysis. Extending the analytical
horizon to 2040 allows for an evaluation of long-term life cycle climate impacts and
the gradual deployment of emerging technologies required to maintain a sustainable
grid.

Within this scope, a baseline scenario is defined to represent the projected energy
system based on currently established technologies. Alternative scenarios are then
built to evaluate the specific impact of emerging technologies such as tidal energy,
V2G integration and offshore wind power. The technical and environmental mod-
elling is executed using the Python for Power System Analysis (PyPSA) framework
and the final climate impact is measured as system-level life cycle carbon intensity,
expressed in g CO2-eq/kWh.

To ensure the feasibility and focus of the study, the following delimitations and
limitations have been applied:

• Geographical Scope: The geographical scope of this study encompasses
the primary power systems of the Faroe Islands, specifically the main central
grid and the regional grid of Suðuroy. Consequently, isolated micro-grids and
small-scale generation facilities on the disconnected outer islands are excluded
from the system boundaries.

• Environmental Impact Categories: The environmental assessment focuses
only on Global Warming Potential (GWP) and greenhouse gas (GHG) emis-
sions. Other environmental impact categories, such as land use, biodiversity
loss, toxicity, or social impacts along the supply chains, are not considered.

• Data Collection and LCA Boundaries: Due to time constraints, no pri-
mary, cradle-to-grave Life Cycle Assessments (LCAs) were conducted. The
study relies entirely on existing secondary data, including Environmental Prod-
uct Declarations (EPDs), established international guidelines, peer-reviewed
literature and technology-specific data provided by Minesto. To ensure trans-
parency and reproducibility, the detailed derivations of the capacity-based life
cycle GHG emission factors and the life cycle carbon intensities, along with
their specific sources, are documented in the appendices.

3
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• Static Environmental Data: The assessment relies on current, static EPDs
rather than dynamic prospective life cycle inventories. Consequently, the as-
sumed life cycle carbon intensity of the energy technologies does not account
for future decarbonization of manufacturing supply chains. The resulting car-
bon intensity estimates for 2040 are therefore likely to overestimate the actual
future emissions, providing a cautious assessment of the climate impact.

• Cut-off Criteria: In accordance with International Organization for Stan-
dardization (ISO) 14044 guidelines, life cycle phases that have negligible en-
vironmental significance have been excluded from the calculations. This typ-
ically applies to phases contributing less than 1% to the total life cycle GHG
emissions, such as specific installation or dismantling operations.

• Economic Optimization: While the PyPSA model optimizes for cost to
ensure technically and economically feasible scenarios, the primary focus of this
assessment is the minimization of the system-level life cycle carbon intensity.
A comprehensive socio-economic cost-benefit analysis is outside the scope of
this thesis.

1.4 Thesis Outline
The thesis is structured as follows. Chapter 2 presents the background and theoreti-
cal framework, including the Faroese energy system and the energy system modelling
approach used in the simulations. Chapter 3 describes the methodology, data collec-
tion, scenario design and climate impact assessment. Chapter 4 presents the results,
which are discussed in Chapter 5. Finally, Chapter 6 provides the conclusions of the
thesis.

4



2
Theory/Background

2.1 Case Study: The Faroese Power System
The Faroe Islands serve as a valuable case study of an isolated power system tran-
sitioning towards a fully renewable energy mix. Without the balancing support
of external power grids, the archipelago must meet its entire electricity demand
through local generation. To fully grasp this transition, it is necessary to examine
the current technological landscape, which consists of a mix of fossil-based gener-
ation and expanding renewable sources. In addition, an overview of the strategic
developments and future projects is necessary to demonstrate how the islands plan
to secure a stable and sustainable power supply.

2.1.1 The Current Infrastructure
A comprehensive mapping of the existing Faroese infrastructure reveals a diverse
technological mix operated by both the central utility company, SEV and indepen-
dent power producers [12], [13], [14].

A complete inventory of the active power plants and energy technologies as of 2025
is presented in Table 2.1. To explain how this isolated grid works, the following
sections describe each energy source in detail. The review covers the foundational
roles of thermal power and hydropower, the integration challenges associated with
onshore wind and solar PV, the local utilization of biogas and the essential grid-
stabilizing function provided by modern Battery Energy Storage Systems (BESS).

5



2. Theory/Background

Table 2.1: Comprehensive summary of active energy technologies in the Faroese
power system as of 2025.

Energy Source Facility / Site Model / Technology Year Cap. [MW] Units

Wind (Onshore)

Gellingarklettur Vestas V117-4.2 2023 25.20 6
Flatnahagi Enercon E-82 2022 18.00 6
Húsahagi Enercon E-44 2014 11.70 13
Porkeri Enercon E-44 2020 6.00 7
Neshagi Enercon E-44 2012 4.65 5
Neshagi Vestas V47 2005 1.98 3

Hydro

Eiðisverkið Reservoir / Pelton-Francis 1987 22.10 3
Heygaverkið Reservoir / Francis 1963 4.90 1
Botnur 1 & 2 Reservoir / Pelton-Francis 1921 3.00 2
Mýruverkið Reservoir / Pelton 1933 2.40 1
Fossáverkið Reservoir / Francis 1953 2.10 1
Strondarverkið Reservoir / Francis 1931 1.40 1

Biogas Førka Biowaste & Manure 2020 1.50 1
Solar PV Sumba REC N-peak 2019 0.26 1
Tidal Vestmannasund Minesto D4 2020 0.10 1

Thermal (Oil)
Sundsverkið Heavy Fuel / Gas Oil 1953 83.90 -
Vágsverkið Heavy Fuel / Gas Oil 1982 14.80 -
Backup / Others Gas Oil - 3.30 -

System Support Location Technology Year Cap. [MWh] Units

Batteries (BESS)
Sundsverkið Hitachi Energy 2023 12.50 1
Porkeri Hitachi Energy 2022 7.45 1
Húsahagi Saft / Enercon 2016 0.70 1

Onshore Wind Power

The wind power infrastructure in the Faroe Islands currently consists of four oper-
ational turbine models distributed across several wind farms, including Húsahagi,
Porkeri, Flatnahagi, Neshagi and Gellingarklettur. The identified models are the
Enercon E-44 and E82, alongside the Vestas V47 and V117-4.2. Among these in-
stallations, the Vestas V117-4.2 represents the most powerful turbine model in the
system with a rated capacity of 4.2 MW per unit [15].

Wind power is a key component of the Faroese energy mix. In 2024, wind energy
accounted for approximately 32% of the total electricity production on the islands
[5]. However, because wind power is an intermittent and inverter-based energy
source, its continued expansion poses challenges to grid inertia and voltage stability.
To address these challenges, the geographical distribution of these wind farms is
increasingly integrated with the installation of BESS to mitigate rapid fluctuations
in power output [6].

Hydropower Plants

The hydropower system in the Faroe Islands consists of six different power plants
with varying sizes and capacities. One of the plants, Botnur, is located on the
southern island Suðuroy and has a capacity of 3 MW. The remaining five hydropower
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2. Theory/Background

plants are located on the main island: Eiðisverkið, Strondarverkið, Heygaverkið,
Mýruverkið and Fossáverkið. Together, they have a capacity of 37.3 MW [12] and
generated 111.1 GWh in 2024 [5]. This makes up 23% of the total energy production,
making it a highly important component of the Faroese energy mix.

Biogas

Biogas production in the Faroe Islands is currently represented by the Förka facility,
which is owned and operated by the salmon farming company Bakkafrost [16]. The
facility operates as a combined heat and power plant. In 2024, it generated ap-
proximately 7.9 GWh of electrical power and 8.8 GWh of district heat for the local
energy system [17]. The feedstock used for biogas production consists of approxi-
mately 67% cow manure and 33% residues from agricultural and fishing industries
[17].

Solar PV Plants

Solar power production in the Faroese energy system is currently limited, consisting
of only a single photovoltaic (PV) facility. The Sumba power plant, located on
Suðuroy, contributes approximately 0.2 GWh annually to the energy mix [5]. The
installed PV modules are manufactured by REC Group and belong to their REC
N-Peak series. Beyond this, installed solar capacity remains negligible, as very few
rooftop systems have been deployed across the islands. Consequently, solar power
currently plays a minor role in the electricity mix, contributing less than 1% of the
total annual energy production [5].

Thermal Power Plants

The thermal component of the Faroese energy system consists of eight fossil-fuelled
power plants. The three main operational plants, Strond, Sundsverkið and Vágsverkið,
are located on the main islands with a combined capacity of 100 MW [12] and to-
gether they produced 208.6 GWh in 2024 [5]. Overall, the fossil fuel generation in
the Faroe Islands is the largest contributor, amounting to approximately 43% of
the total energy mix. It works as the primary asset to ensure supply reliability,
especially in periods with low renewable generation.

Battery Energy Storage Systems

There are currently three utility-scale BESS operational in the Faroe Islands, playing
a critical role in grid stabilization [6], [15]. The first BESS on the islands was
installed in 2016 at the Húsahagi wind farm near Tórshavn [18]. This initial system
has a storage capacity of 0.70 MWh and utilizes Saft lithium-ion batteries coupled
with Enercon power conversion systems.

As the share of renewable energy has increased, the battery storage capacity on
the islands has been significantly expanded. A 7.45 MWh facility was developed to
support the isolated grid on the island of Suðuroy [19], followed by a larger 12.50
MWh facility installed at the main thermal power plant, Sundsverkið [20]. Both
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2. Theory/Background

the Suðuroy and Sundsverkið systems were manufactured and integrated by Hitachi
Energy [19], [20].

2.1.2 Prospective Developments
To execute the strategic plans outlined by SEV [21], recent initiatives have focused
heavily on diversifying the energy mix. This diversification is crucial to enhance
security of supply and manage the inherent stability challenges of the grid [22].

In 2020, SEV announced plans to construct the archipelago’s first offshore wind farm
to help reach the national goal of 100% renewable electricity generation [8]. This
initiative was intended to accelerate the green energy transition by compensating
for recent onshore deployment delays driven by local land-use conflicts and the "not
in my back yard" phenomenon [8]. The wind farm was planned to be located off the
coast of Tórshavn, with an initial target for commissioning by 2025 [8]. However,
since the initial announcement, updates from official public sources regarding the
construction or initiation of the offshore project have been limited.

A fundamental physical enabler for the future Faroese energy system is the planned
interconnection of the main central grid and the isolated regional grid of Suðuroy.
Currently, Suðuroy operates as an independent micro-grid. However, according
to SEV’s strategic roadmap for a fully renewable energy sector, a subsea cable is
planned to permanently integrate the two systems [3], [6]. Connecting these two
grids is considered a vital measure to ensure long-term system stability. It allows
the smaller Suðuroy grid to access the larger physical inertia, backup capacity and
ancillary services of the main grid, which is particularly important to balance the
highly intermittent wind power generation on the island [6].

A key component in the Faroese long-term energy storage strategy has historically
been the planned pumped storage system at Mýruverkið. However, recent develop-
ments indicate that this project is currently facing delays and financial uncertainties
[21], [23]. As of late 2025, the project is undergoing a thorough reassessment to de-
termine the actual investment costs through a new tendering process, with a final
decision on its execution scheduled for the third quarter of 2026 [21]. The uncer-
tainty surrounding large-scale storage projects has led to an increased strategic focus
on diversifying the energy mix with other predictable resources, where tidal energy
has emerged as a primary area of interest [22].

A notable example of this diversification strategy is the ongoing collaboration be-
tween SEV and the marine energy developer Minesto, which focuses on the deploy-
ment of subsea tidal kite technology. The technology has been tested in Vestmanna-
sund with both a smaller 100 kW test-scale unit and the utility-scale 1.2 MW Dragon
12 kite [24]. Unlike wind and solar power, tidal currents are driven by planetary
mechanics and offer a highly predictable generation profile characterized by low sea-
sonal variability. The predictability is great for system planning and lowers the need
for overcapacity [6], [11]. Significant milestones have already been achieved at the
grid-connected test site in Vestmannasund, including the early 2024 commissioning
of the utility-scale 1.2 MW Dragon 12 kite, which is actively exporting power to
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the grid [25]. Looking ahead, prospective plans involve transitioning to commercial-
scale tidal arrays, initially targeting a multi-megawatt installation in Hestfjord, with
a long-term vision of deploying up to 200 MW of tidal energy capacity across the
archipelago [22].

2.2 Power System Dynamics and Flexibility
Transitioning an isolated power system toward 100% renewable energy creates new
operational challenges. As conventional thermal power plants are phased out, the
grid loses the physical inertia that traditionally keeps it stable. This issue is further
amplified by the temporal variability of weather-dependent energy sources, such as
wind and solar. To overcome these challenges and maintain a reliable electricity
supply, various flexibility options can be explored. These potential solutions range
from stationary BESS to the active integration of electric vehicle (EV) fleets through
Vehicle-to-Grid (V2G) technology.

2.2.1 Stability Challenges in Isolated Grids
Fundamental changes to power system dynamics become especially apparent in is-
landed grids, where the absence of interconnectors limits the ability to import ancil-
lary services and export surplus energy [26]. The increasing penetration of wind and
solar power displaces traditional thermal synchronous generators. Unlike conven-
tional power plants, these renewable sources depend on fluctuating environmental
conditions and are commonly connected through power electronics. Although grid-
forming inverters can provide important grid support functions, they do not provide
the same physical inertia as traditional synchronous generators. In conventional
power systems, the rotating heavy masses of these synchronous generators provide
essential ancillary services, such as physical inertia and voltage regulation. This
inertia acts as a buffer that dampens rapid frequency changes during sudden power
imbalances, with research demonstrating that a lower system inertia directly results
in faster and deeper frequency drops [27].

Beyond frequency stability, the intermittent and unpredictable nature of wind and
solar energy introduces variations in both active and reactive power output [6].
Wind power is highly relevant in the Faroese context. However, depending on the
turbine technology, these systems are often decoupled from the grid, which yields
little to no inertial response and may even consume reactive power. Rapid changes
in wind conditions can therefore lead to voltage fluctuations, causing power imbal-
ances and lower power quality [28], [29]. Similarly, solar PV systems face comparable
challenges regarding rapid fluctuations and grid instability [30]. Furthermore, re-
newable energy is often produced by smaller, decentralized units scattered across
the grid, known as distributed generation. This is relevant in the Faroe Islands,
where a large thermal power plant such as Sundsverkið can provide centralized dis-
patchable generation, while renewable expansion requires several wind farms and
other generation units distributed across the archipelago. Unlike traditional heavy
generators, these inverter-based systems do not inherently provide the high fault
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currents (short-circuit power) required to trigger standard grid protection mecha-
nisms. This lack of fault current makes it harder for the grid to detect and isolate
electrical faults, which negatively impacts overall system reliability [31]. Conse-
quently, power systems with high shares of inverter-based generation become more
sensitive to operational disturbances than conventional systems.

These general stability challenges are highly relevant to the Faroese power system.
Dynamic grid simulations conducted specifically on the Faroese island of Suðuroy
illustrate that the decommissioning of thermal power plants and the subsequent inte-
gration of renewable energy sources critically degrade the grid’s ability to withstand
sudden losses of wind power or unforeseen load rejections [32]. Tróndheim et al. [6]
emphasize that the transition phase towards a decarbonized grid by 2030 requires
active and robust stabilization measures. To counteract the declining physical iner-
tia and ensure both frequency and voltage stability in the Faroe Islands, technical
solutions capable of delivering synthetic inertia and rapid frequency regulation are
required [26], [32]. In this context, BESS and grid-forming inverters are identified
as crucial technologies for maintaining stability and resilience in these grids, both
during the transition and as a permanent foundation in a fully renewable system
[26], [27].

In response to these theoretical and operational needs, the Faroese utility company
SEV has actively started implementing necessary stabilization measures. To secure
the grid as thermal generation is phased out, synchronous condensers have been
installed to provide essential short circuit power and physical inertia [33]. Comple-
menting these rotating machines, large-scale BESS have been deployed across the
islands, specifically at the facilities in Suðuroy, Sundsverkið and Húsahagi, to de-
liver rapid frequency response and synthetic inertia [15], [33]. While synchronous
condensers address the immediate physical stability of the grid, understanding the
climate impact of the expanding energy storage infrastructure remains a critical
component when evaluating the overall sustainability of such energy transitions.

2.2.2 Spatio-Temporal Variability of Renewables
Beyond managing the physical grid stability, integrating a high share of renewable
energy in the Faroe Islands requires a deep understanding of the temporal variability
inherent to these sources. Both seasonal changes and daily cycles greatly affect power
generation, which makes it difficult to keep the grid stable and increases the need
for energy storage, as well as active grid regulation and stabilization measures [26].
Analysing the specific fluctuation profiles of solar PV, wind power, hydropower and
tidal energy is essential for optimizing the future energy mix and ensuring a reliable
supply of electricity.

Solar PV systems present the fastest and most extreme changes over time among
the planned energy sources. While production naturally follows the diurnal cycle,
creating generation gaps during dark hours [30], this dynamic is heavily influenced
by the high-latitude environment of the Faroe Islands. During the peak summer
months, the nearly continuous daylight significantly shortens the nightly generation
gap. Conversely, the winter months are characterized by very short daylight hours
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and frequent cloud cover, which amplify the intermittency and result in prolonged
periods of zero production [34].

Wind power is also highly intermittent but lacks the predictable daily cut-off char-
acteristic of solar energy. Instead, it is affected by unpredictable weather changes
that can cause power output to suddenly drop or rise within hours or even minutes
[35]. On a seasonal scale, the Faroe Islands typically experience a generation profile
that complements solar energy. Wind yields are generally at their highest during
intense winter storms and become relatively lower and more sporadic during the
calmer summer months [36].

Hydropower offers a more dispatchable but still highly seasonally dependent energy
profile. While local reservoir storage provides a vital buffer against immediate daily
fluctuations, the overall generation capacity is directly linked to regional weather
patterns [6]. In the Faroese context, rainfall and resulting water inflows are signif-
icantly heavier during the winter, naturally aligning peak hydropower availability
with periods of higher electricity demand, while drier summer months result in lower
reservoir levels [6].

Tidal energy stands out as the most predictable of the assessed renewable sources
[37]. The actual power output from a tidal kite is highly variable across different time
scales, ranging from the short-term dynamics of its flight trajectory to daily ebb-
and-flow patterns and monthly spring-neap cycles. However, these fluctuations are
entirely deterministic. Because tidal currents are driven by planetary mechanics and
the gravitational pull of the moon and sun rather than unpredictable atmospheric
weather, generation profiles can be forecasted with near-perfect accuracy years in
advance [37]. Because this inherent variability is fully known in advance, tidal energy
can serve as a highly reliable resource, offering a schedulable and predictable way to
balance the erratic natural fluctuations in the islands’ wind and solar resources [6].

2.2.3 Vehicle-to-Grid for Grid Stabilization
To complement the previously mentioned stationary BESS and rotational machin-
ery, Vehicle-to-Grid (V2G) technology offers an additional pathway for active grid
stabilization. By enabling a bidirectional power flow, EVs can both draw and sup-
ply energy, allowing an integrated vehicle fleet to effectively act as a large-scale
distributed energy storage system [9], [38]. In such a system, EVs can actively con-
tribute to grid stability and facilitate important grid support functions, such as peak
load management [10].

From a system perspective, V2G represents a highly material-efficient solution com-
pared to dedicated stationary BESS, as it utilizes existing vehicle batteries for dual
purposes rather than requiring the manufacturing of new, stand-alone storage infras-
tructure [9]. Consequently, within a life cycle assessment framework, the primary
manufacturing-related life cycle GHG emissions of the battery are attributed to the
transportation sector. However, the technology is not entirely without environmen-
tal impact on the power system, as grid balancing operations introduce increased
degradation of the battery cells [9], [39]. To mitigate this, research indicates that

11



2. Theory/Background

the additional battery wear can be kept to a minimal level by optimizing the oper-
ational profile, for example by limiting V2G services such as peak load shaving to
short daily durations [39].

The actual availability and flexibility of V2G as a grid resource are not solely de-
termined by technical capabilities, but are heavily reliant on user behaviour and
operational constraints. Research highlights that user range anxiety and concerns
regarding battery degradation act as barriers that can negatively impact participa-
tion rates [38]. Additionally, there are operational limitations associated with utiliz-
ing commercial vehicle fleets for grid-balancing services, as strict delivery schedules
and required charging periods restrict their availability [40].

2.3 Life Cycle Assessment
and Environmental Data

Evaluating the true climate impact of a renewable energy transition requires robust
and standardized methodological frameworks. Although operational emissions de-
crease in a decarbonized grid, building new infrastructure requires significant upfront
material inputs and embodied life cycle GHG emissions. Integrating Life Cycle As-
sessment (LCA) principles directly with energy system modelling makes it possible
to capture these full life cycle dynamics and calculate the life cycle GHG emissions
and life cycle carbon intensities of different technology pathways. Within this frame-
work, specific emission data to accurately assess the environmental performance can
be sourced from standardized Environmental Product Declarations (EPDs).

2.3.1 Integrating LCA with Energy System Modelling
To accurately evaluate the full environmental profile of evolving power systems,
prospective life cycle assessment has emerged as the standard methodological frame-
work [41]. Previous research has repeatedly highlighted the importance of combining
capacity expansion modelling with life cycle emission data to calculate the true cli-
mate impact of energy transitions. Hertwich et al. [42] integrated LCA with global
electricity-supply scenarios, demonstrating that the long-term system-wide emission
reductions far outweigh the initial infrastructure impacts of renewable technologies.
Building on this approach, Berrill et al. [43] assessed high-penetration renewable sce-
narios for the European power sector by integrating technology-specific LCA factors
directly with the capacity and generation outputs of an energy system optimization
model.

Furthermore, Pehl et al. [44] established a framework for understanding future emis-
sions by directly linking life cycle data with the outputs of integrated energy models,
namely installed capacity and annual generation. By distributing the capacity-based
emissions over the lifetime electricity generation of the technologies and combining
them with operational data, they effectively calculated the future life cycle carbon
intensity of entire power grids. This integrated approach provides a comprehen-
sive and transparent evaluation of the total GWP of different technology pathways,
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forming a robust theoretical basis for prospective scenario modelling.

2.3.2 Environmental Product Declarations
EPDs are standardized documents that report the environmental performance of
products based on LCA methodology. The data is typically provided as quantified
indicators such as GWP (g CO2-eq/kWh for electricity generation), along with a def-
inition of system boundaries, such as for example cradle-to-gate or cradle-to-grave.
The documents are verified by a third party and are developed with international
standards such as ISO 14025, while their connection to LCA is defined by ISO 14040
[45]. ISO 14025 ensures that the EPDs present quantified environmental informa-
tion regarding the life cycle of the product or technology to enable comparison.
They are therefore required to be based on independently verified LCA data that
is in accordance with the ISO 14040 series of standards. This ensures a consistent
methodology and transparency, making them a reliable source of information. The
data is product/technology specific, which makes it much more applicable when
analyzing a case study such as the energy system on the Faroe Islands.

In a recent study [46], the evolution of EPDs over the past two decades is ana-
lyzed through a systematic literature review. The results show that the amount
of publications have grown exponentially, growing from a niche topic to a main-
stream research agenda. EPDs are no longer only used as communication tools but
have become important instruments for supporting sustainability assessment and
enable more robust and informed decision-making. Due to the fact that the EPDs
are based on standardized LCA methodology, they enable comparability between
different products and technologies such as the energy technologies on the Faroe
Islands.

Despite these advantages, there are also several limitations associated with EPDs;
their availability varies across technologies and manufacturers, which can lead to
data gaps [46]. Furthermore, applying current static data to future energy scenarios
introduces a risk of temporal mismatch between foreground and background systems,
which is a methodological challenge particularly emphasized in prospective LCA
[41]. Because EPDs inherently reflect present-day manufacturing supply chains and
background grid intensities, utilizing them for long-term modelling assumes static
background emissions. While methodological variations in system boundaries and
allocation rules already reduce comparability [46], this temporal mismatch means
that the resulting life cycle GHG emission estimates often serve as conservative
estimates when evaluating future systems.

While these methodological challenges must be acknowledged, EPDs generally repre-
sent a transparent and reliable source of environmental data for evaluating technology-
specific impacts.
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2.4 Energy System Modelling
As established in the previous section, assessing the true climate impact of future
energy transitions requires linking technology-specific environmental data with the
dynamic operational realities of the power grid. To achieve this, high-resolution
computational modelling is utilized to balance the hourly variability of renewable
resources with system demand, while simultaneously simulating capacity expansion
under strict environmental targets.

A prominent tool for such simulations is the Python for Power System Analysis
(PyPSA) framework. PyPSA is an open-source software environment designed for
simulating and optimizing complex modern power systems.

The optimization is performed as a myopic, annual and sequential capacity expan-
sion problem. This means that the model optimizes one year at a time, rather than
optimizing the full transition pathway with perfect foresight. For each modelled
year, capacity expansion is determined together with hourly dispatch, ensuring that
the installed capacity is sufficient to meet electricity demand in every hour of that
year. The following year then starts with the capacity installed in the previous year
and can expand further if needed. Since all technologies considered in the scenar-
ios are assumed to have lifetimes longer than the optimization period, no capacity
retirement or contraction is included.

At its core, the PyPSA model performs a linear optimization where the primary
objective function is to minimize total annualized system costs, including capital
investments and operational expenses. However, the optimization can be strictly
governed by defining boundary conditions, such as a direct CO2 emission constraint.
The emission limit starts at a relatively high level and decreases linearly to zero by
2040. As a result, the model must select capacity expansions and dispatch strategies
that satisfy both hourly electricity demand and the annual emission limit, even if
this requires investment in technologies with higher financial costs.

To perform this constrained optimization, the algorithm integrates and balances
several core components of an energy system:

• Network structure: Includes the main components such as buses, links,
generators and storage units, defining the spatial layout of the grid.

• Demand: Comprises the hourly load profiles for each bus, integrating trans-
port, heating and baseload.

• Supply: Covers electricity generation and storage through dispatchable and
non-dispatchable resources, including both fixed and expandable capacity op-
tions.

• Environmental constraint: Limits the annual direct CO2 emissions from
fossil-based electricity generation, with the constraint decreasing linearly to-
wards zero by 2040 in the constrained scenarios.
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3.1 Estimation of Life Cycle GHG Emissions
and Carbon Intensities

To avoid uncertainty, this thesis distinguishes between several related climate-impact
terms. Life cycle greenhouse gas (GHG) emissions refer to the absolute amount of
greenhouse gas emissions associated with a technology over its life cycle, expressed
in kg CO2-eq or t CO2-eq. When these emissions are normalized by installed capac-
ity, the term capacity-based life cycle GHG emission factor is used, expressed for
example in kg CO2-eq/MW or kg CO2-eq/MWh. When emissions are normalized
by electricity generation or electricity demand, the term life cycle carbon intensity
is used, expressed in g CO2-eq/kWh. Finally, direct CO2 emissions refer only to
operational combustion emissions represented in the PyPSA emission constraint.

To evaluate the climate impact of the projected energy system configurations, technology-
specific life cycle GHG emission factors and carbon intensities were established for
each energy technology. To ensure that the assessment accurately reflected the
Faroese context, the selection of reference technologies and underlying data sources
followed a strict prioritization hierarchy.

Primarily, the calculations were based on Environmental Product Declarations (EPDs)
or specific Life Cycle Assessments (LCAs) for the exact technology models currently
operating or planned in the Faroe Islands. These primary reference technologies
were identified through the comprehensive system mapping presented in Subsection
?? (Table 2.1). In instances where multiple operational models existed for a single
technology category, the assessment prioritized the most modern model with the
highest rated capacity to best reflect the standard for future capacity expansions.

In cases where manufacturer-specific EPDs were unavailable, or where the tech-
nology was not linked to a single standardized model (e.g., hydropower and ther-
mal generation), the methodology prioritized literature-based proxy data adjusted
for comparable climatic and geographic conditions. This included adapting global
baselines from the IPCC using local parameters, applying standardized European
frameworks such as the RED II directive, or utilizing peer-reviewed LCAs combined
with allometric scaling. Finally, for future expansion options not yet deployed on the
islands (e.g., offshore wind and V2G integration), the assessment relied on critically
reviewed LCAs or EPDs representing modern applications that would be realistic
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for future Faroese deployment.

To effectively integrate these technology-specific emission factors into the capacity
expansion model and the subsequent scenario analysis, the methodological approach
was divided into two primary integration pathways, depending on data availability
and technology characteristics.

Pathway 1: Capacity-Based Life Cycle GHG Emission Factors. For com-
mercially expandable renewable energy and storage technologies (onshore wind, off-
shore wind, solar PV, tidal power, BESS and V2G), a dynamic capacity-based scal-
ing approach was used. Total life cycle GHG emissions were derived from existing
LCAs, EPDs and technical documentation. From these sources, absolute emission
masses were established and subsequently normalized per unit of installed capacity,
such as kg CO2-eq/MW or kg CO2-eq/MWh.

Pathway 2: Generation-Based Life Cycle Carbon Intensities. For tech-
nologies where modular plant-specific data were unavailable or where expansion was
constrained by the system boundaries (thermal power, hydropower and biogas),
emissions were estimated directly as specific carbon intensities, expressed in g CO2-
eq/kWh. Thermal generation was represented using an operational combustion-
based approach, while hydropower and biogas utilized literature-based and regula-
tory standard estimates adjusted for Faroese conditions.

Where relevant across both pathways, adjustments were made to reflect the specific
geographical and operational conditions of the Faroe Islands, including extended
maritime transportation distances, local climate conditions and technology-specific
operating lifetimes. The detailed calculations and assumptions for each technology
are provided in the appendices, while the specific sub-sections below outline the
overarching data choices and system boundaries.

Thermal Power
Due to the lack of exact LCA data for the Faroese thermal power plants, emissions
were evaluated using a baseline combustion calculation. This approach was chosen
to build a foundation that could be expanded to match the full life cycle scope
of the renewable energy technologies. First, the baseline tank-to-wake emissions
were calculated using the annual electricity production records [5]. To estimate
the total fuel consumption, specific plant efficiencies between 42% and 45% were
assigned based on the installed engine types [6], [47]. The calculated fuel demand
was then combined with the default IPCC emission factors for heavy fuel oil (HFO)
to determine the direct greenhouse gas emissions [48], [49].
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To align with a complete cradle-to-grave system boundary, a conservative 25% addi-
tion was applied to the direct combustion emissions to account for both the upstream
Well-to-Tank (WTT) phase and the life cycle impacts of the power plant infrastruc-
ture. This percentage was derived from global and European reference data for heavy
fuel oil and thermal power infrastructure [50], [51], [52]. Detailed breakdowns of the
fuel demand, emission factors and the final calculations are provided in Appendix
A.

Hydropower
Due to the lack of plant-specific LCA data for hydropower generation in the Faroe
Islands, a literature-based scaling approach was applied to estimate a representa-
tive cradle-to-grave carbon intensity. The methodology adjusted a baseline emission
factor of 24 g CO2-eq/kWh, corresponding to the global median life cycle emissions
for hydropower reported by the IPCC [53]. To adapt this baseline to Faroese con-
ditions, three multiplicative adjustment factors were applied, accounting for local
climate dynamics, limited reservoir capacity and long operational lifetimes.

The parameter ranges were evaluated to capture inherent uncertainties and the
resulting central estimate was validated against an EPD for comparable Nordic
hydropower systems [54]. Unlike the capacity-based renewable technologies, the
lack of plant-specific infrastructural data meant that the hydropower impact was
maintained as a specific carbon intensity metric rather than life cycle GHG emissions
scaled by installed capacity. A detailed description of the scaling model, parameter
ranges and final calculations is provided in Appendix B.

Biogas
The life cycle carbon intensity of the Faroese biogas generation was modelled based
on the existing Förka facility [16]. Due to a lack of primary data regarding site-
specific emission factors, the operational emission estimate relied on the method-
ology and standard values provided by the European Union’s Renewable Energy
Directive, RED II (Directive 2018/2001/EU) Annex VI [55].

During the operational phase, gross emissions were calculated based on the facility’s
reported feedstock mixture [17]. To align the assessment with the complete cradle-
to-grave system boundaries of the other evaluated technologies, these operational
values were supplemented with an infrastructure adjustment derived from life cycle
studies of biogas facilities [56]. In accordance with RED II, an emission credit was
applied for the manure fraction to account for the avoided methane emissions that
would have otherwise occurred during conventional open storage [55].

Finally, because the facility co-produces electricity and heat, the net environmental
burden was allocated using an exergy-based approach, as stipulated by RED II [55].
This allocation implies that the electrical output bears a proportionally larger share
of the impacts due to its higher energy quality (exergy) compared to the district
heating output, yielding a final specific carbon intensity expressed in g CO2-eq/kWh.
All calculation steps and mathematical derivations are presented in Appendix C.
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Onshore Wind Power
To determine the capacity-based life cycle GHG emissions of onshore wind power
generation, the environmental assessment relied on a critically reviewed LCA for the
Vestas V117-4.2 MW turbine, conducted in accordance with ISO 14040/44 standards
[57]. The system boundaries followed a comprehensive cradle-to-grave approach,
including production, transportation, operation and maintenance (O&M) and End-
of-Life (EOL) phases.

Baseline transport data from the reference scenario was applied as a proxy for the
supply chain and the EOL phase accounted for net emission credits for material
recycling. To integrate these impacts into the capacity expansion model, the abso-
lute life cycle GHG emissions of a single unit was normalized by its rated capacity.
This established a specific capacity-based life cycle GHG emission factor expressed
in kg CO2-eq/MW. Detailed calculation steps and methodological assumptions are
provided in Appendix D.

Offshore Wind Power
The environmental assessment of offshore wind power relied on a critically reviewed
LCA for the Vestas V236-15.0 MW turbine, conducted in accordance with ISO
14040/44 standards, assuming a bottom-fixed steel monopile foundation [58]. Simi-
lar to the onshore evaluation, the system boundaries included the complete cradle-
to-grave life cycle.

Since the extended maritime logistics to the Faroe Islands fell within the standard
ISO 14044 [59] cut-off criteria, the baseline transport emissions were retained due
to their negligible environmental significance. The assessment also included instal-
lation, O&M and net emission credits from EOL material recovery. The total life
cycle GHG emissions were normalized by the 15 MW rated capacity to establish a
continuous capacity-based life cycle GHG emission factor (kg CO2-eq/MW). Com-
prehensive mathematical formulations and step-by-step calculations are presented
in Appendix E.

Solar Photovoltaics
The environmental assessment for solar PV relied on a critically reviewed EPD
for the REC N-Peak module, compiled in accordance with ISO 14025 standards
[60]. Because the extended maritime transport to the Faroe Islands fell below the
standard ISO 14044 [59] cut-off threshold for environmental significance, the baseline
transport emissions were retained.

While the EPD provided cradle-to-gate life cycle GHG emissions for the modules, a
Balance of System (BoS) markup was applied to include the full cradle-to-grave im-
pact of a utility-scale facility, accounting for essential infrastructure and reinforced
mounting. The aggregated life cycle GHG emissions were then converted to estab-
lish a continuous capacity-based life cycle GHG emission factor (kg CO2-eq/MW).
Detailed BoS integration and capacity normalization calculations are presented in
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Appendix F.

Tidal Power
The environmental assessment of tidal power relied on a reference LCA for Minesto’s
500 kW Deep Green Utility tidal kite system [61]. Since the modelled Faroese scenar-
ios are based on the larger D42 Dragon system, with a rated power of approximately
1.648 MW per kite, the original LCA inventory was adapted using a process-specific
scaling approach.

The original LCA contributions were first converted from specific carbon intensities
into absolute life cycle emissions. Each contribution was then scaled according to
its primary physical driver, employing parameters such as component mass, cable
dimensions and transport distances. The tidal management system in the original
LCA was not representative of the proposed D42 deployment. The subsea hub was
therefore estimated separately using a proxy approach based on comparable subsea
infrastructure.

The scaled life cycle contributions were then aggregated and normalized by the
device’s rated capacity, establishing a capacity-based life cycle GHG emission factor
expressed in kg CO2-eq/MW. Detailed scaling factors, structural assumptions and
methodological limitations are provided in Appendix G.

Battery Energy Storage Systems
The environmental assessment for BESS relied on a reference LCA by Parlikar et
al. [62]. The system boundaries included the production, transportation and EOL
phases, assuming zero direct operational emissions. While the extended maritime
transport to the Faroe Islands was explicitly modelled, the installation and disman-
tling phases were excluded in accordance with the standard ISO 14044 [59] cut-off
criteria.

To account for cell degradation over the 20-year project horizon, a fractional re-
placement factor was used to distribute the life cycle impacts of future battery
replacements evenly [63]. To allow for scalable calculations, the equipment data was
adjusted using allometric scaling principles and separated into independent energy-
dependent (kg CO2-eq/MWh) and power-dependent (kg CO2-eq/MW) capacity-
based life cycle GHG emission factors. Within the energy system simulations, the
C-rate for the BESS infrastructure was fixed at 0.25, corresponding to a nominal
storage duration of 4 hours. Consequently, the installed storage energy capacity
(MWh) scales proportionally and remains exactly four times larger than the corre-
sponding power capacity (MW) determined by the optimization algorithm. Detailed
mathematical steps for the linearization, specific scaling exponents and methodolog-
ical limitations are provided in Appendix H.
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Vehicle-to-Grid (V2G)
The environmental impact of integrating Vehicle-to-Grid (V2G) technology was as-
sessed by evaluating the Faroese electric vehicle (EV) fleet as a distributed energy
storage resource. The system boundary included a partial allocation of the produc-
tion and EOL impacts for both the EV batteries and the charging hardware.

Since the primary function of an EV is mobility, emissions were allocated in accor-
dance with ISO 14044 multi-functional guidelines [59]. Based on empirical battery
degradation data from shallow micro-cycling [64], a 5% environmental allocation fac-
tor was assigned to the power system. The allocated life cycle GHG emissions from
V2G integration was scaled by the projected number of actively participating EVs in
2040, establishing the total net life cycle GHG emissions for the distributed storage
system. Detailed fleet projections, allocation factors and mathematical derivations
are provided in Appendix I.

3.2 Model Setup and Input Data
Transitioning an isolated power system to rely exclusively on renewable energy
sources introduces significant complexities regarding security of supply and system
balancing. To address these challenges and gain a systemic understanding of how
variable resources, energy storage and grid infrastructure interact, a comprehensive
computational model was established. This model was used to simulate the dy-
namic behaviour of the Faroese grid and evaluate viable technological pathways for
the 2040 transition.

3.2.1 Modelling Framework and System Boundaries
To simulate and optimize the future configuration of the Faroese grid towards the
year 2040, the theoretical framework of PyPSA, introduced in Section 2.4, was
applied. The specific model setup employed in this study was originally developed
by Minesto. The geographical scope of the energy system model includes both the
main central grid and the regional grid of Suðuroy. the model also accounts for the
planned subsea interconnection between these two separate grids.

The spatial structure of the model is shown in Figure 3.1. The Faroese electricity
system is represented through seven regional buses, which form the spatial nodes of
the PyPSA model. The figure illustrates one possible distribution of generation and
storage capacities across the system in 2040, based on the assumptions and inputs
used in the model setup.
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Figure 3.1: Spatial representation of the modelled Faroese electricity system and
one possible distribution of installed generation and storage capacities in 2040. The
numbered buses represent the regional nodes included in the PyPSA model.

3.2.2 Input Data and Generation Profiles
The model was primarily based on the model structure developed by Tróndheim [6].
This dataset provided the network structure, existing generation capacities, invest-
ment options, cost data, transport profiles and several other technical parameters
used as the foundation for the modelling framework. The model inputs were then
updated and supplemented using more recent Faroese data sources and technology-
specific assumptions.

The electricity demand projection for 2040 was based on the Faroese expansion
plan published by Umhvørvisstovan [65]. Updated electric vehicle projections and
transport demand assumptions were derived from Statistics Faroe Islands [66]. The
regular electricity demand profile was constructed from historical hourly generation
data from SEV, while the transport demand profile followed the method used by
Tróndheim [6]. Heating demand was estimated using the same general approach,
but with temperature data for 2022 obtained from Open-Meteo and spatially linked
to the relevant bus coordinates [67]. Industrial demand was represented as a flat
load distributed evenly across all hours of the year.

Generation profiles for solar PV, onshore wind and hydro inflow were derived from
SEV historical statistics for 2022 [68]. Open-Meteo data were only used for wind
speed inputs when required [67]. The tidal generation profile was developed from
a power curve provided by Minesto, combined with a tidal current model from the
University of the Faroe Islands and adjusted using observations from Vestmanna
and Hestfjørður [69].
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3.2.3 Optimization Constraints and Emission Targets
To align the capacity expansion with the 2040 climate goals, the model incorporated
a strict CO2 emission constraint that limited the total allowable emissions within
the system. The constraint applied only to direct, scope 1 emissions from the fuel
oil and gas oil carriers, as these were the only emitting carriers represented in the
model. Based on the methodology established by Tróndheim [6], who applied an
annual emission cap up to 2030, the model operated via a gradual, linear reduction
path over the 2026–2040 timeline since explicit year-by-year targets are not officially
defined.

Within this framework, the optimization identified the least-cost system configura-
tion that satisfied the CO2 constraint while also meeting the technical requirements
of the power system. These included maintaining a balance between supply and de-
mand at each time step, respecting transmission capacity limits between buses and
limiting generation according to installed capacity and available resource profiles.

Load shedding was included as a last-resort option to allow the model to represent
infeasible or highly constrained system configurations. In the model, load shedding
represents unmet electricity demand and was assigned a very high penalty cost. This
means that the model only uses load shedding when available generation, storage and
transmission capacity are insufficient to meet demand. It was therefore not treated
as a normal supply technology, but as an indicator of system stress or insufficient
capacity under the given scenario assumptions.

Renewable generation was therefore constrained by both installed capacity and the
hourly availability of wind, solar, hydro, or tidal resources, while dispatchable gen-
eration was limited by installed capacity. Storage operation was constrained by
charging and discharging capacity as well as the available state of charge. For
comparative purposes, the scenarios were also evaluated in unconstrained variants
where the CO2 emission constraint was entirely deactivated to allow for pure cost-
optimization simulations.

3.3 Scenarios
Building upon the boundary conditions established in Section 3.2, five primary sce-
narios were defined to evaluate different technological pathways for the 2040 energy
system. While these core configurations (Scenarios 1 through 5) operated under the
strict CO2 emission cap to simulate a fully renewable transition, each was paired
with the previously introduced unconstrained variant (denoted with a ’U’ suffix,
e.g., Scenario 1U) to isolate the systemic impact of the climate targets.

In these unconstrained counterparts, the CO2 limits were entirely removed. To re-
flect a realistic baseline, existing thermal power plants were assigned an “available–
no expansion” constraint. This allowed the optimization algorithm to dispatch the
existing fossil-based generation to cover peak demand throughout the entire mod-
elling period, while strictly prohibiting any investments in new thermal capacity.
This dual-scenario approach aimed to evaluate the specific technological shifts and
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capacity additions required to achieve full decarbonization of the Faroese power
system, relative to their emission-unconstrained counterparts.

Before detailing the specific technology mix of each scenario, certain structural con-
straints were applied uniformly across all models. All existing renewable technologies
were modelled as expandable, with two key exceptions:

• Biogas: No expansion was permitted due to the assumed limited availability
of local feedstock on the islands.

• Hydropower: The expansion of reservoirs and pumped storage facilities was
not considered, as the planned project at Mýruverkið is currently postponed
due to financial uncertainties [21]. However, to better meet peak demand, the
optimization model was permitted to expand the installed generation capacity
(i.e., turbine upgrades) at existing facilities.

An overview of the technology options and expansion constraints for both the core
scenarios and their unconstrained counterparts is presented in Table 3.1. This
overview serves as the basis for the capacity expansion modelling.

Table 3.1: Overview of energy technology options and availability constraints
across the evaluated scenarios (including U-variants) for the year 2040.

Technology
Scenario 1
(Base Case)

Scenario 2
(Tidal)

Scenario 3
(Offshore Wind)

Scenario 4
(V2G)

Scenario 5
(Combined)

Power Generation
Thermal (Core Scenarios) – – – – –
Thermal (U-Variants) (✓) (✓) (✓) (✓) (✓)
Hydro (✓) (✓) (✓) (✓) (✓)
Biogas (✓) (✓) (✓) (✓) (✓)
Onshore Wind ✓ ✓ ✓ ✓ ✓

Offshore Wind – – ✓ – ✓

Solar Photovoltaics ✓ ✓ ✓ ✓ ✓

Tidal Power – ✓ – – ✓

Storage & Flexibility
BESS ✓ ✓ ✓ ✓ ✓

V2G Integration – – – ✓ ✓

✓ = Scalable (active variable in optimization) (✓) = Constrained (fixed or limited capacity)
– = Unavailable

Scenario 1 Base Case
The base case served as the reference scenario and reflected the current energy system
of the Faroe Islands. This configuration focused exclusively on commercially mature
and established technologies, namely solar, onshore wind, hydro, oil and biogas. To
ensure that the results were not biased by extreme weather conditions, the renewable
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generation profiles for wind and solar power were based on 2022 weather data, which
was treated as a representative median year in the model setup. This should be
considered when interpreting the results, as interannual variation in wind, solar and
demand was not explicitly assessed. This scenario was established as a benchmark
against which the other scenarios were compared.

Scenario 2 Tidal Energy Integration
Scenario 2 built upon the base case configuration by introducing tidal power as an
additional expansion option. This allowed the optimization process to assess the po-
tential of tidal energy generation in meeting the system’s demand. By including this
predictable, ocean-based resource, the scenario evaluated the cost-competitiveness
and system impact of tidal energy alongside the established technologies.

Scenario 3: Offshore Wind Integration
This scenario expanded the technological scope of the base case by including offshore
wind power as a new generation option. While further onshore wind expansion
remained available to the model, the primary objective of this configuration was to
evaluate the cost-optimal deployment of offshore wind. This allowed an assessment
of how offshore wind could contribute to the overall generation mix.

Scenario 4: Vehicle-to-Grid (V2G) Integration
Scenario 4 investigated the integration of EVs as active flexibility resources through
V2G technology. Building upon the base case, this configuration allowed EVs to
interact bi-directionally with the power system by drawing electricity from the grid
for charging and later discharging part of the stored energy back to the grid. This
capability enabled the model to utilize EV batteries for system balancing and peak
load management to assess the cost-optimal role of V2G.

The transition of the Faroese passenger vehicle fleet to electric vehicles by 2040
was treated as an external assumption rather than a model variable. The transport
demand projection used in this scenario was based on a more aggressive EV adoption
pathway than the projection used in the general demand forecast. In this study, the
transport demand projection was therefore replaced by a separate EV projection,
assuming that approximately 95% of the passenger vehicle fleet is electrified by
2040. As EV adoption increases over the model period, both electricity demand from
transport and the installed V2G energy and power capacity increase accordingly.

The resulting V2G capacity was implemented as a fixed asset based on the cal-
culations presented in Appendix I. A user participation rate of 75% was assumed,
representing the share of EV owners participating in V2G operation. However, only
25% of the installed V2G capacity was assumed to be available to the power system
at any given time. This simplified availability assumption was used to represent
limitations related to vehicle use patterns, charging behaviour and user availability.
Therefore, the model did not optimize the expansion size of V2G capacity dynami-
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cally, but instead operated the externally defined available V2G capacity within the
system.

Scenario 5: Combined System
Integrating the previous configurations, this scenario represented the broadest tech-
nology configuration considered in this study. In this scenario, all renewable and
flexibility technologies included in the model were available simultaneously. While
tidal energy and offshore wind power were included as dynamic expansion options,
V2G integration was maintained as a fixed asset under the exact same conditions es-
tablished in Scenario 4. Access to this full technology pool enabled the algorithm to
meet energy demand optimally, allowing for an assessment of the complete system’s
cost-optimal configuration. Other potential technologies, such as hydrogen storage,
expanded biogas production, or conversion of existing thermal plants to renewable
fuels, were not included in the model scope.

3.4 System-Level Life Cycle
Carbon Intensity Assessment

Following the definition of the structural configurations and expansion constraints
outlined in Section 3.2, each scenario was simulated using the PyPSA optimization
framework. The simulations were conducted internally by personnel at Minesto.
The quantitative outputs from the energy system simulations, specifically the in-
stalled capacity of each technology in 2040 and the corresponding annual electricity
generation, served as the basis for the subsequent climate impact assessment.

The aim of the assessment was to calculate the system-level life cycle carbon intensity
of the Faroese electricity system in each scenario, expressed in g CO2-eq/kWh. The
assessment was based on established approaches for integrating life cycle assessment
with energy system modelling, where technology-specific life cycle greenhouse gas
(GHG) emissions are linked to model outputs such as installed capacity and annual
electricity generation [42], [43], [44].

As outlined in Section 3.1, the technology-specific climate impact values were es-
tablished through two distinct pathways. For expandable generation technologies
evaluated using capacity-based life cycle GHG emission factors, the total life cy-
cle GHG emissions were first calculated from the installed capacity in the scenario.
These emissions were then divided by the expected lifetime electricity generation of
the technology to obtain a technology-specific carbon intensity, as shown in Equation
(3.1).

CIi = GHGLC,i

Elifetime,i

(3.1)

where CIi is the carbon intensity of generation technology i expressed in g CO2-
eq/kWh, GHGLC,i represents the total life cycle GHG emissions associated with
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the installed capacity of technology i and Elifetime,i is the total electricity generated
by that technology over its assumed operational lifetime. This approach allowed
the carbon intensity of capacity-based technologies to reflect the specific installed
capacity and generation conditions in the Faroese scenarios.

For technologies evaluated using generation-based values, namely thermal power,
hydropower and biogas, the carbon intensity was used directly as an input value,
expressed in g CO2-eq/kWh. These technologies were therefore not converted from
installed capacity in the same way as the expandable renewable technologies.

Once the technology-specific carbon intensities had been established for all genera-
tion sources, they were aggregated to calculate the generation-related contribution
to the system-level intensity. This was done by multiplying the carbon intensity of
each generation technology by its share of total annual electricity generation in the
scenario, as shown in Equation (3.2).

CIgeneration =
∑

i

(CIi × si) (3.2)

where CIgeneration is the generation-related carbon intensity of the electricity mix
and si is the share of generation technology i in total annual electricity generation.
The value of si is expressed as a fraction, meaning that the sum of all generation
shares equals 1.

3.5 Storage-Related Contribution
to System-Level Carbon Intensity

Unlike power generation technologies, energy storage systems such as BESS and
V2G do not generate net new electricity. Instead, they function as enabling infras-
tructure by shifting electricity over time and supporting system balancing. Con-
sequently, their climate impact cannot be assessed based on generation shares in
the same way as electricity-generating technologies. Instead, the life cycle GHG
emissions associated with storage infrastructure were treated as a system-level con-
tribution and distributed across the total annual electricity demand. This approach
is consistent with the methodology applied by Berrill et al. [43], where the life cycle
impacts of grid balancing and storage infrastructure are allocated to the electricity
system as a whole.

To incorporate storage technologies into the system-level intensity, the life cycle
GHG emissions of the deployed BESS capacity and, where applicable, V2G inte-
gration were annualized using their respective expected lifetimes. For V2G, this
calculation was based on the allocated life cycle GHG emissions of the participating
electric vehicle fleet, as established in Subsection 3.1.

The annualized life cycle GHG emissions of the combined storage infrastructure,
GHGLC,storage,annual, were calculated by dividing the total life cycle GHG emissions
of the storage technologies by their operational lifetimes. These annualized emissions
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were then divided by the total annual electricity demand of the system, Etotal demand,
yielding the storage-related contribution to the system-level intensity, as expressed
in Equation (3.3).

CIstorage = GHGLC,storage,annual

Etotal demand
(3.3)

where CIstorage is the storage-related contribution to the system-level intensity. If
GHGLC,storage,annual is expressed in kg CO2-eq/year and Etotal demand in kWh/year,
the result is converted to g CO2-eq/kWh.

Finally, the final system-level life cycle carbon intensity for each scenario was cal-
culated by adding the generation-related contribution and the storage-related con-
tribution, as shown in Equation (3.4).

CIsystem = CIgeneration + CIstorage (3.4)

where CIsystem represents the final system-level carbon intensity of the electricity
system in a given scenario.

3.5.1 Sensitivity Analysis
A targeted sensitivity analysis was made for the Combined scenario, since this sce-
nario achieved the lowest system-level carbon intensity in the main results. The
purpose of the analysis was to evaluate how sensitive the best performing scenario is
to higher assumed life cycle emission factors for renewable generation technologies.

In the sensitivity case, the emission factors for onshore wind, offshore wind, solar
PV and tidal power were increased by 50%. All other emission factors, including
hydropower, thermal power, battery storage and V2G, were kept unchanged. The
installed capacities, annual generation, storage capacities and dispatch results from
the PyPSA model were also kept unchanged.

The sensitivity analysis was therefore performed as a post-processing step. It does
not show how the optimized system configuration would change if different emission
factors were used during the optimization. Instead, it shows how the calculated
carbon intensity of the Combined scenario changes when higher renewable generation
impacts are assumed.

EFi,sensitivity = 1.5 · EFi,baseline (3.5)

where EFi,sensitivity is the adjusted emission factor for technology i and EFi,baseline
is the original emission factor used in the baseline climate impact calculation. The
factor was applied to onshore wind, offshore wind, solar PV and tidal power in the
Combined scenario.
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3.6 Use of AI tools
The thesis made use of generative AI tools, including ChatGPT (OpenAI) and
Google Gemini to support specific tasks throughout the research process. The pri-
mary usage for both of the AI tools included brainstorming ideas, refining aspects
of the methodology, assisting in code development and supporting the preparation
of method related appendices. Both AI tools were used for language improvement
and to support the preparation of method related appendices.

All AI-generated outputs were thoroughly evaluated, verified against primary sources
and revised before inclusion. The authors hold full responsibility for the accuracy,
originality and interpretation of all content of the thesis.

The AI tools were not used to replace any analytical work or to generate any research
findings, but rather used as supportive instruments. The potential limitations of the
tools such as biased or incorrect information were considered throughout the research
process. Measures to mitigate these risks were taken by cross-checking information
with sources and applying critical evaluation to all AI-assisted outputs.
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4.1 Installed Power Capacity
The installed power capacity is used to show how the model expands the available
generation and storage technologies in each scenario by the year 2040. Unlike the
annual electricity generation, installed capacity represents the amount of power ca-
pacity available in the system and it does not necessarily indicate how much each
technology is used during the year.

Figure 4.1: Installed power capacity by technology in 2040 (CO2-constrained sce-
narios). Thermal power capacity remains in the system as existing backup capacity,
even in scenarios where it does not contribute to annual electricity generation.
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Figure 4.2: Installed power capacity by technology in 2040 (Unconstrained sce-
narios). In these scenarios, fossil-based thermal generation remains available for
dispatch, reducing the need for extensive renewable and storage capacity expansion.

The installed power capacity in 2040 differs substantially between the CO2-constrained
scenarios and the corresponding unconstrained scenarios. Figures 4.1 and 4.2 show
the installed capacity by technology for the investigated scenarios.

In the CO2-constrained scenarios, the system requires considerably higher installed
capacity compared to the unconstrained scenarios. This is largely due to the need
to replace fossil-based electricity generation with renewable electricity production
and storage capacity. The Base, Offshore wind and V2G scenarios show particularly
high total installed capacity, all exceeding 1 000 MW. In these scenarios, battery
storage, onshore wind and solar PV make up a large share of the installed capacity.
The Tidal scenario requires somewhat less capacity, while the Combined scenario
has the lowest total installed capacity among the CO2-constrained cases.

Although the main comparison in this thesis focuses on the year 2040, the optimiza-
tion model reaches this year through intermediate investment stages. In the Base,
Tidal, Offshore wind and V2G scenarios, the development of battery power shows
that the CO2 constraint creates a strong battery increase as the model gets closer
to 2040, reaching approximately 397 - 420 MW.

Thermal power capacity remains visible in the installed capacity results, even in
scenarios where it does not contribute to annual electricity generation. This is
because the existing thermal power plants are retained in the system as installed
backup capacity rather than being decommissioned. As a result, thermal capacity
in Figure 4.1 should not be interpreted as active fossil-based electricity generation.
Instead, it represents dispatchable capacity available to support system reliability.
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Its actual contribution to electricity production is instead shown in the annual gen-
eration results.

The unconstrained scenarios require considerably less installed capacity. This is
because fossil-based thermal generation is still available for dispatch, reducing the
need for large-scale expansion of renewable generation and storage. As a result,
these scenarios have a lower overall installed capacity while still maintaining thermal
power as part of the generation mix.

Overall, these results show that the CO2 constraint leads to a significant increase in
renewable and storage capacity. Among the CO2-constrained scenarios, the Com-
bined scenario has the lowest total installed capacity.

4.1.1 Capacity development over the modelling period

Figure 4.3: Installed power capacity development in the CO2-constrained Base
scenario from 2026 to 2040. The scenario includes load shedding to maintain model
feasibility.

Figure 4.3 shows the installed capacity development in the CO2-constrained Base
scenario. This scenario includes load shedding to maintain model feasibility and
should therefore be interpreted as an illustrative transition pathway rather than a
fully reliable system configuration. The figure shows that installed capacity increases
gradually in the early years, but expands more strongly toward the end of the
modelling period. In particular, battery capacity increases sharply in the final years
before 2040, indicating that the model requires substantial additional balancing
capacity to satisfy the CO2 constraint.
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4.2 Installed Storage Energy Capacity
In addition to installed power capacity, the model results include installed storage
energy capacity, measured in MWh. This represents the amount of energy that
can be stored in technologies such as batteries, hydro reservoirs and V2G storage.
Storage energy capacity is reported separately from installed power capacity because
it reflects how much energy can be stored and shifted over time, rather than the
maximum charging or discharging rate.

This distinction is particularly relevant for a renewable-based island system such as
the Faroe Islands, where storage helps balance periods of high renewable generation
with periods of lower production. Higher storage energy capacity generally indicates
a greater need to shift energy across time.

Figure 4.4: Installed storage energy capacity in 2040 (CO2-constrained scenarios).
Storage energy capacity represents the amount of energy that can be stored and is
therefore reported separately from installed power capacity.
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Figure 4.5: Installed storage energy capacity in 2040 (Unconstrained scenarios).
Storage energy capacity represents the amount of energy that can be stored and is
therefore reported separately from installed power capacity.

Figures 4.4 and 4.5 show the installed storage energy capacity in 2040 for the CO2-
constrained scenarios and the unconstrained scenarios, respectively. In all scenarios,
hydro reservoir storage accounts for the largest share of the total storage energy
capacity.

For the CO2-constrained scenarios shown in Figure 4.4, the total storage energy
capacity is generally higher than in the unconstrained scenarios. The Base, Tidal
and Offshore wind scenarios have similar storage capacities, consisting mainly of
hydro reservoir storage and battery storage. The V2G scenario has the highest total
storage energy capacity due to the addition of V2G storage. The Combined scenario
also includes V2G storage, although its total storage capacity is lower than in the
V2G scenario.

In the unconstrained scenarios, shown in Figure 4.5, the total storage energy capacity
is lower overall. The Base, Tidal and Offshore wind scenarios rely almost entirely
on hydro reservoir storage, with only small contributions from battery storage. The
V2G and Combined scenarios include V2G storage, resulting in higher total storage
capacities than the other unconstrained scenarios.

Overall, the results indicate that the CO2 constraint increases the need for storage
capacity in the system. They also show that V2G can provide a significant share of
the total storage energy capacity when it is available.
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4.3 Annual Electricity Generation
Annual electricity generation is analysed separately from installed power capacity
because installed capacity does not always reflect how much a technology actually
contributes to the electricity supply. The generation mix shows the amount of
net electricity delivered to the grid by each technology over the year. Because
this excludes curtailed electricity (which is analysed separately), it provides a more
accurate representation of the role each technology plays in actively meeting system
demand.

The annual generation results are presented in GWh for both the CO2-constrained
scenarios and the corresponding unconstrained scenarios in 2040. Only primary
electricity generation technologies are included in the generation mix, representing
the actual energy dispatched to the grid. Storage charging and discharging are
excluded to avoid double counting electricity that is generated by one technology
and later shifted in time through storage.

Figure 4.6: Annual electricity generation by technology in 2040 (CO2-constrained
scenarios). Only primary electricity generation technologies are included; storage
charging and discharging are excluded from the generation mix. Load shedding is
required in the 1. (Base) scenario for the model to remain feasible.
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Figure 4.7: Annual electricity generation by technology in 2040 (Unconstrained
scenarios). Only primary electricity generation technologies are included; storage
charging and discharging are excluded from the generation mix.

Figures 4.6 and 4.7 show the annual electricity generation mix in 2040 for the CO2-
constrained scenarios and the unconstrained scenarios. The total amount of electric-
ity generated each year is similar across all scenarios, as the same electricity demand
must be met. However, the technologies used to meet that demand vary between
scenarios.

In the CO2-constrained scenarios shown in Figure 4.6, all electricity generation
comes from renewable sources. Onshore wind accounts for a large share of gen-
eration in the Base, Offshore wind and V2G scenarios, while solar PV also makes
a significant contribution. The Base scenario also requires load shedding to remain
feasible under the CO2 constraint, which suggests that the available technology op-
tions do not provide sufficient generation and flexibility to meet demand in all hours.
In the Tidal scenario, tidal power replaces much of the generation that would other-
wise come from onshore wind and solar PV. In the Combined scenario, tidal power
becomes one of the main generation sources and is supported by onshore wind and
hydropower.

In the unconstrained scenarios, shown in Figure 4.7, thermal power still contributes
to annual electricity generation in the Base, Offshore wind and V2G scenarios. This
contrasts with the CO2-constrained cases, where thermal power capacity remains
available but is not used for electricity generation. In the Tidal and Combined
unconstrained scenarios, tidal power supplies a large share of the electricity demand
while reducing the need for thermal generation compared with the other scenarios.

The annual generation mix is also important for the climate impact assessment, as
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the generation-related contribution to the system-level carbon intensity is calculated
from the amount of electricity generated by each technology. These results therefore
form the basis for the climate impact comparison presented in Section 4.5.

4.4 Curtailment
Curtailment refers to electricity that could be generated but is not used by the
system. It is therefore reported separately from annual electricity generation, as
curtailed electricity does not contribute to meeting demand. Curtailment typically
occurs when renewable generation exceeds demand or when the system lacks suffi-
cient flexibility, storage, or transmission capacity to absorb all available generation.

Figure 4.8: Curtailed electricity in 2040 (CO2-constrained scenario). Curtailment
represents available electricity generation that is not used by the system.
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Figure 4.9: Curtailed electricity in 2040 (Unconstrained scenarios). Curtailment
represents available electricity generation that is not used by the system.

Figures 4.8 and 4.9 show the curtailed electricity in 2040 for the CO2-constrained
scenarios and the unconstrained scenarios, respectively. Curtailment is noticeably
higher in the CO2-constrained scenarios. This is a result of the larger renewable
capacity expansion required when fossil-based generation is limited.

In the CO2-constrained scenarios, shown in Figure 4.8, most curtailment comes from
onshore wind. The Offshore wind scenario has the highest total curtailment, with
contributions from both onshore and offshore wind. The Base and V2G scenarios
also experience relatively high curtailment, while the Tidal and Combined scenarios
have lower levels. Among the CO2-constrained cases, the Combined scenario has
the lowest curtailment.

In the unconstrained scenarios, shown in Figure 4.9, curtailment is much lower
and occurs only from onshore wind. The Tidal scenario has the highest curtail-
ment among the unconstrained scenarios, while the V2G scenario has the lowest.
Compared with the CO2-constrained cases, the lower curtailment reflects the lower
renewable capacity expansion in these scenarios.

4.5 Climate Impact Assessment
The climate impact of each scenario is assessed using the final system-level life
cycle carbon intensity in 2040, expressed in g CO2-eq/kWh. The results are sepa-
rated into a generation-related contribution and a storage-related contribution. The
generation-related contribution includes life cycle GHG emissions associated with
electricity generation technologies, while the storage-related contribution includes
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annualized life cycle GHG emissions associated with installed storage technologies
such as BESS and V2G. The final system-level carbon intensity is calculated as the
sum of these two contributions.

Table 4.1: System-level life cycle carbon intensity in 2040 (CO2-constrained sce-
narios), divided into generation and storage contributions.

Scenario Generation-related contribution Storage-related contribution Final system-level CI∗

(g CO2-eq/kWh) (g CO2-eq/kWh) (g CO2-eq/kWh)
1 (Base) 34.6 22.0 56.6
2 (Tidal) 12.6 21.2 33.8
3 (Offshore wind) 35.6 21.9 57.5
4 (V2G) 35.2 22.4 57.5
5 (Combined) 10.5 0.5 11.0
∗ Load shedding is excluded from the carbon intensity calculations, as it represents unmet demand
rather than physical generation.

Table 4.1 shows the system-level carbon intensity for the CO2-constrained scenarios
in 2040. The results vary substantially between scenarios, with values ranging from
11.0 to 57.5 g CO2-eq/kWh. The Combined scenario has the lowest carbon intensity
at 11.0 g CO2-eq/kWh, followed by the Tidal scenario at 33.8 g CO2-eq/kWh. The
Base, Offshore wind and V2G scenarios all have similar values, ranging from 56.6
to 57.5 g CO2-eq/kWh.

Since the Base scenario includes load shedding, its result should be interpreted
together with the fact that not all electricity demand is met in the model. Load
shedding is not assigned a life cycle GHG emission value, as it represents unmet
demand rather than physical electricity generation.

The generation-related contribution is lowest in the Combined and Tidal scenarios,
which is consistent with their larger share of tidal power in the generation mix. The
Base, Offshore wind and V2G scenarios have noticeably higher generation-related
contributions. These scenarios rely more heavily on solar PV expansion, where the
installed capacity is high relative to the electricity generated on the Faroe Islands.
This contributes to a higher generation-related carbon intensity in the non-tidal
scenarios.

For the storage-related contribution, the Base, Tidal, Offshore wind and V2G sce-
narios show similar values, ranging from 21.2 to 22.4 g CO2-eq/kWh. This is linked
to the large amount of battery power installed in these scenarios. In contrast, the
Combined scenario requires substantially less battery storage, resulting in a much
lower storage-related contribution of only 0.5 g CO2-eq/kWh. This is one of the main
reasons for the substantially lower final carbon intensity observed in the Combined
scenario.
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Table 4.2: System-level life cycle carbon intensity in 2040 (Unconstrained scenar-
ios), divided into generation and storage contributions.

Scenario Generation contribution Storage contribution Final system CI
(g CO2-eq/kWh) (g CO2-eq/kWh) (g CO2-eq/kWh)

1U (Base) 223.9 1.3 225.2
2U (Tidal) 49.1 1.6 50.7
3U (Offshore wind) 223.9 1.3 225.2
4U (V2G) 157.3 0.4 157.7
5U (Combined) 27.2 0.4 27.6

Table 4.2 presents the corresponding results for the unconstrained scenarios. Overall,
the carbon intensities are higher than in the CO2-constrained cases. The Base and
Offshore wind scenarios have the highest values, both reaching 225.2 g CO2-eq/kWh.
The identical values indicate that the model does not invest in offshore wind in
the unconstrained Offshore wind scenario. Under the assumed cost and generation
profile conditions, offshore wind is therefore not selected when the model allows
thermal generation to continue to be used without an emission constraint.

The V2G scenario performs somewhat better at 157.7 g CO2-eq/kWh, while the
Tidal and Combined scenarios have much lower carbon intensities of 50.7 and 27.6
g CO2-eq/kWh, respectively.

In contrast to the CO2-constrained scenarios, the storage contribution is very small
in all unconstrained cases, ranging from 0.4 to 1.6 g CO2-eq/kWh. As a result, the
overall carbon intensity is largely determined by the generation contribution, espe-
cially in the Base, Offshore wind and V2G scenarios. This is linked to the continued
use of thermal generation technologies in these scenarios, as seen in the annual elec-
tricity generation results. Since the existing thermal generation technologies are
dispatchable and ready to be used in the model, they provide a cheaper balancing
option compared to the large-scaled renewable overcapacity and storage expansion
under the assumed fuel price and technology cost conditions.

Comparing Tables 4.1 and 4.2, the CO2 constraint leads to lower overall carbon
intensities across all scenarios. The lowest carbon intensity is observed in the CO2-
constrained Combined scenario, while the highest values are found in the uncon-
strained Base and Offshore wind scenarios.

4.5.1 Sensitivity Analysis of the Combined Scenario
A sensitivity analysis was performed for the Combined scenario to assess how the
lowest-emission pathway is affected by higher capacity-based life cycle GHG emission
factors for renewable generation. In this sensitivity case, the emission factors for
onshore wind, offshore wind, solar PV and tidal power were increased by 50%, while
all model outputs and other emission factors were kept unchanged. The results are
presented in Table 4.3.
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Table 4.3: Sensitivity analysis of the Combined scenario with capacity-based life
cycle GHG emission factors for renewable generation increased by 50%.

Scenario Generation contribution Storage contribution Final system CI
(g CO2-eq/kWh) (g CO2-eq/kWh) (g CO2-eq/kWh)

5. (Combined), baseline 10.5 0.5 11.0
5. (Combined), sensitivity 15 0.5 15.5

The sensitivity case increases the carbon intensity of the Combined scenario from
11.0 g CO2-eq/kWh to 15.5 g CO2-eq/kWh. This shows that the result is affected by
the assumed baseline emission factors used. However, the carbon intensity remains
low compared with the other CO2-constrained scenarios in the main results, indi-
cating that the strong performance of the Combined scenario is not only dependent
on the specific baseline emission factors used.
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5.1 Main Interpretation of the Scenario Results
The results of this study clearly show that achieving the 2040 decarbonization targets
is not simply a matter of replacing thermal generation with renewable sources, but
rather how effectively these sources can be integrated. Within the primary CO2-
constrained scenarios, all fossil-based electricity generation is eliminated, yet their
overall climate performance differs greatly. The model demonstrates that minimizing
the environmental burden of storage and curtailment is just as critical as expanding
renewable generation capacity.

This dynamic explains why the Combined scenario achieved the lowest system-level
life cycle carbon intensity among the primary cases. Because it includes a wider
range of generation and flexibility options, the system avoids excessive reliance on
the large-scale expansion of any single technology. By integrating a diverse tech-
nology mix where resources complement one another and provide reliable balancing
capacity, the system emerges as the most environmentally effective solution. This
connects directly to the stability challenges described in Subsection 2.2.1, where
isolated grids, such as the Faroe Islands, are shown to be highly dependent on local
flexibility, as they cannot rely on interconnectors to import balancing services or
export surplus electricity [26]. Furthermore, the capacity expansion results support
this conclusion by demonstrating that the Combined scenario requires the lowest
total installed power capacity among all fully renewable configurations, meeting
demand without massive capacity overbuilding.

A clear example of the negative environmental impacts of capacity overbuilding
is the substantial difference in carbon intensity between the constrained Base and
Tidal scenarios. A major factor driving the higher generation-related contribution
in the Base scenario is the model’s heavy reliance on solar PV. To satisfy the emis-
sion constraints without access to tidal energy, the system is forced to build massive
amounts of solar capacity. However, due to the high-latitude environment and sub-
optimal solar conditions in the Faroe Islands, the actual electricity yield is very low
relative to the installed capacity [5], [34]. As a result, the life cycle emissions associ-
ated with manufacturing these solar panels contribute significantly to increasing the
generation-related carbon intensity of the electricity mix. This reveals an important
system dynamic where continually adding weather-dependent energy sources that
produce power at the same time becomes less effective. Even though energy stor-
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age can absorb some of this excess electricity, a sustainable and efficient transition
requires a mix of technologies with different generation patterns. The presence of
load shedding in the constrained Base scenario further indicates that this technology
configuration is not able to fully meet demand under the imposed CO2 constraint,
despite substantial renewable capacity expansion.

The fundamental importance of the CO2 constraint itself is clearly demonstrated
when comparing these primary results to their unconstrained counterparts. When
the optimization model is allowed to operate without an emission limit, it predom-
inantly chooses a combination of existing thermal power and onshore wind. Since
the thermal power plants are already built and fully dispatchable, they offer a cheap
way to balance the varying output from wind power. By relying on these existing
fossil-fuel assets, the model avoids the high capital investments associated with large
battery storage and renewable overcapacity. As a result, the overall carbon intensity
in the unconstrained Base and Offshore wind scenarios remains exceptionally high,
becoming approximately four times that of their constrained versions. This contrast
highlights that cost optimization alone will not naturally lead to a sustainable power
system.

Interestingly, the unconstrained Tidal and Combined scenarios break this fossil-
reliant pattern. They still manage to achieve substantially lower carbon intensities
even when emissions are not restricted. This shows that the predictable generation of
tidal energy makes it a cost-effective alternative to fossil-based balancing, naturally
driving down system emissions by being the most economically attractive option for
grid stability.

The sensitivity analysis further supports the stability of the Combined scenario.
When the capacity-based life cycle GHG emission factors for onshore wind, offshore
wind, solar PV and tidal power were increased by 50%, the carbon intensity of
the Combined scenario increased from 11.0 to 15.5 g CO2-eq/kWh. Although this
shows that the result is affected by the assumed emission factors for renewable
generation, the overall carbon intensity remains substantially lower than the other
CO2-constrained scenarios in the main results. This indicates that the conclusion
that the Combined scenario has the lowest climate impact is not entirely dependent
on the exact emission factors used in the baseline calculation.

However, the sensitivity analysis was limited to the Combined scenario and to se-
lected capacity-based life cycle GHG emission factors for renewable generation. It
should therefore not be interpreted as a full uncertainty analysis of all scenarios. In
particular, emission factors for storage were not varied, even though battery storage
contributes substantially to the system’s carbon intensity in several of the scenarios.

5.2 Storage Infrastructure as an Environmental
Trade-off

One of the main findings is that storage infrastructure can make a significant con-
tribution to the system-level carbon intensity in renewable-based power systems.
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The high storage-related contribution in several CO2-constrained scenarios shows
that decarbonization does not eliminate environmental impacts, but shifts part of
the burden from fuel combustion to the infrastructure required for balancing. This
is particularly relevant in isolated systems, where limited interconnection increases
the need for local flexibility. The Combined scenario demonstrates that a more
complementary technology mix can reduce this trade-off by lowering the need for
stationary battery storage.

5.3 Implications for the Research Questions
The Tidal scenario performs significantly better than the Base scenario. This indi-
cates that tidal energy could play an important role in reducing the overall carbon
intensity of the Faroese power system. This advantage is related both to its low
technology-specific carbon intensity and to its predictable generation pattern. As
described in Subsection 2.2.2, tidal energy differs from wind and solar as its variabil-
ity follows regular ocean cycles rather than changing weather conditions. Although
tidal output varies over time, its daily and monthly patterns can be predicted with
a high level of accuracy [37]. In the Faroese power system, this makes tidal genera-
tion easier to plan and integrate into the grid, which may reduce the need for other
balancing resources and excess renewable capacity.

The Offshore wind scenario fails to reduce the carbon intensity compared with the
Base scenario. It is also noteworthy that the model only invests in offshore wind
in this scenario. No other offshore wind is added in the other configurations. This
suggests that offshore wind is not the preferred option in the cost-optimized model
when tidal power, V2G and other technologies are available. A likely explanation is
that offshore wind has the highest cost among the investigated technologies, mak-
ing it less attractive to the optimization algorithm when lower-cost alternatives are
available. Although offshore wind can generate large amounts of renewable electric-
ity, the results suggest that it struggles to efficiently address the specific balancing
challenges of the Faroese power system.

The results for V2G are less clear. While V2G increases flexibility and provides an
additional storage capacity, the scenario does not achieve a lower carbon intensity
than the Base scenario. Under the assumptions used in this study, V2G alone
does not appear to reduce the overall carbon intensity. Despite this, it may offer
other advantages that are not fully reflected in this metric. Peak shaving, frequency
support and reduced reliance on other storage options contribute to its main value
of providing system flexibility, rather than direct emission reduction.

5.4 Curtailment and Renewable Integration
The curtailment results show that introducing a CO2 constraint increases the amount
of renewable electricity that cannot be utilised by the system. This demonstrates
that expanding renewable capacity alone does not guarantee efficient system oper-
ation. The ability to make use of available renewable generation also depends on
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storage capacity, system flexibility and the timing of electricity production.

This is especially visible in the Offshore wind scenario, where access to large-scale
renewable generation does not lead to a lower carbon intensity than the Base sce-
nario. One explanation is that wind generation can be concentrated in periods when
the system already has enough electricity available. If the system cannot store or
use this surplus, part of the renewable generation is curtailed. The Combined sce-
nario has lower curtailment, which suggests that a more diverse technology mix can
improve the use of renewable electricity by reducing dependence on one dominant
variable resource.

5.5 The Impact of the CO2 Constraint
on Transition Pathways

Although the main comparison in this thesis focuses on 2040, the optimization model
reaches this year through a series of intermediate investment stages. Figure 4.3
illustrates this transition pathway for the CO2-constrained Base scenario. Although
this scenario includes load shedding and should therefore not be interpreted as a
fully reliable system configuration, it provides valuable insight into how the model
responds to increasingly stringent emission constraints over time. The figure shows
that installed capacity increases gradually in the early years, but expands more
strongly toward the end of the modelling period. In particular, BESS capacity
increases dramatically in the final years before 2040, indicating that the model
requires substantial additional balancing capacity to satisfy the CO2 constraint.

The occurrence of load shedding in the CO2-constrained Base scenario is an impor-
tant indication of system stress. Since load shedding was assigned a high penalty
cost and only used as a last-resort option, its presence suggests that the available
technologies in the Base scenario were not sufficient to fully satisfy demand under
the imposed emission constraint. The scenario should therefore not be interpreted
as a fully reliable system design, but rather as evidence that the base technology
portfolio lacks sufficient flexibility and reliable renewable capacity to meet the 2040
demand without allowing unmet load. This strengthens the overall interpretation
that decarbonization in an isolated power system requires not only renewable gener-
ation capacity, but also technologies that improve balancing and system flexibility.

This development is also reflected across several of the CO2-constrained scenarios,
where significant expansion of BESS occurs towards the end of the transition period.
The sharp increase in installed BESS capacity suggests that the model depends heav-
ily on stationary battery storage to maintain system balance when fossil generation
is limited. This is particularly relevant because the environmental impact of this
additional storage is reflected in the storage contribution to the final system-level
carbon intensity. By contrast, the Combined scenario requires very little additional
BESS capacity by 2040. This supports the view that a more diverse mix of tech-
nologies, especially the combination of tidal power with wind, hydropower, solar PV
and V2G, can reduce the need for large-scale stationary battery storage.
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5.6 Methodological Limitations
A key limitation of this study is the exclusion of grid extensions and infrastructure
upgrades from the climate impact assessment. Transitioning the Faroese power sys-
tem to a 100% renewable energy mix will likely require significant reinforcements
of the onshore grid to handle the fluctuating and distributed generation from wind,
solar and tidal power. Previous research by Berrill et al. [43] demonstrated that
when evaluating high-penetration renewable scenarios, the environmental impacts
of grid expansions and energy storage infrastructure can represent a notable share
of the total system-wide life cycle emissions. While the climate impact of energy
storage is actively accounted for in this study’s system boundaries, the required
grid expansions are not considered. Consequently, the calculated system-level car-
bon intensity may underestimate the actual climate impact of the transition path-
ways. However, as emphasized in the same study, the relative magnitude of these
infrastructure-related emissions is not large enough to outweigh the environmental
benefits of replacing fossil fuels. Therefore, the main conclusion remains clear: the
transition to a 100% renewable system offers significant climate benefits compared
to maintaining a fossil-dependent system.

While the exclusion of grid expansions risks underestimating the total climate im-
pact, the choice of input data introduces a contrasting methodological limitation
that likely overestimates it. Specifically, evaluating the 2040 climate impact of the
Faroese energy transition relies heavily on static Environmental Product Declara-
tions (EPDs). As outlined in the theoretical framework, utilizing present-day data
for future scenarios introduces a temporal mismatch between the foreground and
background systems [41]. The EPDs used to determine the capacity-based life cycle
GHG emission factors of technologies such as wind power, solar PV and BESS in-
herently reflect the fossil-heavy manufacturing supply chains and background grid
emissions of the present day. Because global supply chains are expected to con-
tinuously decarbonize towards 2040, assuming static background emissions fails to
capture these future improvements. As a result, the environmental impact of the
modelled scenarios should not be viewed as an absolute forecast, but rather inter-
preted as a cautious upper bound of the future system emissions.

A closely related limitation concerns the inherent uncertainty and varying data
quality across the different energy technologies evaluated. As highlighted in Section
2.3.1, EPDs provide robust and standardized life cycle data. Consequently, tech-
nologies with mature and highly standardized supply chains, such as onshore wind
and solar PV, are represented by strong, specific environmental data. In contrast,
emerging or highly site-specific technologies, such as tidal energy, V2G integration,
large-scale BESS, hydropower and biogas, rely more heavily on proxy methods, lit-
erature averages and capacity scaling. This inconsistency introduces an element
of uncertainty into the life cycle GHG emission calculations, as scaled proxy data
may not fully capture the unique manufacturing or operational characteristics of the
specific systems deployed in the Faroe Islands.

Furthermore, the system boundaries of this study are strictly limited to GWP and
exclude other environmental impact categories. While GWP is a critical metric for
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evaluating the climate performance of the transition, focusing solely on carbon emis-
sions overlooks other potential environmental trade-offs, such as land-use changes,
biodiversity loss, toxicity and social impacts [70]. For instance, while large-scale
onshore wind farms or expanded hydropower reservoirs may offer low carbon inten-
sities, their local ecological impact and potential land-use conflicts can be significant.
Therefore, it is important to acknowledge that the scenario with the lowest overall
carbon intensity is not necessarily the absolute best option when evaluating the en-
ergy transition across a broader spectrum of sustainability indicators. Additionally,
the spatial scope of the optimization model focuses on the primary interconnected
grid and the planned integration of Suðuroy, meaning that smaller, permanently
disconnected islands in the Faroese archipelago are excluded from the total climate
impact assessment.

Finally, the results are subject to the inherent uncertainties of long-term energy
system optimization modelling. A fundamental limitation is the use of myopic opti-
mization. Because the model optimizes capacity expansion sequentially one year at
a time, it lacks perfect foresight and may not yield the theoretically perfect global
optimum for the entire transition period [71]. However, this approach closely re-
flects real-world decision-making, where long-term planning relies on projections
and estimates rather than absolute certainties. Beyond the optimization method,
the modelled scenarios rely on specific assumptions regarding future electricity de-
mand projections, technology costs and performance characteristics, all of which
are subject to economic and technological shifts towards 2040. Moreover, because
renewable generation is heavily dependent on weather conditions, as discussed in
Subsection 2.2.2, the utilization of historical meteorological data to represent fu-
ture weather years introduces variability, particularly given the potential impacts of
climate change on local wind and hydrological patterns [72]. Operational uncertain-
ties also affect the practical availability of system flexibility. A notable example is
the V2G scenario. As highlighted in the theoretical framework, concerns regarding
battery degradation, range anxiety and strict delivery schedules act as significant
barriers to vehicle-to-grid integration [38], [40]. If user participation restricts the
availability of these distributed batteries, the model’s assumed flexibility may be
overestimated, which would subsequently alter the optimal generation mix and to-
tal system emissions in a real-world application.

5.7 Recommendations for Future Work
The results indicate that future planning of the Faroese power system should con-
sider how different technologies complement each other, rather than evaluating re-
newable expansion only by installed capacity or individual carbon intensity. This
is especially important in an isolated system, where flexibility and local balancing
options are limited.

Future studies could build on this work by including closer collaboration with SEV
and other relevant stakeholders. More detailed information about planned grid rein-
forcements, investment timelines and operational constraints would make it possible
to compare the modelled transition pathways with realistic development plans for
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the Faroese power system.

A further improvement would be to apply a more prospective life cycle assessment
approach. Such an approach would better capture expected changes in manufactur-
ing processes, energy systems and supply chains as they decarbonize toward 2040.
A prospective LCA approach could therefore provide a more realistic estimate of
future technology emissions.

Finally, future research should aim for more consistent life cycle data across tech-
nologies. Greater availability of standardized and technology-specific environmental
data would strengthen future assessments and reduce uncertainty in cross-technology
comparisons. Using more harmonized data sources would improve comparability, al-
though such data are currently not available for all relevant technologies.
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This thesis examined how different energy system configurations influence the system-
level life cycle carbon intensity of the Faroese power system in 2040. Several scenar-
ios were modelled and compared, and the resulting carbon intensity was calculated
for each.

The results show that the climate impact of the grid depends strongly on the chosen
technology mix. The Combined scenario achieved the lowest carbon intensity, at
11.0 g CO2-eq/kWh, indicating that a diversified renewable system can reduce both
generation-related emissions and the embodied emissions associated with storage
infrastructure.

The technologies considered in this study influence the overall carbon intensity in
different ways. Tidal energy provides the largest reduction, with the Tidal sce-
nario achieving a lower intensity than the Base scenario. This is largely due to the
predictable nature of tidal generation, which complements the variability of other
renewable sources. V2G improves system flexibility and increases available storage
capacity, but does not reduce the overall carbon intensity when implemented alone.
Its main value therefore lies in supporting system balancing rather than directly
lowering emissions. Offshore wind also does not reduce the carbon intensity relative
to the Base scenario under the assumptions used here, indicating that additional
renewable generation is not necessarily sufficient if the system cannot effectively use
the electricity. Overall, the Combined scenario performs best in terms of minimizing
the system’s climate impact and appears to be the most favourable option within
the framework applied in this study.

An important finding is that the environmental performance of a renewable power
system depends not only on the generation technologies themselves, but also on the
storage and supporting infrastructure needed to integrate them. This highlights
the importance of assessing renewable energy transitions from a whole-system per-
spective, particularly in isolated power systems where balancing opportunities are
limited.

The findings should be interpreted with caution due to uncertainties in life cycle
inventory data, future technology development, grid infrastructure assumptions and
modelling choices. Future research could build on this work by incorporating more
detailed system planning information, prospective LCA datasets and more consistent
environmental data across technologies.
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A
Life Cycle Carbon Intensity of

Thermal Power Generation

To estimate the life cycle carbon intensity of thermal power generation in the Faroe
Islands, a baseline combustion calculation was combined with additional life cy-
cle impacts from the fuel supply chain and facility infrastructure. The combustion
calculation was based on plant-specific electricity output, estimated conversion effi-
ciencies and fuel emission factors. The resulting direct tank-to-wake emissions were
then adjusted to include Well-to-Tank (WTT) emissions and infrastructure-related
impacts, resulting in a cradle-to-grave estimate expressed in g CO2-eq/kWh.

A.1 Fuel Energy Demand
The first step in determining the combustion-related emissions of the thermal power
plants is establishing their total fuel energy consumption. To achieve this, the 2024
production accounts were used as a proxy for the annual electricity generation (Eel)
of the three thermal power plants (Strond, Sundsverkið and Vágsverkið), resulting
in 100 MWh, 188 500 MWh and 16 500 MWh, respectively [5].

The thermal power plants convert fuel energy to electricity with a limited efficiency.
This efficiency (η) was estimated based on the set of engines present at the different
power plants [47]. Manufacturer data and technical studies show that medium-speed
diesel engines exhibit efficiencies between 41% and 50%. Older engines generally
have lower efficiencies, while newer ones have slightly higher values. The values
were derived from the literature [6] and established as an average efficiency for each
of the power plants. These are presented in Table A.1.

Table A.1: Estimated thermal power plant efficiencies.

Power Plant Efficiency (η)
Strond 0.45
Sundsverkið 0.43
Vágsverkið 0.42

The total fuel energy required for electricity production (Efuel) was calculated by
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dividing the annual electricity production by the estimated efficiency of each plant.
To standardize the units for the following emission calculations, the results were
converted from MWh to gigajoules (GJ) using a conversion factor of 3.6 GJ per
MWh [73]. The calculations for the specific fuel energy demand of each plant are
demonstrated in Equation (A.1).

Efuel, Strond = 100
0.45 × 3.6 ≈ 8.00 × 102 GJ

Efuel, Sundsverkið = 188 500
0.43 × 3.6 ≈ 1.58 × 106 GJ

Efuel, Vágsverkið = 16 500
0.42 × 3.6 ≈ 1.41 × 105 GJ

(A.1)

By summing the results from Equation (A.1), the total annual fuel energy consump-
tion (Efuel, total) across all three facilities was estimated to be 1.72 × 106 GJ.

A.2 Combustion-Related Emissions
With the total fuel energy consumption established, the direct greenhouse gas emis-
sions arising from the combustion process could be quantified. The aggregated fuel
energy demand was multiplied by the specific emission factors (EFgas) for Heavy
Fuel Oil (HFO), the primary type of residual fuel oil used in the Faroese thermal
power plants, to estimate the absolute emissions of carbon dioxide (CO2), methane
(CH4) and nitrous oxide (N2O). The emission factors used in this study were 77.4
kg CO2/GJ, 3.0×10−3 kg CH4/GJ and 6.0×10−4 kg N2O/GJ, corresponding to the
default values for residual fuel oil reported in the IPCC Guidelines [48]. The calcu-
lations for the total mass of each emitted greenhouse gas are presented in Equation
(A.2).

ECO2, total = 1.72 × 106 GJ × 77.4 kg/GJ ≈ 1.33 × 108 kg CO2

ECH4, total = 1.72 × 106 GJ × 3.0 × 10−3 kg/GJ ≈ 5.16 × 103 kg CH4

EN2O, total = 1.72 × 106 GJ × 6.0 × 10−4 kg/GJ ≈ 1.03 × 103 kg N2O
(A.2)

To estimate the total annual combustion-related greenhouse gas emissions from ther-
mal power generation, the individual emissions were converted into carbon dioxide
equivalents (CO2-eq) utilizing the 100-year GWP factors. The GWP multipliers
applied were 1 for CO2, 28 for CH4 and 265 for N2O, as reported by the IPCC
[49]. The total annual combustion-related emissions (GHGThermal, combustion) were
calculated as demonstrated in Equation (A.3).

GHGThermal, combustion = (1.33 × 108 × 1) + (5.16 × 103 × 28) + (1.03 × 103 × 265)
= 1.33 × 108 + 1.44 × 105 + 2.74 × 105

≈ 1.335 × 108 kg CO2-eq
(A.3)
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A combustion-based carbon intensity for thermal electricity generation was calcu-
lated by dividing the total annual combustion-related emissions by the combined
annual electricity generation of the three power plants, corresponding to 205 100
MWh, or 2.051 × 108 kWh. This calculation is presented in Equation (A.4).

CIThermal, combustion = 1.335 × 108 kg CO2-eq
2.051 × 108 kWh

≈ 0.651 kg CO2-eq/kWh (or 651 g CO2-eq/kWh)
(A.4)

A.3 Life Cycle Carbon Intensity Assessment
While the calculated intensity of 651 g CO2-eq/kWh represents the direct tank-
to-wake combustion emissions of the HFO, aligning the thermal power assessment
with the cradle-to-grave methodology applied to the renewable energy technologies
requires the integration of upstream life cycle impacts. These include the Well-
to-Tank (WTT) phase, which covers crude oil extraction, refining and maritime
transport to the Faroe Islands, as well as construction and decommissioning of the
power plant infrastructure.

Comprehensive life cycle assessments indicate that the WTT phase typically adds an
emissions overhead of approximately 15% to 22% to the direct combustion emissions
of HFO, as established by global baseline data from the International Maritime Or-
ganization (IMO) [50] and European supply chain analyses from the Joint Research
Centre (JRC) [51]. Furthermore, life cycle inventories of thermal power generation
show that construction and decommissioning of facility infrastructure typically con-
tribute an additional 1% to 5% to the total life cycle GHG emissions [52]. To cover
both the complete fuel supply chain and the power plant infrastructure, a combined
conservative markup of 25% was therefore applied. The final life cycle carbon inten-
sity (CIThermal, LCA) was established by scaling the combustion intensity by a factor
of 1.25, as shown in Equation (A.5).

CIThermal, LCA = 651 g CO2-eq/kWh × 1.25
= 813.75 g CO2-eq/kWh ≈ 814 g CO2-eq/kWh

(A.5)

The final life cycle carbon intensity for thermal power generation was therefore
determined to be 814 g CO2-eq/kWh. In the scenario analysis, this comprehensive
value was applied directly to the projected thermal electricity generation from the
energy system model.

A.4 Methodological Limitations
Calculating the life cycle emissions for thermal power generation involved certain
uncertainties. First, the 25% markup applied for the WTT phase and facility infras-
tructure was based on generic global and European reference data [50], [51], [52].
This represented a simplification that did not fully capture the specific logistics
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chains, the exact maritime transport distance to the Faroe Islands, or the specific
refining profile of the imported oil. Second, the assumed power plant efficiencies re-
lied on static averages for the installed engine types [47]. The model did not account
for the additional fuel consumption and emissions caused by frequent starts, stops
and transient operations when the thermal units were operated as backup capacity.
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B
Life Cycle Carbon Intensity of

Hydropower Generation

Hydropower-related GHG emissions vary significantly depending on factors such as
climate conditions, reservoir characteristics and system design. Demonstrating this
considerable variability, life cycle carbon intensities have been reported to range from
1.5 to 3.75 × 103 g CO2-eq/kWh, with the highest values primarily driven by high
reservoir emissions in tropical regions [74]. Other studies support these findings,
showing that average hydropower emissions in Europe are much lower compared to
warmer regions [75], [76]. These studies also note that methane (CH4) emissions
drop as reservoirs get older [75], [76]. In addition, the size of the reservoir is an
important factor, since larger reservoirs typically produce more emissions [77].

B.1 Baseline Emissions and Adjustment Factors
In the absence of plant-specific Life Cycle Assessment (LCA) data for hydropower
generation in the Faroe Islands, a transparent, literature-based scaling approach was
applied to estimate a representative life cycle carbon intensity. The methodology
adjusted a baseline value of 24.0 g CO2-eq/kWh [53], which corresponds to the global
median life cycle carbon intensity for hydropower reported by the Intergovernmental
Panel on Climate Change (IPCC). This baseline was then adapted to the Faroese
context using specific scaling factors.

To adapt the global median to Faroese conditions, three adjustment factors were
introduced: a climate factor (fclimate) [76], a reservoir factor (freservoir) [77] and an
age factor (fage) [75]. These factors were based on ranges reported in the literature
for hydropower plants in comparable climatic and geographic settings. Instead of
acting as fixed values, these factors represented flexible ranges that accounted for
the uncertainty in life cycle GHG emissions. To ensure the environmental impact
was not underestimated, conservative limits were chosen.

The climate factor accounts for reduced biogenic methane (CH4) emissions in cold,
low-biomass environments and was assigned a range of 0.50–0.70. The reservoir
factor reflects the small size and limited storage capacity of the Faroese hydropower
systems, ranging between 0.60 and 0.85. Finally, the age factor represents the
amortization of construction-related emissions over long operational lifetimes, set
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to 0.70–0.90. Central values were established as midpoints within these ranges, as
detailed in Table B.1.

Table B.1: Adjustment factors used to estimate hydropower life cycle carbon in-
tensity.

Factor Low Central High
Climate factor (fclimate) 0.50 0.60 0.70
Reservoir factor (freservoir) 0.60 0.75 0.85
Age factor (fage) 0.70 0.80 0.90

B.2 Life Cycle Carbon Intensity Assessment
With the context-specific adjustment parameters defined, the life cycle carbon in-
tensity (Ihydro) was calculated by scaling the global median baseline. The resulting
greenhouse gas intensity limits for the Faroese hydropower generation were mathe-
matically derived as follows:

Ihydro = Ibase × fclimate × freservoir × fage (B.1)

I low
hydro = 24.0 × 0.50 × 0.60 × 0.70 = 5.04 g CO2-eq/kWh (B.2)

Ihigh
hydro = 24.0 × 0.70 × 0.85 × 0.90 ≈ 12.9 g CO2-eq/kWh (B.3)

Icentral
hydro = 24.0 × 0.60 × 0.75 × 0.80 = 8.64 g CO2-eq/kWh (B.4)

By evaluating the minimum, midpoint and maximum parameter limits, the esti-
mated emission intensity spanned a range of 5.04 to 12.9 g CO2-eq/kWh. The cen-
tral estimate of 8.64 g CO2-eq/kWh was adopted as the life cycle carbon intensity
for hydropower throughout this study.

Applying the central parameters resulted in an overall scaling coefficient of 0.36
relative to the global median. This result demonstrated reasonable agreement with
reference data for Nordic hydropower systems, specifically aligning with a value of
13.8 g CO2-eq/kWh reported in an Environmental Product Declaration (EPD) by
Vattenfall [54]. The slight difference was largely attributed to the simplified nature
of the scaling model, which, unlike process-based LCA studies, did not explicitly
capture detailed infrastructure and system-specific parameters.

Because plant-specific infrastructural data remained unavailable, the hydropower
impact was maintained as a specific life cycle carbon intensity metric rather than
absolute life cycle GHG emissions scaled by installed capacity. In the scenario
analysis, this standardized value was directly multiplied by the projected hydropower
generation outputs from the energy system model to determine the total greenhouse
gas contribution.
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B.3 Methodological Limitations
Due to the lack of plant-specific life cycle assessments for the Faroese hydropower
facilities, the methodology relied on scaling a global median value using adjustment
factors. While the conceptual basis for applying these factors (fclimate, freservoir,
fage) is supported by comparable literature [75], [76], [77], the specific numerical
ranges applied in this study represented conservative estimates rather than precise,
literature-derived process data. Consequently, the approach might not have fully
captured the specific material requirements of the concrete structures and dams on
the islands. Furthermore, it might not have accurately reflected the local biogenic
emissions, such as methane fluxes, which depended on the specific soil conditions,
the cold climate and the age of the reservoirs in the Faroe Islands.
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C
Life Cycle Carbon Intensity of

Biogas Generation

The biogas plant Förka, owned and operated by the salmon farming company
Bakkafrost, is currently the only operational plant in the Faroe Islands [16]. Due
to a lack of primary data regarding site-specific emission factors for the biogas pro-
duction at the facility, the operational GHG emission factor was derived using the
methodology and standard values from the European Union’s Renewable Energy
Directive, RED II (Directive 2018/2001/EU) Annex VI [55]. To ensure a com-
plete cradle-to-grave perspective, these operational values were supplemented with
an infrastructure adjustment based on established Life Cycle Assessment (LCA)
literature.

C.1 Biomass Composition and Energy Output
The Förka facility processed a total of 34 651 tonnes of biomass in 2025 [17]. The
feedstock mixture consisted of 23 325 tonnes of cow manure (67.3% of the total
input), 8 284 tonnes of salmon silage and 3 042 tonnes of other organic residues,
including sludge from recirculating aquaculture systems (RAS), horse manure, veg-
etables, deep litter and miscellaneous substrates [17].

During the same year, the facility generated 6 559.8 MWh of electrical power and
7 333.8 MWh of heat, resulting in a total energy output of 13 893.6 MWh [17]. To
align the emission calculations with the standard unit used in the energy system
simulations, the values were calculated as a specific life cycle carbon intensity, ex-
pressed in g CO2-eq/kWh. The fixed conversion factor of 3.6 MJ per kWh was
applied throughout the calculations, as established by the International Bureau of
Weights and Measures (BIPM) [78].

C.2 Gross Operational Emissions
and Infrastructure Adjustment

According to the RED II directive Annex VI, standard gross greenhouse gas emis-
sions for biogas production vary depending on the substrate and whether the diges-
tate storage is open or closed [55]. Given the modern infrastructure of the Förka
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facility, a closed digestate management system is assumed (Case 1). The directive
provides disaggregated default emission values for closed systems, which amount to
a total of 13.3 g CO2-eq/MJ for wet manure and 13.0 g CO2-eq/MJ for biowaste [55].
These values include emissions from cultivation, processing, transport and non-CO2
greenhouse gases.

To accurately reflect the facility’s specific operations, a weighted average was calcu-
lated based on the mass fractions of the substrate mix (23 325 tonnes of wet manure
and 11 326 tonnes of biowaste). This resulted in a specific operational gross emis-
sion factor of 13.2 g CO2-eq/MJ. Multiplying this weighted average by the energy
conversion factor yielded an operational carbon intensity of 47.5 g CO2-eq/kWh.

Because the RED II standard values account for only the operational fuel cycle, an
infrastructure adjustment was applied to align the biogas assessment with the com-
plete cradle-to-grave system boundaries of the other evaluated technologies. Com-
prehensive LCA literature for biogas facilities, such as the assessment by Whiting
and Azapagic [56], demonstrates that while the physical construction of anaero-
bic digestion and energy conversion infrastructure dominates resource depletion, it
constitutes a marginal fraction of a facility’s GWP. Translated to absolute terms,
this typically corresponds to embodied life cycle GHG emissions ranging from 1.5 to
3.0 g CO2-eq/kWh. To ensure a strictly conservative estimate within this established
range, the upper bound of 3.0 g CO2-eq/kWh was adopted for the facility.

The total specific gross carbon intensity (CIgross) was subsequently calculated by
integrating the operational emissions with the infrastructure adjustment, as demon-
strated in Equation (C.1).

CIgross = 47.5 g CO2-eq/kWh + 3.0 g CO2-eq/kWh = 50.5 g CO2-eq/kWh (C.1)

C.3 Avoided Emissions (Manure Credit)
The RED II directive applies an emission credit for the use of manure as a biogas
substrate to account for the avoided methane emissions that would have otherwise
occurred during conventional open storage [55]. According to RED II Annex VI, this
standard credit is established at -45.0 g CO2-eq per MJ of manure used in anaerobic
digestion [55].

To apply this energy-based legislative credit to the facility’s mass-based substrate
data, the RED II value was converted using the standard energy content method-
ologies established by the European Commission’s Joint Research Centre (JRC).
According to the scientific background report underlying the RED II directive, fresh
manure is assumed to have a moisture content of 90% and a lower heating value
of 12.0 MJ/kg of dry matter [79]. This yields an effective energy content of 1 200
MJ per tonne of fresh wet manure. Applying this conversion factor mathemati-
cally translates the directive’s energy-based credit into an absolute avoided emission
factor of -54.0 kg CO2-eq per tonne of fresh matter.
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Based on the 23 325 tonnes of cow manure processed at the Förka facility in 2025,
the absolute avoided emissions were calculated [17]. This total absolute credit was
then divided by the facility’s total energy output of 13 893.6 MWh generated dur-
ing that same year to establish the specific avoided carbon intensity (CIcredit), as
demonstrated in Equation (C.2).

CIcredit = 23 325 tonnes × (−54.0 kg CO2-eq/tonne)
13 893.6 MWh ≈ −90.7 g CO2-eq/kWh

(C.2)

C.4 Net Carbon Intensity and Allocation
The initial specific net carbon intensity for the total energy output of the Förka
plant (CIBiogas, total) was determined by adding the total gross emissions and the
avoided emissions credit. The mathematical integration is presented in Equation
(C.3).

CIBiogas, total = 50.5 g CO2-eq/kWh + (−90.7 g CO2-eq/kWh)
≈ −40.2 g CO2-eq/kWh

(C.3)

Because the Förka facility operates as a combined heat and power plant, its envi-
ronmental burdens must be allocated between the produced electricity and district
heating. According to the RED II directive Annex VI [55], physical energy alloca-
tion is not permissible. Instead, an exergy-based allocation must be applied using
the Carnot efficiency (Ch) of the useful heat. For heat exported to district heating
systems at temperatures below 150 ◦C, RED II allows the use of a standard Carnot
efficiency of 0.3546. The exergy factor for electricity (Cel) is set to 1.

The allocation factor for the electrical output (AFel) was calculated based on the
exergy content of the respective energy streams, as shown in Equation (C.4), using
the 6 559.8 MWh of electricity and 7 333.8 MWh of heat generated by the facility in
2025 [17].

AFel = 6 559.8 × 1
(6 559.8 × 1) + (7 333.8 × 0.3546) ≈ 0.716 (C.4)

The specific net carbon intensity for the electrical energy delivered to the grid (CIel)
was then determined by allocating the total plant emissions to the electricity frac-
tion, as demonstrated in Equation (C.5). The total absolute emissions were derived
from the initial specific intensity and the total energy output of 13 893.6 MWh.

CIel = −40.2 g CO2-eq/kWh × 13 893.6 MWh × 0.716
6 559.8 MWh ≈ −61.0 g CO2-eq/kWh

(C.5)
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This exergy-based allocation demonstrates that electricity, possessing higher energy
quality, bears a proportionally larger share of the environmental burden. Since the
plant acts as a net carbon sink by avoiding manure-based methane emissions, this
calculation results in a highly negative specific carbon intensity for the electricity
output, establishing it as a significant climate positive asset in the energy system at
-61.0 g CO2-eq/kWh.

C.5 Methodological Limitations
The LCA for the Förka biogas facility was limited by its reliance on default val-
ues from the EU Renewable Energy Directive (RED II) for operational emissions
[55]. These standard values might not have perfectly reflected the actual operating
conditions, process temperatures, or specific transport distances for the biomass in
the Faroe Islands. Additionally, the allocation factor of 0.716 was calculated using
production data from a single year (2025) [17]. If the balance between electricity
and district heating production were to shift in the future, or if heating demand var-
ied seasonally, the allocation would change, which would directly affect the specific
carbon intensity attributed to the electricity output.
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Capacity-Based Life Cycle GHG

Emission Factor for Onshore Wind
Power

The life cycle GHG emission calculations for onshore wind power in the Faroe Islands
were based on a critically reviewed Life Cycle Assessment (LCA) provided by Vestas
for the V117-4.2 MW turbine [57]. This assessment was conducted in accordance
with International Organization for Standardization (ISO) 14040/44 standards. To
facilitate a dynamic, capacity-based system analysis, the absolute life cycle GHG
emissions were first calculated for a single 4.2 MW turbine unit and subsequently
normalized per megawatt (MW) of installed capacity. For reference, the current
largest wind farm in the Faroe Islands utilizes six of these specific units, totalling
an installed capacity of 25.2 MW [80].

While the LCA by Vestas offers comprehensive primary data, certain assumptions
were required to apply the results to the Faroese case. The base calculations from
the Vestas LCA assume a lifetime of 20 years and an annual energy production of
17 391 MWh per turbine, yielding a total lifetime baseline production of 347 820 000
kWh per turbine [57]. The normalized life cycle carbon intensity reported in the
LCA was converted back to an absolute emission mass and then normalized by
installed capacity to establish a capacity-based life cycle GHG emission factor for
use in the scenario analysis.

D.1 Production and Transportation Calculations
The production phase covers all cradle-to-gate life cycle GHG emissions, including
raw material extraction, component manufacturing, the construction of the foun-
dation and the transportation of components to the site. According to the Vestas
LCA, this combined manufacturing and transport phase represents a life cycle car-
bon intensity of 6.6 g CO2-eq/kWh [57].

The absolute production-related life cycle GHG emissions for a single 4.2 MW tur-
bine (GHGproduction, unit) were calculated by multiplying the normalized intensity by
the baseline lifetime production of the turbine, as demonstrated in Equation (D.1).
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GHGproduction, unit = 3.48 × 108 kWh × 6.6 × 10−3 kg CO2-eq/kWh
≈ 2.30 × 106 kg CO2-eq

(D.1)

Given the high uncertainty in modelling specific maritime logistics, port handling
and heavy haulage to the Faroe Islands, this study utilizes the baseline transporta-
tion emissions reported in the Vestas LCA [57]. The Vestas LCA is based on a
reference scenario for a typical wind farm located in Germany [57]. According to
the LCA, the transport of turbine components in this German baseline scenario
contributes approximately 8% to the total Global Warming Potential (GWP) [57].

In the Vestas LCA data structure, transportation emissions are already integrated
into the manufacturing phase calculated in Section E.1 [57]. While the logistical
route to the Faroe Islands differs from the German reference site, isolating and
recalculating these specific transport emissions is constrained by data availability
and could introduce additional uncertainties into the calculations. Consequently,
the baseline transport data from the German scenario is applied as a proxy for the
supply chain, meaning no additional transportation-related emissions are added to
the system boundaries.

D.2 Operation and Maintenance Calculations
The operation and maintenance (O&M) phase includes the life cycle GHG emissions
from service vehicles, minor parts replacement and lubrication oil over the 20-year
lifetime. The O&M life cycle carbon intensity was 0.20 g CO2-eq/kWh in the Vestas
LCA [57]. This factor was multiplied by the baseline total lifetime production to
determine the absolute O&M life cycle GHG emissions per turbine, as demonstrated
in Equation (D.2).

GHGoperation, unit = 3.48 × 108 kWh × 2.0 × 10−4 kg CO2-eq/kWh
≈ 6.96 × 104 kg CO2-eq

(D.2)

D.3 End-of-Life Calculations
The End-of-Life (EOL) phase accounts for dismantling and waste treatment. Ma-
terial recovery via recycling was modeled as a net-negative emission flow. In the
Vestas LCA, the life cycle GHG emission reduction due to material recycling was
stated to be -2.4 g CO2-eq/kWh [57]. Based on this factor, the EOL life cycle GHG
emissions per turbine (GHGEOL, unit) were determined according to Equation (D.3).

GHGEOL, unit = 3.48 × 108 kWh × (−2.4 × 10−3) kg CO2-eq/kWh
≈ −8.35 × 105 kg CO2-eq

(D.3)
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D.4 Total Life Cycle GHG Emissions
and Capacity Normalization

The total net life cycle GHG emissions over the entire life cycle of a single 4.2 MW
onshore wind turbine (GHGLC,Onshore,unit) were first determined by combining the
net impacts from all phases, according to Equation (D.4).

GHGLC,Onshore,unit = 2.30 × 106 + 6.96 × 104 − 8.35 × 105

≈ 1.53 × 106 kg CO2-eq
(D.4)

To integrate these emissions into the capacity expansion model, the absolute emis-
sion mass of the unit was normalized by its rated capacity of 4.2 MW. This yielded
a continuous capacity-based life cycle GHG emission factor (GHGLC,Onshore,MW), as
demonstrated in Equation (D.5).

GHGLC,Onshore,MW = 1.53 × 106 kg CO2-eq
4.2 MW ≈ 3.64 × 105 kg CO2-eq/MW (D.5)

The final capacity-based life cycle GHG emission factor for onshore wind power was
thus determined to be 3.64 × 105 kg CO2-eq/MW.

D.5 Methodological Limitations
Using transport data from a German reference scenario as a proxy meant that the
specific emissions from marine logistics, port handling and the challenging land
transport in the Faroe Islands were excluded from the system boundaries [57]. Fur-
thermore, the model assumed that O&M emissions were linear and comparable
to standard European conditions. This assumption may overlook the demanding
high-latitude maritime climate of the Faroe Islands, characterized by intense winter
storms and challenging environmental conditions [6], [36]. In reality, such harsh
conditions could accelerate the mechanical wear of turbine components, leading to
a higher frequency of replacement parts and service vessel trips than predicted by
standard European O&M models.
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Capacity-Based Life Cycle GHG

Emission Factor for Offshore Wind
Power

The calculations for offshore wind power in the Faroe Islands were based on a crit-
ically reviewed Life Cycle Assessment (LCA) provided by Vestas for the V236-15.0
MW turbine model [58]. To facilitate a dynamic, capacity-based system analysis,
the absolute life cycle GHG emissions were first calculated for a single 15 MW tur-
bine unit and subsequently normalized per megawatt (MW) of installed capacity.
The operational lifetime was set at 30 years, with an annual energy production of
63 420 MWh per turbine [58]. In accordance with the reference study, bottom-fixed
steel monopiles were assumed as the foundation type [58].

E.1 Production Calculations
The production phase includes raw material extraction, component manufactur-
ing and construction. According to the Vestas LCA, the V236-15.0 MW turbine
generates a capacity-based life cycle GHG emission factor of 5.28 × 105 kg CO2-
eq/MW [58]. The associated marine infrastructure, referred to as balance of plant,
contributes an additional 4.23 × 105 kg CO2-eq/MW [58]. The absolute production-
related life cycle GHG emissions for a single 15 MW turbine (GHGproduction, unit)
were calculated according to Equation (E.1).

GHGproduction, unit = 15 MW × (5.28 × 105 + 4.23 × 105) kg CO2-eq/MW
≈ 1.43 × 107 kg CO2-eq

(E.1)

E.2 Transportation Calculations
The transport phase in the referenced LCA is modelled for a plant located in the
North Sea, with a specified life cycle carbon intensity for logistics of 0.070 g CO2-
eq/kWh [58].

Shipping and installing turbine components and monopile foundations of this mag-
nitude to the Faroe Islands requires specialized wind turbine installation vessels or
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heavy transport vessels. Although the distance to the Faroe Islands is longer than
to an average site in the North Sea, the entire transport phase in the reference case
constitutes only approximately 1% of the plant’s total capacity-based life cycle GHG
emission factor [58].

According to the International Organization for Standardization (ISO) 14044 stan-
dard on life cycle assessment, cut-off criteria may be applied to exclude inputs,
outputs, or processes that fall below a defined threshold of environmental signifi-
cance, which is typically established at 1% of the total impact [59]. Because the
overall transportation emissions were already at this lower boundary, the marginal
emission increase caused by the extended maritime transport was considered to have
negligible environmental significance.

Consequently, the absolute transportation-related life cycle GHG emissions (GHGtransport, unit)
were calculated by multiplying the projected lifetime electricity production of the
turbine (1.90 × 109 kWh) by the baseline specific transport emission factor (7.0 ×
10−5 kg CO2-eq/kWh), as demonstrated in Equation (E.2). The lifetime production
was derived from the annual yield of 63 420 MWh over a 30-year operational period
for a single unit.

GHGtransport, unit = 1.90 × 109 kWh × 7.0 × 10−5 kg CO2-eq/kWh
≈ 1.33 × 105 kg CO2-eq

(E.2)

E.3 Installation and Operation Calculations
Based on the reference LCA, emissions from offshore installation works were esti-
mated at 0.60 g CO2-eq/kWh and operation and maintenance (O&M) was estimated
at 0.30 g CO2-eq/kWh [58]. The total electricity production over 30 years for one
turbine amounted to 1.90×109 kWh. These calculations are demonstrated in Equa-
tions (E.3) and (E.4).

GHGinstallation, unit = 1.90 × 109 kWh × 6.0 × 10−4 kg CO2-eq/kWh
≈ 1.14 × 106 kg CO2-eq

(E.3)

GHGoperation, unit = 1.90 × 109 kWh × 3.0 × 10−4 kg CO2-eq/kWh
≈ 5.71 × 105 kg CO2-eq

(E.4)

E.4 End-of-Life Calculations
According to the LCA, dismantling contributes 0.40 g CO2-eq/kWh, while material
recycling provides an emission credit of -1.80 g CO2-eq/kWh due to the recovery
of steel and other metals [58]. The absolute End-of-Life (EOL) life cycle GHG
emissions for a single turbine were calculated according to Equations (E.5), (E.6)
and (E.7).
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GHGdismantling, unit = 1.90 × 109 kWh × 4.0 × 10−4 kg CO2-eq/kWh
≈ 7.61 × 105 kg CO2-eq

(E.5)

GHGrecycling, unit = 1.90 × 109 kWh × (−1.80 × 10−3) kg CO2-eq/kWh
≈ −3.42 × 106 kg CO2-eq

(E.6)

GHGEOL, unit = 7.61 × 105 + (−3.42 × 106)
≈ −2.66 × 106 kg CO2-eq

(E.7)

E.5 Total Life Cycle GHG Emissions
and Capacity Normalization

The total net life cycle GHG emissions for a single 15 MW turbine unit (GHGLC,Offshore,unit)
were first aggregated by combining all life cycle phases, as shown in Equation (E.8).

GHGLC,Offshore,unit = 1.43 × 107 + 1.33 × 105 + 1.14 × 106

+ 5.71 × 105 − 2.66 × 106

≈ 1.34 × 107 kg CO2-eq
(E.8)

To integrate these emissions into the capacity expansion model, the absolute emis-
sion mass of the unit was normalized by its rated capacity of 15 MW. This yielded
a continuous capacity-based life cycle GHG emission factor (GHGLC,Offshore,MW), as
demonstrated in Equation (E.9).

GHGLC,Offshore,MW = 1.34 × 107 kg CO2-eq
15 MW ≈ 8.96 × 105 kg CO2-eq/MW (E.9)

The final capacity-based life cycle GHG emission factor for offshore wind power was
thus determined to be 8.96 × 105 kg CO2-eq/MW.

E.6 Methodological Limitations
Applying an ISO 14044 cut-off criterion to retain the North Sea-based transport
data represented a methodological simplification [58], [59]. The specialized vessels
required to install offshore wind turbines in the waters surrounding the Faroe Is-
lands would travel longer distances and consume more fuel. This could potentially
generate transport emissions that exceed the standard 1% threshold for environ-
mental significance [59], contrary to the baseline assumptions in the reference study
[58]. Additionally, the calculations evaluated a standard bottom-fixed monopile
foundation [58]. The actual material requirements and the resulting climate impact
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could vary significantly depending on the local seabed and geological conditions off
the coast of Tórshavn. For instance, if the deep waters require the use of floating
platforms or massive gravity-based foundations, both the material consumption and
the associated greenhouse gas emissions would increase substantially compared to a
standard monopile design [81].
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Capacity-Based Life Cycle GHG

Emission Factor for Solar
Photovoltaics

The mapping of the Faroese energy system revealed that there is currently one
utility-scale solar photovoltaic (PV) plant installed on the islands. The PV modules
used were manufactured by REC Group, specifically the REC N-Peak model. An
Environmental Product Declaration (EPD) for this model, compiled in accordance
with International Organization for Standardization (ISO) 14025, was retrieved from
the manufacturer [60].

The solar PV panels installed in the Faroe Islands belong to the first generation
of the REC N-Peak series, while the EPD corresponds to the second generation of
the model. The two generations differ in some aspects, primarily maximum power
output; the first generation had a power output of up to 330 Wp [82], while the
second generation had a power output of up to 375 Wp [83]. Despite this differ-
ence, the EPD was considered representative for the technology type. To facilitate
a dynamic, capacity-based system analysis, the life cycle GHG emissions were de-
rived directly from the EPD’s normalized capacity metric and scaled to match the
megawatt (MW) output format of the energy system simulations.

F.1 Transportation Assessment
The original EPD accounts for the transportation of the PV modules from the
manufacturing site in Singapore to Rotterdam [60]. According to the EPD, the
baseline life cycle GHG emissions for the transportation of the PV modules are
approximately 0.0396 kg CO2-eq/Wp.

The additional emissions associated with maritime transport from Rotterdam to
the Faroe Islands were estimated to contribute less than 1% of the total life cycle
GHG emissions of the PV system. In accordance with ISO 14044 cut-off criteria, the
marginal emission increase caused by the extended maritime distance was considered
negligible and the baseline transport data was retained [59].
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F.2 Balance of System
and Capacity Normalization

The EPD for the REC N-Peak modules [60] follows the Norwegian Product Category
Rules (NPCR) 029 standard, which restricts the system boundaries to the PV mod-
ule itself. Based on the aggregated modules in the EPD, the baseline cradle-to-gate
life cycle GHG emissions were extracted as 1.36 kg CO2-eq/Wp.

To capture the full life cycle GHG emissions of a utility-scale PV system, the facil-
ity’s Balance of System (BoS), including mounting structures, central inverters and
electrical cabling, required integration. Life cycle assessments of utility-scale PV
systems indicate that BoS infrastructure accounts for approximately 20% to 30%
of the total life cycle GHG emissions [52], [84]. This range reflects the complete
cradle-to-grave impact, including End-of-Life (EOL) dismantling and net recycling
credits.

To account for the extreme wind loads and harsh climatic conditions on the Faroe
Islands, which necessitate reinforced mounting structures and more robust elec-
trical infrastructure, a conservative BoS markup was applied. Assuming the BoS
contribution at the upper bound of 30% of the total system impact, the baseline
module-related life cycle GHG emissions were scaled by a factor of 1.43. This factor
corresponds to the module contribution representing 70% of the total system impact.
The continuous capacity-based life cycle GHG emission factor (GHGLC,PV,MW) was
thus established by scaling the module-related emissions and converting them from
peak watts (Wp) to megawatts (MW), as demonstrated in Equation (F.1).

GHGLC,PV,MW = 1.36 kg CO2-eq/Wp × 1.43 × 106 Wp/MW
≈ 1.94 × 106 kg CO2-eq/MW

(F.1)

The final capacity-based life cycle GHG emission factor for utility-scale solar PV
was thus determined to be 1.94 × 106 kg CO2-eq/MW.

F.3 Methodological Limitations
The 30.0% adjustment factor applied for the BoS was a generic literature-based
estimate [52], [84] intended to compensate for the extreme wind loads and harsh
climate of the Faroe Islands. However, this scaling was not based on a site-specific
engineering design for the Sumba solar plant, introducing some uncertainty regarding
the actual material requirements for reinforced mounting structures and electrical
cabling. Furthermore, utilizing an EPD for the second-generation REC N-Peak
modules as a proxy for the installed first-generation panels introduced a minor data
discrepancy regarding manufacturing inputs and maximum power output [60], [82].
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Emission Factor for Tidal Power

The life cycle GHG emission calculations for tidal power generation in the Faroe
Islands were based on a previously conducted Life Cycle Assessment (LCA) of
Minesto’s Deep Green Utility (DGU) tidal energy technology [61]. The assessed
system was a prospective 500 kW DG500 kite design intended for deployment at
the planned Holyhead Deep tidal power plant off the coast of Wales [61]. The LCA
model represented a planned array of tidal kites derived from the DG500 prototype
and evaluated the environmental impacts under assumed operating conditions at the
Holyhead site [61]. The original LCA results were reported as normalized climate
impacts in units of g CO2-eq/kWh.

The planned tidal power expansion in the Faroese context is based on Minesto’s
larger D42 Dragon system, with a rated power of 1.65 MW per kite. Due to limited
publicly available data for the larger system and the scope limitations of this study,
a scaling methodology was applied to estimate the life cycle GHG emissions of the
larger tidal power system. The purpose of the scaling was to estimate a capacity-
based life cycle GHG emission factor for tidal power, expressed in kg CO2-eq/MW,
which could later be combined with the installed tidal capacity obtained from the
energy system scenarios.

The tidal emission factor was therefore converted from normalized life cycle carbon
intensity values to absolute life cycle GHG emissions, scaled to the D42 system using
relevant physical parameters and then normalized by the rated capacity of the D42
system. This produced a capacity-based life cycle GHG emission factor that could
be applied consistently to the scenario results.

The scaling approach was based on the original LCA inventory data and adapted
according to mass data, cable dimensions, installation requirements and operational
conditions provided by Minesto and relevant to the Faroe Islands. The method-
ology assumes that the life cycle GHG emissions of the system components scale
proportionally with either mass or infrastructure dimensions.
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G.1 Scaling Methodology
The tidal power system was divided into several main life cycle categories, including
grid transformation and transmission, raw material and component manufacturing,
construction and installation, operation and maintenance and decommissioning and
waste management. Each contribution from the original DG500 LCA was assigned
a scaling parameter depending on the main physical driver of the emissions.

Material- and component-related contributions were scaled by mass. This included,
for example, the kite and umbilical system, replaced parts, foundation materials
and End-of-Life (EOL) recycling credits. Vessel- and transport-related contribu-
tions were scaled by distance, since these emissions were assumed to be mainly
dependent on the distance between the operation base and the deployment site.
Cable-related contributions were scaled using cable length and cable dimensions
where available. Grid-related contributions, including distribution losses and direct
grid-related emissions, were assumed to remain unchanged due to the absence of
more detailed information.

The general scaling approach is shown in Equation (G.1).

EFi,D42 = CIi,DG500 × Elife,DG500

1 000 × SFi × 1
PD42

(G.1)

where EFi,D42 is the scaled capacity-based life cycle GHG emission factor for con-
tribution i in kg CO2-eq/MW, CIi,DG500 is the original DG500 LCA contribution in
g CO2-eq/kWh, Elife,DG500 is the lifetime electricity generation of the DG500 refer-
ence system in kWh, SFi is the process-specific scaling factor and PD42 is the rated
power of one D42 kite in MW. In this study, PD42 was taken as 1.65 MW.

For mass-scaled components, the scaling factor was calculated according to Equation
(G.2).

SFmass,i = mi,D42

mi,DG500
(G.2)

where mi,D42 and mi,DG500 are the component masses for the D42 and DG500 sys-
tems, respectively.

For distance-scaled contributions, the scaling factor was calculated according to
Equation (G.3).

SFdistance,i = di,D42

di,DG500
(G.3)

where di,D42 and di,DG500 represent the relevant transport or vessel travel distances
for the D42 and DG500 cases, respectively.

The total capacity-based life cycle GHG emission factor for tidal power was then
calculated by summing all scaled contributions, as shown in Equation (G.4).
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EFtidal,D42 =
∑

i

EFi,D42 (G.4)

G.2 Component-Specific Scaling Assumptions

G.2.1 Grid Transformation and Transmission
The grid transformation and transmission contributions from the original LCA were
retained without additional scaling. This includes distribution losses and direct
grid-related emissions. These contributions were assumed to be independent of the
mass of the D42 device and were therefore kept unchanged in the capacity-based
inventory.

G.2.2 Raw Material and Component Manufacturing
The raw material and component manufacturing category includes the kite and um-
bilical system, foundation, cables, onshore substation and the tidal management
system or subsea hub. Where component mass data were available, the original
DG500 contribution was scaled using the ratio between the D42 and DG500 com-
ponent masses.

The kite and umbilical system was scaled by mass, assuming similar material com-
position and manufacturing processes between the DG500 and D42 systems. The
foundation was also scaled by mass, using the available material estimates for the
D42 foundation system.

Cable-related emissions were scaled separately using the relevant cable length and
cable dimensions. This was done because cable emissions are more closely related
to cable length and cross-sectional area than to the mass of the kite itself.

The onshore substation contribution was scaled by a factor of 2, assuming that
the D42 deployment requires an onshore substation approximately twice the size of
that used in the original DG500 system. This assumption was made to reflect the
increased installed capacity and associated electrical infrastructure requirements of
the larger tidal deployment.

G.2.3 Tidal Management System and Subsea Hub
The tidal management system (TMS) in the original DG500 LCA was not directly
representative of the proposed D42 configuration. In the Faroese deployment con-
cept, ten D42 kites are assumed to be connected to a subsea hub located on the
seabed. Since this differs substantially from the original DG500 TMS design, the
DG500 TMS contribution was not directly scaled.

Instead, the D42 TMS was approximated using a proxy approach based on the sub-
sea hub used in the MeyGen tidal array. Information from the MeyGen project
was used as a reference and the hub was assumed to have a mass of approximately
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30 tonnes [85]. Since the proposed D42 deployment concept differs from the Mey-
Gen configuration, the hub mass was scaled according to the number of tidal device
connections required in the Faroese system. An embodied life cycle GHG emis-
sion factor obtained from the referenced source was then applied to the scaled hub
mass and the resulting total emissions were allocated over the total tidal capacity
connected to the hub.

The capacity served by one hub was calculated according to Equation (G.5).

Phub = Nkites × PD42 = 10 × 1.65 = 16.5 MW (G.5)

The TMS emission factor was then calculated according to Equation (G.6).

EFTMS = mhub × EFsteel

Phub
(G.6)

where mhub is the estimated mass of the subsea hub in kg, EFsteel is the life cycle
GHG emission factor for steel in kg CO2-eq/kg steel and Phub is the total installed
tidal capacity connected to the hub. This approach assumes that the hub is pri-
marily made of steel and that the associated climate impact is dominated by steel
production.

G.2.4 Construction and Installation
Construction-related emissions, including vessel trips and transport to site, were
scaled by distance. The original DG500 LCA contributions were converted to ab-
solute emissions and then multiplied by the ratio between the Faroese deployment
distance and the distance assumed in the original LCA. The resulting values were
then normalized by the rated power of the D42 kite to obtain kg CO2-eq/MW.

G.2.5 Operation and Maintenance
Operation and maintenance emissions include maintenance vessel trips and replace-
ment parts. Maintenance vessel trips were scaled by distance, assuming that fuel
use and related emissions are approximately proportional to the travel distance be-
tween the operation base and the tidal deployment site. Replacement parts were
scaled by mass, assuming that the replacement demand scales with the size of the
D42 system and that the replaced components have a similar material composition
to the DG500 reference system.

G.2.6 Decommissioning and Waste Management
Decommissioning and waste management were treated using the assumptions from
the original DG500 LCA. In the original waste management model, iron and steel
were assumed to be recycled at a rate of 90%, while copper was assumed to be recy-
cled at a rate of 95%. Recycling was modelled using an avoided-burden approach,
where the system receives a credit for avoided production of virgin materials. As
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a result, the recycling contribution appears as a negative value in the life cycle
inventory.

For the D42 scaling, the recycling credit was retained and scaled by mass. De-
commissioning vessel trips were scaled by distance. Since the recycling credit has
a significant influence on the net tidal emission factor, the final result should be
interpreted as a net life cycle GHG emission estimate including EOL credits. A sen-
sitivity case excluding the recycling credit may therefore be useful for illustrating
the influence of EOL assumptions.

G.3 Total Life Cycle GHG Emissions
and Capacity Normalization

By aggregating all the scaled life cycle contributions described in the previous sec-
tions, the final capacity-based life cycle GHG emission factor for the D42 tidal power
system (EFtidal,D42) was established. The aggregation of the component-specific
emission factors resulted in the capacity-based multiplier demonstrated in Equation
(G.7).

EFtidal,D42 =
∑

i

EFi,D42 ≈ 7.85 × 105 kg CO2-eq/MW (G.7)

The final capacity-based life cycle GHG emission factor for tidal power was thus
determined to be 7.85 × 105 kg CO2-eq/MW. This factor was applied in the climate
impact assessment to calculate the life cycle GHG emissions associated with the
deployed tidal capacity in each scenario.

G.4 Methodological Limitations
Several uncertainties were associated with the applied scaling methodology. Because
the original LCA evaluated a smaller 500 kW tidal kite operating under different
geographical conditions in Wales [61], the scaled values for the D42 array in the
Faroe Islands must be interpreted as proxy estimates rather than a product-specific
LCA. The mass- and distance-based scaling assumed proportional relationships,
which might not have fully captured non-linear changes in material composition,
manufacturing complexity, or actual vessel fuel consumption during installation.

Furthermore, the TMS was estimated using a proxy approach based on a steel-
dominated subsea structure from the MeyGen project [85]. This simplification likely
underestimated the true electrical and structural complexity of a seabed hub, includ-
ing connectors, switchgear, protection systems and specific installation requirements.

Finally, the EOL treatment retained the recycling credits for steel and copper applied
in the original study [61]. As the actual EOL logistics and recycling rates for novel
marine energy technologies remain highly uncertain, relying on these avoided-burden
credits means that the final tidal emission factor represents a sensitive net life cycle
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GHG emission estimate rather than a gross emission estimate excluding end-of-life
credits.
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Emission Factors for Battery
Energy Storage Systems

The calculations for the capacity-based life cycle GHG emission factors of the Bat-
tery Energy Storage Systems (BESS) evaluated in the scenario analysis were based
on a reference study by Parlikar et al. [62]. The authors conducted a simplified Life
Cycle Assessment (LCA) of utility-scale BESS to quantify life cycle GHG emissions
and evaluate the potential role of storage in reducing net emissions in isolated island
grids.

The reference BESS used for the baseline calculations had a power rating of 1 MW
and an energy capacity of 1 MWh [62]. To accommodate the significantly larger ca-
pacities of the utility-scale systems required in the Faroese grid, and to integrate the
LCA data with the continuous capacity expansion variables from the system simula-
tions, the life cycle GHG emissions of BESS were linearized using allometric scaling
principles. BESS capacity is defined by two independent variables: energy capacity
(MWh) and power capacity (MW). Consequently, the life cycle GHG emissions were
separated into one energy-dependent factor, expressed in kg CO2-eq/MWh and one
power-dependent factor, expressed in kg CO2-eq/MW.

The calculations include the production phase (cradle-to-gate), the transportation
phase to the Faroe Islands and the End-of-Life (EOL) phase. The installation and
dismantling phases were omitted based on standard LCA cut-off criteria (Inter-
national Organization for Standardization (ISO) 14044) [59], as their impacts are
negligible compared to the production phase. Direct operational emissions were as-
sumed to be zero, as the storage is charged with renewable energy within the system
boundaries.

Furthermore, industry standards estimate the technical lifetime of utility-scale lithium-
ion cells to be approximately 15 years [63]. To ensure a realistic assessment that
aligns with the 20-year technical lifetime assumed for the BESS, a fractional cell
utilization and replacement factor (RFcell) was applied, as shown in Equation (H.1).

RFcell = 20 years
15 years ≈ 1.33 (H.1)
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Table H.1 outlines the specific physical hardware components included within the
system boundaries for the production phase, categorized by their respective scaling
parameters.

Table H.1: Inventory of BESS hardware components and their respective scaling
categories within the system boundary.

Component Scaling Category
Enclosures (40-foot containers) Energy-Dependent (kWh)
Battery Cells Energy-Dependent (kWh)
Heating, ventilation and air conditioning (HVAC) Energy-Dependent (kWh)
Power Electronics Power-Dependent (MW)
Peripheral & Miscellaneous Electronics System Overhead Multiplier

H.1 Energy-Dependent Life Cycle GHG Emission
Factor

The energy-dependent life cycle GHG emissions include components whose scale
correlates directly with the storage capacity (kWh) of the system, primarily the en-
closures, the battery cells and the heating, ventilation and air conditioning (HVAC)
systems.

H.1.1 Enclosures, HVAC and Battery Cells
The reference study assumed the use of 20-foot shipping containers [62]. However, for
high-capacity systems, standardized 40-foot shipping containers are typically utilized
[86]. Based on standardized tare weights from the Ecoinvent v3.12 database [87], the
production-related life cycle GHG emissions of a 40-foot container were calculated
to be 24 900 kg CO2-eq. With an estimated volumetric capacity to house 3 753 kWh
of cells, linearizing this over the capacity yields a specific enclosure contribution of
6.63 kg CO2-eq/kWh.

For the HVAC system, the baseline emissions of 426 kg CO2-eq for a 20-foot container
were derived from the reference study [62]. To estimate the impact for a 40-foot
container, a conservative allometric scaling exponent of 0.8 was applied to the size
multiplier of 2, accounting for the non-linear relationship between material mass and
cooling capacity [88]. The scaled absolute emissions (EHVAC, 40-foot) and the resulting
normalized capacity-based emissions (CIHVAC) were calculated as demonstrated in
Equation (H.2).

EHVAC, 40-foot = 426 kg CO2-eq × 20.8 ≈ 742 kg CO2-eq

CIHVAC = 742 kg CO2-eq
3 753 kWh ≈ 0.198 kg CO2-eq/kWh

(H.2)

The production of lithium-ion cells generates initial life cycle GHG emissions of 161
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kg CO2-eq/kWh [62]. By applying the replacement factor (RFcell), the lifetime-
adjusted cell contribution amounts to 215 kg CO2-eq/kWh. To account for periph-
eral electronics and internal structural mounting, which constitute 7% of the total
system emissions according to the reference study [62], a hardware multiplier of
1/0.93 (≈ 1.08) was applied to the combined production impacts.

H.1.2 Transportation and End-of-Life
The transport of the BESS from European manufacturing hubs [89] to the Faroe
Islands was modelled using an intermodal transport approach. The total transport
distance, including the EOL return trip, was estimated to be 3 800 km, comprising
800 km of road transport and 3 000 km of maritime freight. Road transportation
assumed an emission factor of 0.0770 kg CO2-eq/tkm for heavy goods vehicles, while
maritime transport utilized a roll-on/roll-off ferry at 0.0516 kg CO2-eq/tkm [90].

Based on technical specifications from modern utility-scale containerized lithium-ion
systems [91], [92], a fully integrated BESS was assumed to have a base transport
weight (Wbase) of 40 metric tonnes. To account for the 20-year lifetime replacements,
an additional fractional transport weight (Wrepl) was calculated using an average
pack-level specific energy density of 150 Wh/kg [63]. For a standard 3 753 kWh
containerized unit, the total transport emissions were established and then linearized
per capacity unit (GHGtransport, unit), as demonstrated in Equation (H.3).

GHGtransport, unit = (Wbase + Wrepl) × ((800 × 0.0770) + (3 000 × 0.0516))
3 753

≈ 2.79 kg CO2-eq/kWh
(H.3)

For the EOL phase, an advanced hydrometallurgical recycling process yields a reduc-
tion of -11.7 kg CO2-eq per treated kWh of cells [62], [93]. Applying the replacement
multiplier establishes a net EOL credit of -15.6 kg CO2-eq/kWh.

H.1.3 Subtotal Energy Factor
The total aggregated energy-dependent emission factor (GHGenergy, unit) was cal-
culated by combining the hardware impacts (including overhead), the transport
emissions and the EOL credits, as demonstrated in Equation (H.4).

GHGenergy, unit = (6.63 + 0.198 + 215) ×
( 1

0.93

)
+ 2.79 − 15.6

≈ 226 kg CO2-eq/kWh ≈ 2.26 × 105 kg CO2-eq/MWh
(H.4)
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H.2 Power-Dependent Life Cycle GHG Emission
Factor

The power-dependent life cycle GHG emissions isolate the environmental impact of
the power electronics (inverters and power conversion systems). Material weight of
energy conversion equipment does not increase linearly with an increase in power
rating, as power density improves in larger systems [62], [94]. Utilizing an allometric
scaling exponent of 0.68 derived from empirical models for energy conversion equip-
ment [94], the baseline reference emission factor was linearized to fit utility-scale
applications.

The linearized emission factor for power electronics production was established at
28 200 kg CO2-eq/MW. At the EOL phase, the optimized recycling of these com-
ponents provides a reduction credit of -9 450 kg CO2-eq/MW [62]. Applying the
same structural overhead multiplier to the power hardware yields the total power-
dependent emission factor (GHGpower, unit), as shown in Equation (H.5).

GHGpower, unit =
(

28 200 × 1
0.93

)
− 9 450

≈ 3.03 × 104 − 9 450
≈ 2.08 × 104 kg CO2-eq/MW

(H.5)

H.3 Total Scalable Life Cycle GHG Emissions for
BESS

To calculate the total life cycle GHG emissions of any BESS capacity generated
by the scenario simulations, the energy-dependent and power-dependent emission
factors were combined according to Equation (H.6).

GHGLC,BESS,total = (Esys × 2.26 × 105) + (Psys × 2.08 × 104) (H.6)

where Esys is the total installed energy capacity in MWh and Psys is the total in-
stalled power capacity in MW. Due to a fixed C-rate of 0.25 in the system simu-
lations, Esys remains four times larger than Psys in the final scenario results. This
scalable methodology allows for the dynamic calculation of embodied life cycle GHG
emissions associated with BESS deployment in the Faroese grid transition.

H.4 Methodological Limitations
Although these calculations provided a structured way to dynamically estimate the
total life cycle GHG emissions of future Faroese BESS facilities, several limitations
must be acknowledged.
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First, using a static fractional factor of 1.33 for battery cell replacements was math-
ematically necessary to allocate the environmental impacts evenly over the 20-year
project horizon [63]. However, this simplified reality, as it did not reflect the large,
sudden emission spikes that occur in the exact year the batteries are physically
replaced. Furthermore, the calculations relied on allometric scaling and general
industry data [94], which created some uncertainty regarding the exact material
compositions of future site-specific installations.

Second, assuming that the BESS produced zero operational emissions was a system
boundary simplification. While the system was modelled to be exclusively charged
with renewable energy, this boundary excluded round-trip efficiency losses and con-
tinuous auxiliary power consumption required for thermal management. These en-
ergy losses increase the net demand on the wider grid, which can result in indirect
emissions if backup generation is dispatched to compensate.

Finally, the EOL calculations relied on standard European recycling data [62]. Ap-
plying these generic models to an isolated island system introduced uncertainty
regarding actual collection rates and logistical feasibility, meaning the net emission
reductions could be slightly overestimated in practice.
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I
Allocated Life Cycle GHG

Emissions from V2G Integration

The integration of Vehicle-to-Grid (V2G) technology in the Faroe Islands assumed
a continuous transition toward an electric vehicle (EV) fleet. The future growth of
the total vehicle fleet and the underlying population trends were projected using
historical vehicle density and demographic data sourced from the Hagstova Føroya
statistical database [66], reaching approximately 38 143 units by 2040. To model
the EV share of the total fleet over the transition period, a logistic growth model
(S-curve) was applied, utilizing a saturation level of 95% and an adoption speed of
0.40. Based on this model, the EV fleet was projected to reach 33 222 units by 2040.

However, not all EVs were assumed to be available for grid balancing services. To
account for technical incompatibilities, user opt-outs [38] and the operational lim-
itations of commercial fleets [95], an assumed V2G participation rate of 75% was
applied to the EV fleet. This yielded an actively participating baseline of 24 917
vehicles equipped with bidirectional chargers.

The average participating EV was assumed to have a battery capacity of 70 kWh
and a bidirectional charge and discharge capacity of 11 kW. With a projected 24 917
participating vehicles, the full technical charger capacity in 2040 was estimated at
approximately 274 MW. However, assuming that only 25% of these vehicles were
simultaneously connected and available for grid services, the effectively modelled
V2G power capacity was 68.5 MW.

I.1 Battery Production Emissions and Allocation
To estimate the environmental impact of utilizing EV batteries for grid services, the
life cycle GHG emissions associated with battery manufacturing were established.
According to a comprehensive life cycle assessment by the IVL Swedish Environ-
mental Research Institute, the production of modern lithium-ion batteries results
in greenhouse gas emissions ranging from 61 to 106 kg CO2-eq/kWh [96]. For this
system study, a representative average of 80 kg CO2-eq/kWh was used.

Because the primary function of an electric vehicle is mobility, allocating the entire
manufacturing-related life cycle GHG emissions of the battery to the power system
would result in double-counting. In accordance with ISO 14044 guidelines regarding
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multifunctional systems [59], an allocation method based on component wear and
primary usage was applied. Instead of using an energy throughput approach, a
marginal degradation approach was adopted to isolate the specific wear induced by
V2G operation.

Recent empirical studies demonstrate that battery ageing is heavily dominated by
calendar ageing and standard mobility patterns. When V2G is operated under
controlled parameters, such as shallow micro-cycles, the incremental degradation
induced by grid services is limited. A recent study on battery lifespan showed that
over a ten-year period, V2G operation increases battery degradation by 1.7% to
5.8% relative to a baseline of normal EV usage [64]. Because V2G services consume
approximately 5% of the battery’s functional lifetime utility beyond standard mo-
bility, a corresponding 5% of the total battery production emissions were allocated
to the power system.

Consequently, the allocated life cycle GHG emissions for a single 70 kWh EV battery
(GHGbattery, alloc) were calculated as demonstrated in Equation (I.1).

GHGbattery, alloc = 70 kWh × 80 kg CO2-eq/kWh × 0.05
= 280 kg CO2-eq

(I.1)

I.2 Charging Hardware Emissions and Allocation
To determine the environmental impact of the hardware required for V2G inte-
gration, a V2G-ready residential wall box (Zaptec GO 2) was used as a reference.
Based on its Environmental Product Declaration (EPD), the total cradle-to-gate
manufacturing-related life cycle GHG emissions amounts to 162 kg CO2-eq per unit
[97].

Because the primary function of the residential wall box is to facilitate daily mo-
bility, assigning its entire manufacturing-related life cycle GHG emissions to the
power system would contradict the principle of functional allocation [59]. To main-
tain methodological consistency, the functional allocation logic established for the
EV batteries was universally applied to the charging hardware. Assuming the wall
box degrades proportionally to the battery and that V2G services consume approx-
imately 5% of the system’s functional lifetime utility [64], 5% of the manufacturing-
related life cycle GHG emissions were allocated to the power system. This resulted
in a V2G-specific hardware contribution of 8.1 kg CO2-eq per unit.

I.3 End-of-Life Phase
To ensure methodological consistency in this study, the End-of-Life (EOL) phase
was included. In accordance with the multi-functional allocation logic applied to the
production phase, the power grid was allocated 5% of the environmental impacts
and credits associated with the decommissioning and recycling of the EV batteries.

The battery manufacturing data used in this study is based on Nickel Manganese
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Cobalt (NMC) chemistry [96]. For this specific chemistry, advanced hydrometallur-
gical recycling secures substantial carbon credits by displacing virgin extraction of
cobalt and nickel [93]. Based on the process models for NMC batteries presented by
Mohr et al. [93], a conservative net credit of -20 kg CO2-eq/kWh was assumed. The
allocated EOL contribution for a single 70 kWh EV battery (GHGbattery, EOL, alloc)
was calculated as shown in Equation (I.2).

GHGbattery, EOL, alloc = 70 kWh × (−20 kg CO2-eq/kWh) × 0.05 = −70 kg CO2-eq
(I.2)

Regarding the residential charging hardware, EOL impacts and recycling credits
were derived directly from the Zaptec GO 2 EPD. According to the declaration,
the recycling of electronic components and metals, alongside energy recovery from
plastics, yields a net carbon credit of -6.7 kg CO2-eq per unit [97]. To maintain
methodological consistency, the universal allocation factor of 5% was applied to
this phase. Consequently, the allocated EOL credit for the V2G-specific hardware
amounted to -0.335 kg CO2-eq per unit. The combined net EOL credit for a single
integrated V2G unit, including both the EV battery and the charging hardware,
thus totalled -70.3 kg CO2-eq.

I.4 Total Allocated Life Cycle GHG Emissions
from V2G

For the total Faroese V2G system, consisting of 24 917 participating units, the total
allocated net life cycle GHG emissions (GHGV2G, net, total) were established by com-
bining the allocated production-related emissions and the allocated EOL recycling
credits, as expressed in Equation (I.3).

GHGV2G, net, total = 24 917 units × (280 + 8.1 − 70.3) kg CO2-eq/unit
= 24 917 units × 218 kg CO2-eq/unit
≈ 5.43 × 106 kg CO2-eq

(I.3)

The results indicate that, when accounting for allocated production impacts and
allocated recycling credits, the total allocated net life cycle GHG emissions from the
distributed Faroese V2G system amount to approximately 5.43 × 106 kg CO2-eq.

In the system-level climate impact assessment, this total allocated value was annu-
alized over the assumed system lifetime and included as part of the storage-related
contribution to the system-level carbon intensity.

I.5 Methodological Limitations
Estimating the total climate impact of the V2G system involved significant uncer-
tainties regarding future consumer behaviour and market development. The growth
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model for the EV fleet and the assumption of a 75% participation rate were highly
sensitive to future policy instruments, user acceptance and technical standardization
[38], [95]. Moreover, the 5% allocation factor assumed that the charging cycles were
optimized and carefully managed through shallow micro-cycling [64]. If the batteries
were instead subjected to deeper discharge cycles or a lack of grid optimization, bat-
tery degradation could increase notably [39]. This would require a larger proportion
of the manufacturing emissions to be allocated to the power system.
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Input Data for System Modelling

This appendix presents the key exogenous input data utilized in the capacity ex-
pansion modelling, including both the economic parameters of the evaluated energy
technologies and the projected electricity demand for the Faroe Islands up to 2040.

J.1 Economic Assumptions
The projected cost evolution used in the capacity expansion modelling is presented
for the milestone years 2026, 2030 and 2035. The cost assumptions established for
2035 also apply to all subsequent years in the modelling period up to 2040. Ta-
ble J.1 summarizes the assumed capital investment costs, fixed and variable opera-
tion and maintenance (O&M) costs and fuel costs for the evaluated energy technolo-
gies. These parameters have been specifically aligned with the system boundaries
defined in the methodological framework of this study. For instance, building new
hydropower reservoirs is excluded. As a result, only the specific investment costs for
permitted turbine upgrades are included. Similarly, Vehicle-to-Grid (V2G) capac-
ity is included as a fixed input based on projected electric vehicle adoption rates,
resulting in a zero-cost optimization parameter for the energy system model. Fi-
nally, emergency load shedding is included with a high marginal penalty cost to act
as a slack variable, ensuring mathematical feasibility during critical hours of the
simulation.
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Table J.1: Cost assumptions for energy technologies in 2026, 2030 and 2035.

Technology Cost Parameter Unit 2026 2030 2035
Thermal Fixed O&M EUR/MW/year 50 000 50 000 50 000

Variable O&M EUR/MWh 8 8 8
Fuel cost (Fuel Oil) EUR/MWh 36.0 39.0 42.0
Fuel cost (Gas Oil) EUR/MWh 54.0 57.0 60.0

Hydro Investment cost∗ EUR/MW 59 100 59 100 59 100
Investment cost∗∗ EUR/MW 266 000 266 000 266 000
Fixed O&M EUR/MW/year 50 000 50 000 50 000
Variable O&M EUR/MWh 0 0 0

Biogas Fixed O&M EUR/MW/year 50 000 50 000 50 000
Variable O&M EUR/MWh 8 8 8
Fuel cost EUR/MWh 63.0 66.0 69.0

Onshore Wind Investment cost EUR/MW 1 045 000 1 004 000 963 000
Fixed O&M EUR/MW/year 26 000 26 000 26 000
Variable O&M EUR/MWh 7 7 6

Offshore Wind Investment cost EUR/MW 4 300 000 3 900 000 3 500 000
Fixed O&M EUR/MW/year 75 000 67 000 60 000
Variable O&M EUR/MWh 8 8 7

Solar Investment cost EUR/MW 1 400 000 1 210 000 1 110 000
Fixed O&M EUR/MW/year 8 000 7 000 7 000
Variable O&M EUR/MWh 0 0 0

Tidal Investment cost EUR/MW 3 350 000 2 500 000 1 600 000
Fixed O&M EUR/MW/year 90 000 70 000 50 000
Variable O&M EUR/MWh 8 6 5

Battery Storage Investment cost EUR/MWh 296 000 296 000 296 000
Fixed O&M EUR/MW/year 2 270 2 270 2 270
Variable O&M EUR/MWh 0.2 0.2 0.2

V2G Investment cost∗∗∗ EUR/MW 0 0 0
Fixed O&M EUR/MW/year 0 0 0
Variable O&M EUR/MWh 0 0 0

Load Shedding Capital cost EUR/MW 0 0 0
Marginal cost EUR/MWh 10 000 000 10 000 000 10 000 000

∗ Specific investment cost for Heygaverkið turbine upgrade.
∗∗ Specific investment cost for Mýruverkið turbine upgrade.
∗∗∗ V2G is implemented as a predefined exogenous asset (based on EV adoption), resulting in 0
EUR optimization cost.

J.2 Demand Projections
To ensure transparency in the modelling assumptions, the projected electricity de-
mand used in the capacity expansion model is summarized in Table J.2. The original
dataset contains high-resolution spatial and temporal data across seven Faroese re-
gions. For clarity, the data has been aggregated into total annual demand (GWh)
for the three main consumption sectors at key milestone years during the transition
period.
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Table J.2: Projected total annual electricity demand (GWh) by sector for selected
milestone years.

Sector 2026 2030 2035 2040
Regular Demand 453.0 488.0 532.0 574.0
Heating 47.0 81.0 171.0 186.0
Transport 3.8 17.0 62.8 99.7
Total System Demand 503.8 586.0 765.8 859.7

J.3 Generation Profiles
The normalized generation profiles used for weather-dependent renewable technolo-
gies are presented in this section. These profiles represent the temporal availability
of each technology and were used as predefined input to the PyPSA capacity expan-
sion model. The generation values are normalized and presented in per-unit (p.u.),
where 1.0 corresponds to generation at full installed capacity.

Figure J.1: Normalized wind generation profile used as input to the model.
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Figure J.2: Normalized solar PV generation profile used as input to the model.
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Figure J.3: Normalized tidal generation profile used as input to the model.
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