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Abstract

The usage of green hydrogen is expected to reduce the annual greenhouse gas emissions by 2% that
are currently generated by the consumption of fossil-based hydrogen, while also hard-to-abate in-
dustries that are difficult to shift to low-carbon alternatives in the future. Gévleborg county, a crucial
part of Sweden's industrial value chain, aims to decrease its carbon footprint in hydrogen-based
industries by producing competitive green hydrogen by deploying offshore wind energy along the
Gévleborg coast. To enhance the industrial competitiveness of Gavleborg by making the most of the
wind resources in the area, it is important to select suitable energy transmission technologies. There-
fore, this study aims to evaluate the potential of different offshore wind-to-shore technologies and
assess the feasibility of hydrogen production for dedicated future offshore wind plants in the region.

This case study examined the annual average power and energy recovery from wind resources in
two different locations along the Gavleborg coast. More than 100 000 wind data values collected
over 14 years from the New European Wind Atlas database were analyzed using the continuous
Weibull function. Moreover, to evaluate the energy losses in the transmission to shore it was used
the m-equivalent schema for either high voltage alternating current (HVAC) or high voltage direct
current (HVDC), considering different voltage levels or the usage of reactive compensation. Finally,
the power and energy input requirements of the largest operational PEM electrolyzer for hydrogen
production were assessed.

Three different offshore wind farm designs have been proposed for analysis, varying the installed
power capacity and distance from the shore in accordance with the current offshore wind farm pro-
spects in the region. On the one hand, designs with lower power capacity and closer to the shore are
more likely to use HVAC technology with low voltage levels and little significance on reactive
compensation. On the other hand, larger offshore wind designs will potentially use either HVAC
technology with higher voltage levels and reactive compensation, or HVDC technology. After anal-
ysis, it can be concluded that the deployment of any of the suggested offshore wind designs will
have a significant impact on the region’s energy mix, covering most of the current Swedish hydrogen
demand when considering dedicated offshore wind-to-hydrogen plants. Nevertheless, most of these
plans are currently in the initial stages of conception and planning and are awaiting political initia-
tives and technological advancements to reach a level of economic competitiveness.

This study also shows that Gavleborg county has a significant opportunity to become a prominent
hydrogen producer in the next few decades; not only reducing the national carbon footprint, but also
providing a significant business opportunity for the region. Furthermore, the selection of the best-
suited offshore wind-to-shore technology will have a great impact in the investment and efficiency
of the project, thus highlighting the most cost-effective and competitive offshore wind farms in the
region.

Keywords: Géavleborg county, offshore wind, energy transmission, designs, distance to shore, reac-
tive compensation, m-equivalent schema



Sammanfattning

Anvandningen av gron vatgas forvantas minska de arliga utslappen av vaxthusgaser med 2 %, for
narvarande genererade av forbrukningen av fossilbaserad vatgas, samt fran industrier som har svart
att 6verga till alternativ med laga koldioxidutslapp i framtiden. Gavleborgs lan, som &r en viktig del
av Sveriges industriella vardekedja, har som mal att minska sitt koldioxidavtryck inom vétgashase-
rade industrier genom att producera konkurrenskraftig gron vétgas med hjélp av havsbaserad vind-
kraft 1angs Gévleborgs kust. For att 6ka Gévleborgs industriella konkurrenskraft genom att utnyttja
vindresurserna i omradet pa bésta sétt ar det viktigt att valja lamplig teknik for energiéverforing.
Den hér studien syftar darfor till att utvérdera potentialen hos olika tekniker for dverforing av havs-
baserad vindkraft till land och bedéma genomférbarheten av vatgasproduktion for dedikerade fram-
tida havsbaserade vindkraftverk i regionen.

I denna fallstudie undersoktes den arliga genomsnittliga effekten och energitillférseln fran vindre-
surser pa tva olika platser langs Gavleborgs kust. Mer &n 100 000 vinddatavirden som samlats in
under 14 ar fran databasen New European Wind Atlas analyserades med hjélp av den kontinuerliga
Weibull-funktionen. For att utvardera energiforlusterna i overforingen till land anvéndes dessutom
n-ekvivalentschemat for antingen hdgspand véxelstrom (HVAC) eller hdgspand likstrém (HVDC),
med beaktande av olika spanningsnivaer eller anvandning av reaktiv kompensation. Slutligen be-
domdes effekt- och energibehovet for den storsta operativa PEM-elektrolysdren for vatgasprodukt-
ion.

Tre olika layouter for havsbaserade vindkraftparker har foreslagits for analys, dar den installerade
effektkapaciteten och avstandet fran kusten varierade i enlighet med de aktuella utsikterna for havs-
baserade vindkraftparker i regionen. A ena sidan &r det troligare att layouter med lagre effektkapa-
citet och narmare kusten anvander HVAC-teknik med laga spanningsnivaer och liten betydelse for
reaktiv kompensation. A andra sidan kommer stérre havsbaserade vindkraftsanlaggningar potentiellt
att anvanda antingen HVAC-teknik med hogre spanningsnivaer och reaktiv kompensation eller
HVDC-teknik. Efter analysen kan man dra slutsatsen att utbyggnaden av nagon av de foreslagna
havsbaserade vindkraftsutformningarna kommer att ha en betydande inverkan pa regionens energi-
mix och tdcka stdrre delen av Sveriges nuvarande véatgasbehov om man beaktar dedikerade havsba-
serade vindkraftverk for vétgas produktion. De flesta av dessa planer befinner sig dock fér nérva-
rande i ett inledande skede av utformning och planering och véntar pa politiska initiativ och tekniska
framsteg for att nd en niva av ekonomisk konkurrenskraft.

Denna studie visar ocksa att Gavleborgs lan har en betydande méjlighet att bli en framstéende vit-
gasproducent under de narmaste decennierna, vilket inte bara minskar det nationella koldioxidav-
trycket utan ocksa ger regionen en betydande affarsmajlighet. Vidare kommer valet av den bast
lampade tekniken for 6verforing av havsbaserad vindkraft till land att ha stor betydelse for investe-
ringar och effektivitet i projektet, och ddrmed bidra till de mest kostnadseffektiva och konkurrens-
kraftiga havsbaserade vindkraftparkerna i regionen.

Keywords: Gavleborg county, offshore wind, energy transmission, designs, distance to shore, reac-
tive compensation, w-equivalent schema.
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1. Introduction

After decades of data collection and analysis of complex climate models, the science on the human
contribution to modern global warming is quite clear: human emissions of GHGs (greenhouse gases)
and fossil fuel-based activities are the main cause of the ongoing unprecedented global warming
observed since 1950 [1]. The UN (United Nations) General Assembly, made up of nearly 200 na-
tions from around the world, has decided that its members must work together to achieve sustainable
development that meets the ne[1]eds of the present without compromising the ability of future gen-
erations to meet their own needs, as set out in the 17 goals of the 2030 Agenda [2]. Specifically, the
Paris Agreement signed in 2016, highlights the global interest in focusing efforts on drastically re-
ducing GHG emissions, with the clear objective of keeping the average global temperature increase
below 2°C compared to pre-industrial levels, and continuing efforts to limit the increase to 1.5°C,
recognizing that this would significantly reduce the risks and effects of climate change [3].

More than 2% (830 million tons) of global GHG emissions annually come from hydrogen current
consumption, as more than 98 percent of the current hydrogen production is from either reformed
natural gas (75%) or gasified coal (23%). This leads industrial processes such as oil refining and the
production of ammonia, methanol or steel with a high environmental impact [4]. For the upcoming
years, hydrogen requirements are expected to grow exponentially due to its potential role in the
decarbonization of hard-to-abate sectors, such as heavy industry, shipping, aviation, and heavy-duty
transport, where alternative solutions are either unavailable or difficult to implement [4]. In this
regard, the importance of developing a future carbon-neutral hydrogen economy has been globally
accepted, as reflected in the growing number of governments adopting hydrogen technology deploy-
ment strategies and targets [4]. The last 2021, more than 750 initiatives were announced in a Euro-
pean project pipeline [5], [6], in which potential hydrogen users have proposed plans throughout the
value chain within the three parts of an energy system: production, distribution, and end use; ensur-
ing an efficient and reliable energy supply minimizing energy losses [7].

Low environmental impact through hydrogen production is at the heart of the hydrogen economy,
where an extensive range of alternative hydrogen production processes must find their niches in the
market, such as the use of nuclear energy subproducts, biomass processes, or applying carbon cap-
ture and storage technology in existing fossil fuel-based plants [8] But the principal technology ex-
pected to produce the bulk of renewable (green) hydrogen globally is electrolysis, which current
installed capacity has reached 0.5 GW, but only with the projects in the pipeline could lead to an
electrolyzer capacity of up to 200 GW by 2030 [9], [10].

Sweden will face a drastic transformation of its industrial and energy sectors to meet the national
target of zero emissions by 2045, where the offshore wind has the potential to deploy 41 GW of
economic-viable projects, becoming a key driver towards decarbonization. This transformational
challenge for the power sector comes with electricity demand growth of between 123% and 193%
by 2050, with emissions reductions, industry growth, and hydrogen production being essential fac-
tors. For instance, producing the current fossil-based Swedish hydrogen demand of over 150 000
metrics with green electrolysis will potentially reduce national emissions by 14 percent and increase
the electricity demand by over 50 TWh, which must be met by large deployments of large renewable
energy production plants [11], [12].

Historically, Sweden has been a net exporter of electricity to neighboring countries and in 2022 has
become the largest exporter in Europe [13], using power transmission technologies such as high
voltage alternating current (HVAC) or high voltage direct current (HVDC). Future scenarios with a
large deployment of renewable energy plants, especially a considerable injection of offshore wind
power, can launch Sweden to be a driver of green hydrogen in Europe with prices below USD 3 per
kilogram, less than half of some nearby countries such as Germany or Denmark [14]. A critical
factor in offshore wind energy production is the power transmission technology used to bring the

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



captured energy to shore, as it reflects a significant part in the investment and energy losses through
plant operation, and thus a direct impact on the levelized cost of energy, and thus levelized cost of
hydrogen [15]. Since the deployment of the first offshore wind farms, the most widely used trans-
mission technology has been HVAC, due to its state of maturity and the proximity of the projects to
the coast. However, HVDC has become more relevant as the offshore wind sector expands into
larger projects, further offshore, in search of larger wind resources and installed capacities exceeding
GW of power. Though, alternatives such as offshore hydrogen production are popping up to address
energy losses during energy transport to shore, where hydrogen must be pumped through pipelines
to shore [16].

The Gavleborg coast has been selected by many companies as a strategic location for the first de-
ployment of large-scale offshore wind energy in Sweden, due to its favorable seabed characteristics,
high wind resource potential, and offshore demarcation [17]. This report aims to assess the prospects
of diverse offshore wind-to-hydrogen technologies along Gévleborg’s coast by analyzing current
offshore wind plans in the region and evaluating the potential of three proposed wind farm designs
with regard to capacity power and distance to shore. To assist this purpose, the following research
questions are addressed:

e  Which energy transmission technology—HVAC or HYDC— is best suited to deliver the
most energy to shore for each offshore wind farm layout?

e How does the hydrogen production vary for each design depending on the applied energy
transmission?

e  Which is the GHG emission impact of offshore wind-to-hydrogen compared with other
typical hydrogen production processes?

To achieve this objective, relevant literature and data sources were analyzed and synthesized to
provide an updated view of the current state of the offshore wind-to-hydrogen industry, with a spe-
cial focus on the current most promising technology most likely to be applied in the region.

This report targets stakeholders who are interested in the potential business opportunities that arise
from bulk green hydrogen production from offshore wind farms in the Géavleborg county region and
also, policymakers who are involved in planning future offshore wind deployment requirements in
the region. Even more, this study might be relevant for companies that are taking the initial steps
toward energy transmission selection studies in similar projects. Additionally, the report can serve
as inspiration for future in-depth studies related to the offshore wind-to-hydrogen industry on the
Gévleborg coast.

The project is a result of two three-month contracts, the first half-time job and then full-time enroll-
ment at the Hogskolan i Gavle. Due to the project's given timeframes and changes in plans over
time, some assumptions were made in this study to answer the research questions presented. These
assumptions were primarily related to the electrical calculations used in the study.

It is beyond the scope of this study economical aspects, in-depth footprint reduction analyses or
theprecise selection of the wind turbine type regarding security or productivity parameters. Further-
more, by using the wind resource study outputs future follow-up research studies might dimension
the energy storage onshore or the power capacity of the electrolyzer for each layout.

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



2. Technology overview

The energy transition, motivated by climate change evidence and stimulated by political and private
actors, comes with structural changes in the overall energy system from supply to consumption [18].
Throughout this process, several technical alternatives must be tested and analyzed in conjunction.
The ultimate objective is to approach the problem from different perspectives, addressing the three
main dimensions of sustainable development: social, economic, and ecological sustainability [19].

This chapter highlights the main components involved in offshore wind to hydrogen projects and
provides an overview of their current status and future prospects. To achieve this objective, relevant
literature and data sources were analyzed and synthesized to provide an updated view of the current
state of the offshore wind-to-hydrogen industry.

2.1 Offshore wind turbines

Most human beings around the globe are located near the shore, covering only 10% of the planet's
land surface[20]. This natural behavior of humankind is a direct advantage for reducing energy
losses in the energy system by producing electricity close to demand with offshore wind farms,
which is expected to produce more than 30% of the global future energy consumption, with a 13
percent annual growth in power installed from 2020 to 2050 [21].

European offshore wind capacity accounts for 28 GW in 2021 and is set to increase to over 116 GW
by the end of this decade, with a special focus on the EU main sea basins [21]. In the north of the
continent, eight European Union countries bordering the Baltic Sea agreed to increase the offshore
wind power generation capacity to 20 GW by 2030, highlighting Sweden's most ambitious plans
with over 8,5 GW in the pipeline[22]. The combination of several offshore wind turbine technolo-
gies will enhance the installed capacity, enabling the projects to adapt to factors such as wind re-
sources potential, seabed depth, restricted delineated areas, or environmental and visual impact.

Regarding turbine anchoring there are two main available technologies, in this subsection are pre-
sented their respective characteristics, current stage, and future global prospects.

2.1.1 Bottom-fixed turbines

The majority installed and the totality of the commercially operative wind turbines are bottom-fixed
based, with powers over 10 MW for new-generation units [23]. Europe was the first region to make
a major deployment of this technology, with 28 GW installed today and possessing most of the
related technology, although China is expected to take the lead in both aspects in the coming decades
[24]. European shallow waters up to 60 meters in depth are ideal for the rollout of bottom fixed
foundations and introduce a clean and cheap source of energy into the power grid. However, some
directly related drawbacks are the environmental and visual impact, as shallow waters are most
likely to be located close to the coast, or the high investment costs and complexity of offshore an-
choring[25].

2.1.2 Floating turbines

EU has set out the objective to reach 300 GW offshore wind capacity by 2050 and the Baltic Sea
can realize almost one-third of this capacity by combining both bottom-fixed and floating turbines,
which potentially opens the possibility to exploit the highest wind potential resources further from
the coast [26]. Floating foundations are expected to play a key role in the offshore wind industry in
the next decades, as they have added benefits such as the ability to be towed out to the energy pro-
duction site, allowing them to be assembled in port and then be located in high wind potential loca-
tions regardless the large seabed depths [25]. So far, floating tech is still in the development stage
and higher investment is required; an installed capacity of 8 GW out of 116 GW offshore wind by
2030 is foreseen in the EU [21].

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



2.2 Energy transmission technologies

The global acceptance of reducing fossil fuel consumption, expressed in several key agreements in
recent years, has postulated renewable energies as the future key driver for achieving the environ-
mental goals of modern society and electricity is expected to become the central energy carrier by
2050, growing from a 20% share of final consumption to an almost 50% share [27]. Intrinsically,
this energy transition is accompanied by a massive evolution of power transmission technologies
that seek to postulate their advantages to adapt to more renewable power plants with high technical
and economic efficiency solutions.

Energy losses through transportation are a key relevant aspect when assessing the potential of de-
ploying an offshore wind farm, as final energy production and investment costs are directly related.
In this subsection, we will discuss the various energy losses associated with different types of elec-
trical current (alternating or direct current) and energy carriers. Specifically, we will consider the
current offshore wind industry in light of each technology, perspective, and limitations

2.2.1 High voltage alternating current

High voltage alternating current (HVAC) is the most common method for electrical power distribu-
tion in large-scale energy projects, such as offshore wind farms located over long distances. The
HVAC voltage level range from 36-66kV, typical output values in offshore wind farms using set-
up transformers placed inside the turbine nacelle, to over 400kV using large-scale transformers [28].
HVAC reduces energy losses due to cable resistance by decreasing the ampacity of transmission
lines, resulting in more efficient and cost-effective solutions [29]. However, the transmission capac-
ity of the submarine cable is limited by the capacitive resistance across the line, several reactive
compensation technologies are used to reduce this drawback by improving the final power reaching
the coast, such as [30]:

« Cable compensation: The installation of inductors, such as shunt reactors along the lines, provides
additional reactive power support to the system, helping to reduce losses and improve the overall
efficiency of the power transmission system.

* Power electronic or active cable: These systems use advanced power electronics to control and
compensate the reactive power flow in the cable, improving grid stability and quality, and optimiz-
ing the reactive power compensation schemes, avoiding the bottleneck point of cable ampacity.
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Figure 1 Loading scheme distribution example of an open-end cable line due to the capacitive charging current
of reactive power compensation [31].

The choice of technology will depend on the offshore wind farm project's specific needs and con-
straints, including the cable's length, voltage level, and power quality requirements. However, cable
compensation and power electronic interfaces are currently the most widely used technologies for
compensating reactive energy losses in offshore cables [30]. The main energy losses are represented
by the cable transmission resistance (effective resistance, inductance, and capacitance) and the trans-
formers (copper and iron losses, plus leakage inductance and stray losses).

From an economic perspective, it's important to consider that cables designed for higher voltage
capacity may necessitate the use of more sophisticated materials and manufacturing techniques,
leading to an associated increase in cost [32].

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



2.2.2 High voltage direct current

The first steps of high voltage direct current (HVDC) for long-distance applications were taken with
the connection of mainland Sweden to Gotland in 1950, this technology is predicted to expand as
the need for renewable energy sources grows, and advancements in power electronics will enhance
efficiency and lower the cost of HVDC systems [33]. This setup involves using converters and in-
verters to switch from the alternating current generated by the wind turbine into DC, and then back
into AC before injecting it into the electricity grid.

HVDC technology is favored in remote applications due to its ability to transmit electricity with
minimal losses offsetting the high investment prices related to the power electronics required for
this setup, which is particularly important for the remote locations of many offshore wind farms,.
Some large offshore wind farms currently using this technology are Dogger Bank Wind Farm,
Hornsea Project One, and Kriegers Flak with 3.6 GW, 1.2 GW and 600 MW, respectively [34]-[36].

The most promising variant of HVDC expected to play a significant role in the future of electrical
power transmission is the voltage-sourced converter, which uses a multi-level converter instead of
two-level converters which provides improved performance and greater control over the transmitted
power. The main energy losses are represented by the cable transmission resistance (effective re-
sistance) and the conjunction of the inverter plus converter [37].

2.2.3 Hydrogen pipeline

The abundance, energy density, and versatility of fossil fuels make the urgent energy transition a
challenging task that requires investment in research and development of cutting-edge technologies,
as well as in the construction of new infrastructure for renewable energy generation, storage, and
distribution[38]. Certainly, maximizing the potential of renewable energy resources is pivotal in
meeting environmental goals without sacrificing economic growth and social stability, on top of
that, some of the most optimal wind resources are located far from the coast and the way to transmit
the captured energy to shore is a relevant technical aspect that must be closely studied to reach the
most cost-effective and efficient solution [39].

The hydrogen industry has seen a rise in popularity in recent years, with an increasing interest in
hydrogen-based energy transmission solutions. Hydrogen pipelines have emerged as a promising
option, offering low energy losses during transmission, making them ideal for remote offshore wind
locations. There are several planned projects in the EU, such as the Baltic Sea Hydrogen Collector
or H2Med, which aim to transport hydrogen as an energy carrier through hundred kilometers dis-
tances; these developments point towards a promising future for the hydrogen industry and its po-
tential impact on the energy sector[40], [41]. Towards 2050, there will be a considerable growth of
off-grid wind capacity dedicated to green hydrogen production through electrolysis, currently, pro-
jects such as Wind2Hydrogen or Hywind Tampen [42], [43] are planned to be deployed in the fol-
lowing years to make the first steps to analyze these solution’s technical and economic viability [24].

However, state-of-the-art hydrogen pipeline alternative needs a higher investment than the electri-
cal-based options and with the current technology outlook and according to the related literature, it
will be cost-effective for sites located more than 200 km offshore [44], [45].

2.3 Electrolyzer technologies

Electrolysis is a process of applying electricity to water, splitting the water molecules to produce
hydrogen and oxygen gas, and heat. The electrolyzer market is experiencing rapid growth, with over
460 electrolyzer projects under development that could lead to an installed capacity of around 200
GW around 2030, driven by significant investments and technological advancements to reduce the
cost of green hydrogen production [46]. Efforts from both the private and public sectors are focused
on achieving economies of scale and lowering procurement costs for materials, leading to major
hydrogen supply projects with capacities reaching hundreds of megawatts in the near future. Im-
proved design and construction, combined with declining electricity and electrolyzer prices, hold
the potential to decrease the cost of green hydrogen by up to 80% [47].

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
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The field of electrolyzer technology encompasses a range of options based on several key factors,
including the type of electrolyte utilized, the design of the cell stack, and the materials used in con-
struction. As numerous hydrogen supply projects are being developed, companies must select the
most advantageous option in terms of increasing project profitability. Some key factors to be con-
sidered when evaluating electrolyzer technologies include long-term operational stability, plant
lifespan, cost-to-power ratio, and pressurized delivery capability. To ensure optimal results, a sys-
tematic and thorough evaluation of the available options must be conducted, considering the specific
requirements of the intended application [48].

The two predominant options that have been considered in large-scale hydrogen production
schemes, due to their demonstrated maturity, are presented in this section:

23.1 Alkaline water electrolyzer

The ALK (Alkaline) electrolyzer is an economical and mature technology that offers a long plant
lifetime and a low cost-energy ratio thanks to the non-precious metals used in its production. This
modular and stackable technology, currently reaching 4 MW per unit, is widely used in chlorine
production, with more than 700 MW installed worldwide. [49],[50]. Due to the materials and the
nature of the electrolyte ALK electrolyzer works in constant current and has a difficult splitting of
water molecules, two problems that must be overcome to adapt to the future large hydrogen industry
that will need pure hydrogen production and work within variable loads based on renewable ener-
gies. Its lower price than alternatives and current advances focused on evaluating grid intermittency
and load control make this technology more attractive for large hydrogen production plants in the
future. [48].

The main objective is to increase the operating time by using intelligent system designs and effective
operational techniques. Initially, using conventional energy storage devices to stabilize dynamics is
a proper option. However, it's better to let alkaline water electrolyzers handle dynamics directly to
reduce costs and increase efficiency [48]. The choice of this technology must be studied carefully,
and factors such as hydrogen purity and input load are important. It's expected that the installed
power of this capacity will double worldwide in 2023 [49].

2.3.2 Proton exchange membrane electrolyzer

The PEM (proton exchange membrane) works through a solid polymeric membrane, with water
supplied at the anode. The membrane splits the water into hydrogen ions (H+) and oxygen, with
only the hydrogen ions passing through the membrane to create high-purity hydrogen at the cathode.
PEM electrolyzer technology, typically manufactured with an acidic membrane and noble materials,
is not dependent on stable operating conditions, allowing the system to vary its performance quickly
and efficiently following energy supply fluctuations of renewable energy-based power plants. The
composition of the electrolyzers results in more compact and costly stacks, with safe and stable
competitive operation between 50 000 and 80 000 hours [51].

High expectations in the hydrogen industry have accelerated investment and innovation in PEM
technology, resulting in significant cost reductions through mass production, technological improve-
ments in materials science, manufacturing processes, and system design. PEM electrolysis technol-
ogy is already commercially available and is projected to grow its power capacity by 4 times by
2023 and is a leading candidate for producing most of the future's off-grid energy production, which
by 2030 will be 110 GW worldwide [21].

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



3. Methods

The examination of the offshore wind initiatives in Gavleborg county serves as a fundamental pre-
cursor to guide the investigation with the best favorable approach. Therefore, this report will present
several specific alternatives in the area as case studies, focusing efforts on defined designs. The
literature parameters and methodologies used in the wind resource assessment, energy losses
through transmission, and hydrogen production are sourced from peer-reviewed papers or research
reports. In order to achieve a more accurate approximation of the report's goal, certain suppositions
have been made. The following chapter explains the principal methodologies applied to respond to
the above presented research questions.

3.1 Wind resource study

The New European Wind Atlas (NEWA) is an important resource for engineering professionals
involved in site assessment for wind energy projects. NEWA serves as a standard tool for manufac-
turers, developers, public authorities, and decision-makers to reduce uncertainties in determining
wind conditions. This freely accessible public website provides high-resolution and long-term da-
tasets of wind resources across Europe [52]. This report studies the potential wind located in Point
A and Point B at Table 1, analyzing more than 100 000 hourly wind data collected over 14 years
estimated at 100 meters in height. The procedure is divided into the wind data treatment, the turbine
characterization, and ultimately the combination of both studies to assess the energy production.

Table 1 Points A and B coordinates

Point A Point B
60°57' N 17°34' E 60°58' N 18°13' E

Firstly, to analyze wind resources, we utilized the probability density function (dp,exp), which ar-
ranges wind speed data in ascending order and provides the probability of a wind value falling within
a specific range of speeds. To simplify data management, we then estimated Weibull’s continuous
distribution (&p, Weibull), which is widely used in the wind energy sector (Equation 1). This distri-
bution excludes calm wind data and is governed by two key variables: the shape factor (k) and the
scale factor (c). The shape factor represents wind speed variation over time and determines the sym-
metry of the function, while the scale factor is linked to the average speed, thus a higher scale factor
corresponds to a higher average speed.

Equation 1 Weibull's distribution

0]

To obtain the Weibull parameters that best adapt to the wind resources, one common practice in the
wind industry to achieve an accurate approximation of the Weibull function and maximize energy
extraction is to minimize the difference between experimental and continuous probability values
considering the great influence of the wind velocity in the final energy production, as proceeded in
[53].

K /v
dp, Weibull(v) = (_)
C \C

In order to make the most of the wind power in a specific area, it's important to fully grasp the
characteristics of the chosen wind turbine. These include the cut-in and cut-out wind speeds, rated
power, swept area, and the power coefficient curve (Cp(V)), which represents the efficiency of the
turbine at different wind speeds, and it's calculated as [53]. With the offshore wind industry growing
at a rapid pace, the use of larger turbine sizes provides the most cost-effective and efficient solutions
to harness the maximum potential of a given wind site. The table in Appendix A presents the key
characteristics of the turbine selected for this project, which is currently undergoing extensive testing
and verification to ensure its performance meets the desired specifications.

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



Finally, after defining the wind data treatment and the turbine characterization and including the
calm wind data to Weibull’s function, the results of annual average recovered power per swept area
square meter (Pd) and average energy recovered per swept area square meter (Ed) can be obtained
from Equation 2 and Equation 3, respectively. These equations are governed by the Va ,cut-in ve-
locity at which the wind turbine starts to generate electricity ,Vn ,nominal velocity at which the wind
turbine starts generating the maximum power, and Vp , cut-down velocity at which the aerogenerator
stop producing electricity for safety reasons regarding high wind velocities.

Equation 2 Wind power recovered

Vp

. Vp n 1
P, = f P.(V)d,adv = f 5P Co(V) V3 dpweipun AV + f bn dpweipuu AV
Vg Va Vn

Equation 3 Annually energy power recovered

E; = 8760 P;

3.2 Hydrogen production

The suitable characteristics presented in the technology overview chapter, make PEMEL the most
attractive technology for pure hydrogen generation at scale coupled with renewable energy produc-
tion and its modularity that allows a simple scaling. Furthermore, through the literature, there is a
clear tendency of results supporting PEMEL as the best option for large green hydrogen production.

When considering the performance of an electrical system like a PEMEL, technical features such as
hydrogen pressure output, water consumption, and molecule purity are important. However, the pri-
mary selection parameter for these systems is hydrogen production, which can be broken down into
power and energy parameters. The power parameter refers to the rate at which the electrolyzer can
produce hydrogen, typically measured in watts. The energy parameter, on the other hand, refers to
the total amount of hydrogen that can be produced by the electrolyzer over time, typically measured
in watt-hours or kilowatt-hours. Selecting an appropriate PEM electrolyzer for a renewable energy
application requires considering both the power and energy parameters to ensure that the system can
efficiently and reliably convert electrical energy to hydrogen.

When determining the power requirements for producing hydrogen, a linear approximation is often
used, as described in a peer-reviewed article published in "Applied Science" by Gongalo Calado and
Rui Castro in 2021. The Cummins HyLYZER series, which currently holds the title for the world's
largest PEM electrolyzer with a power rating of 20 MW, was used as a basis for this approximation
as represented in Table 2 [53].

Table 2 Electrolyzer power-hydrogen performance.

Power Hydrogen mass
(Mw) (kg/day)
1 431
5 2157
25 10775
50 21571
75 32356
100 43 142

The energy input requirements per kilogram of hydrogen are determined by the electrolyzer's elec-
trical efficiency, which can be represented as a percentage or an energy indicator. Currently, the
energy requirements to produce a kilogram of hydrogen range from 80 kWh/h2 kg to 50 kwWh/h2
kg, depending on the technology used. The International Renewable Energy Agency (IRENA) has
set targets for key performance indicators of PEM electrolyzers, aiming for less than 45 kWh/h2 kg
with the latest innovations. For this research, the electrical efficiency of the largest PEM

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



electrolyzer, the Cummins HyLYZER 4000-30, was selected as the basis for calculations, as repre-
sented in Figure 2 [53].

51 kwh 1 kgn2

Figure 2 Case study electrolyzer electricity efficiency.

3.3 Energy transmission losses

Based on the literature and technology review, can be concluded that electrical alternatives are the
most cost-effective option for the designs presented on the Gévleborg coast due to their relatively
short distance-to-shore. To reach the report’s objective the energy transmission losses must be as-
sessed and compared by studying the main components required to transport energy to shore using
either HVAC or HVDC; thus, similar losses regardless the configuration such as interrail and grid
connections have no further interest in this study. In this section, it has been carefully selected values
from peer-reviewed articles and suppliers’ datasheets through an intensive analysis.

In offshore wind farms, cable losses account for a significant percentage of the overall energy trans-
portation losses [54]. The most relevant energy losses are attributed to inductive resistance caused
by the fluctuation of the magnetic field generated by alternating current, and heat losses due to re-
sistive resistance, where the electricity voltage through the transportation plays a key role. Among
the documents published by the companies stating interest in the future deployment of offshore wind
farms along Gévleborg coast, there is a large variety of voltage considerations from 36kV to 320
kV.

The examination of energy losses in HVAC systems has primarily concentrated on evaluating cable
losses using the m-equivalent schema. This method simplifies the evaluation of a real spatially dis-
tributed system by generating a discrete topology that approximates the behavior of the distributed
elements [55], [56]. These components, represented in Figure 3, are resistance R, inductive reactance
XL, impedance Z and admittance Y, the selected values can be reviewed in Appendix B.

Z=R+jX,

I

Ig

Vs Vr

Figure 3 m-equivalent schema

On the one hand, Vs value represents the transmission voltage, either directly from the wind turbine
or after transformer, with the assumption of non-reactive power at this point as the wind turbine
doubly-fed induction generator, can vary the reactive output depending on the fed electricity in the
rotor[57]. On the other hand, the Vr value is the voltage arriving at the shore, typically lower than
the Vs due to the voltage losses through the different resistances in the way. In this study, reactive
power compensation has been supposed so that the system injects zero reactive power to the con-
nection point. Furthermore, transformer losses have been set as 0.6% power drop every 400 MW
offshore wind farm power, a value in line with different dedicated studies as [57], [58]

The analysis performed in relation to HVDC cables has a relatively lower complexity since there is
no reactive generation through transport. The most relevant factor, apart from the proper investiga-
tion of HVDC cable data sheets with resistance values per km (Appendix B), has been the evaluation
of losses in the power electronics, both in the offshore converter and in the onshore inverter.

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.



After conveying large research in the literature has been set a 1% power drop for every 1200 MW
offshore wind farm power, a value in line with different dedicated studies [54], [57], [59]

3.4 GHG emissions assessment

Offshore wind-to-hydrogen deployment offers significant environmental benefits, making it a cru-
cial part of the renewable revolution. This research report aims to estimate the reduction in green-
house gas (GHG) emissions by comparing the environmental impact of producing hydrogen through
typical fossil-based processes and electrolysis in Sweden.

This report studies the potential environmental impact from the total integration of each design for
dedicated hydrogen production by using CO2 emission ratios per kilogram of hydrogen. On the one
hand, electricity values represented in Table 3 has been extracted from [51] and adapted to the study
units applying the electricity to hydrogen ratio at E. On the other hand, the grey hydrogen emissions
represented in Table 3 has been extracted from [60] considering steam methane reforming as the
main current hydrogen production processes.

Table 3 GHG emissions assumptions for hydrogen production

Electricity emissions from Electricity emissions from Grey Hydrogen emissions
Swedish Energy mix offshore wind production from steam methane reform-
(kgCO2/kgH?2) (kgCO2/kgH?2) ing (kgCO2/kgH?2)
2.4 0.6 12.13

In this report, the emissions for processes using electrolysis dismiss the electrolyzer lifecycle envi-
ronmental impact due to its minimum impact compared with the electricity part [61]. Furthermore,
the ratios are susceptible to change overtime as both the Swedish grid mix and the offshore wind
energy evolute.

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.
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4. Case study description

The purpose of this chapter is to provide a comprehensive overview of the regional landscape sur-
rounding offshore wind and hydrogen production. Specifically, it will explore the potential of Gav-
leborg county for coupling these two technologies, highlighting the various projects in this area and
proposing designs to guide the study.

Gavleborg and its surrounding counties form a robust industrial network cluster dominated by the
steel industry, which currently relies heavily on hydrogen derived from fossil-based processes. Géav-
leborg county presents favorable conditions for the integration of the boosting cooperation between
offshore wind and green hydrogen in the regional industrial grid, potentially becoming a world-
leading example of a cost-effective and effective energy transition towards a cleaner national energy
industry. The regional business climate has proven favorable for initiatives aimed at reducing emis-
sions through the implementation of hydrogen energy solutions. Projects under consideration in-
clude the installation of MW-scale electrolyzers and the construction of hydrogen refueling stations,
with a focus on sectors that currently use or will use hydrogen in the future, such as hydrogen-
powered cargo trucks. Table 4 illustrates the plans of various companies currently operating within
the region:

Table 4 Gavleborg hydrogen-related plans

Location Company Service Electrolyzer (MW)
1 Borlange Maserfrakt Electrolyzer + HRS -
2 Hofors Ovako Electrolyzer + HRS 17
3 Sandviken Linde Gas Electrolyzer + HRS
4 Gévle Gévle Hamn Electrolyzer + HRS

Regarding offshore wind energy, over ten projects have been planned in this region due to ideal
shallow seabed depths for a cheap deployment of bottom fixed offshore tech, highly potential wind
resources exceeding most of the locations around the EU, and a foreseeable increase in the electricity
demand, by 25 percent already by 2025 and by 50-65 percent by 2030, to meet the foreseeable
electrified processes, such as green hydrogen electrolyzer requirements or power e-mobility [64].
Among all the plans in the pipeline, Svea Vind Offshore and WPD are the companies with the most
promising projects for deploying the first offshore wind farm in the region. Table 5 provides a sum-
mary of the available information on the proposed wind farm plans along the Gavleborg coast, with
estimated completion dates by 2030 and later.

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.
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Table 5 Offshore wind plans on the Gévleborg coast [57]

Project Capacity! (MW)  Distance to shore? (km) Main owner company
Sylen Offshore 5000 55 Svea Vind Offshore AB
Eystrasalt 4000 60 WPD AG
Fyrskeppet 2800 45 WPD AG
Gretas Klackar | 1800 10 Svea Vind Offshore AB
Olof Skotkonung 1750 25 Deep wind offshore
Storgrundet 1000 10 WPD AG
Najaderna 1000 15 Eolus Vind AB
Gretas Klackar 11 600 25 Svea Vind Offshore AB
Utposten 11 500 15 Svea Vind Offshore AB
Utposten | 260 8 Svea Vind Offshore AB

The growing interest in the Gavleborg coast as a potential site for offshore wind projects demon-
strates the potential for business growth in this Baltic Sea area, looking for taking advantage of the
future electrification of Mid-Sweden hard-to-abate sectors. The gathered information in Table 5 has
been analyzed presenting different patterns; for the sake of reaching the report purpose, different
planned offshore wind farm features has been proposed regarding installed capacity (Capacity 1 =
4000 MW, Capacity 2 = 1750 MW, Capacity 3 = 600 MW) and distance to shore (Location 1 = 15
km, Location 2 =50 km), as reflected in Figure 4.

Offshore wind plans in Gévleborg county
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Figure 4 Offshore wind plans on the Gavleborg coast with respect to capacity and distance

The interested companies adopt different approaches based on their prospects on the regional eco-
nomic and technical potential. This case study, conducted along the Gévleborg coast, includes three

! Magnitude order of the proposed wind farm power capacity.

2 Preliminary approximate distance to Swedish mainland, willing to change with consultations and
trials.
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distinct designs that facilitate the analysis and examination of the prospects of companies operating
in this area:

e Design 1: Capacity 1, Point A (600 MW, 15 km)

The most promising offshore wind farms in the short-term looking for supplying energy to shore by
the end this decade, for either inject electricity to the grid or produce green hydrogen. Projects such
as Utspoten Il by Svea Vind Offshore, or Storgrundet by WPD AG are the most advanced in the
complex and time-consuming legal process involving application for several different permits and
notifications, as well as consultations with concerned authorities, organizations, and individuals. For
instance, both projects plan to supply electricity for large scale electrolyzes in order to provide the
required cost-effective hydrogen in the region [54].

e Design 2: Capacity 2, Point A (1750 MW, 15 km)

By the early 2030s, offshore wind plants along Givleborg’s coast are planning to install bigger off-
shore wind farms consisting of over 100 turbines. The primary goal of these projects is to produce
enough electricity to cover the current electricity demand of Gévleborg and potentially meet future
regional energy requirements for households, industry, and transport.

e Design 3: Capacity 3, Point B (4000 MW, 50 km)

The proposed mega-projects aim to construct more than 200 turbines in far offshore locations, which
are expected to have a significantly lower visual impact on the mainland compared to other designs
[57]. This approach amplifies the complexities associated with deploying such an engineering solu-
tion, ranging from technical intricacies to legal considerations. These ambitious offshore wind farms
are touted to be a significant milestone in the pursuit of Sweden's environmental targets for 2045
and may be regarded as projects of national importance [58].

The deployment of the offshore wind projects described in Table 5 will involve the installation of
more than 1 000 wind turbines with an installed capacity of 18 GW, with the potential to supply
approximately 70 TWh of electricity to the region annually, which is several times greater than the
5.4 TWh of current electricity consumption in the county [65]. However, it should be noted that the
majority of these plans are currently in the initial stages of conception and planning and are awaiting
political initiatives and technological advancements to reach a level of economic competitiveness
against other countries with similar offshore conditions in the EU. Therefore, there is a need for the
relevant authorities to support the development of these projects, and for the relevant industries to
continue to invest in research and development. This will help to ensure the successful deployment
of these offshore wind projects and contribute to the growth of the region's renewable energy sector.

Table 6 sums up the conditions selected for each design trying to make a representative vision of the
offshore wind projected plans on the coast. This study will first address the following three different
voltage configurations to each design and next discuss and examine different alternatives:

Table 6 Case study designs' characteristics

Wind farm nomi- 00 to shore T echnology se- Voltage

nal power lection
Design 1 600 MW 15 km HVAC 36 kV
Design 2 1750 MW 15 km HVAC 110 kV
Design 3 4000 MW 50 km HVDC 320 kV
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5. Results

This section provides an analysis of the wind resource potential in two offshore locations within the
region. The objective of this study is to present a comprehensive view of the potential for offshore
wind-to-hydrogen production, including an evaluation of various offshore wind farms dedicated to
hydrogen production varying the energy transmission configuration. Additionally, the environmen-
tal impact of the offshore wind farms is assessed. The results of this research offer valuable insights
for policymakers and stakeholders interested in renewable energy and its potential for mitigating
climate change and contribute to the growing body of knowledge on renewable energy.

5.1 Wind resource potential

The wind assessment analysis generated diverse results to assess the viability of renewable energy
resources in the designated sites. This includes statistical metrics for wind resource characterization,
specific parameters of Weibull's distribution curve, as well as energy and power production estima-
tions. On the one hand, the location A presents an average and median velocity of 7.8 m/s and 7.6
m/s with a maximum value collected of nearly 26.5 m/s and Weibull parameters of c=9.1 m/s and
k=2.4 On the other hand, location B presents an average and median velocity of 8.6 m/s and 8.4 m/s
with a maximum value collected of nearly 27 m/s and Weibull parameters of ¢=10.1 m/s and k=2.4.
The following wind potential results at Table 7 were used for the completion of the wind-to-hydro-
gen calculations:

Table 7 Case study wind resource potential

Annual energy recovered (kWh/m2)  Average power recovered (W/mz2)

Location A 1624.4 186.3
Location B 1974.0 225.3

5.2 Hydrogen production

The hydrogen production calculated in this section uses the parameters presented in the Methods
chapter and the outputs from Table 7, assuming reactive compensation in the energy losses through
the electricity transportation to shore. Table 8 presents the final results depending on the layout,
calculated as follow:

e Result 1: Number of wind turbines, based on the nominal wind farm power and the peak
power of the selected 15MW case study turbine.

e Result 2: Result 1 times the swept area of a wind turbine unit.

e Result 3: Percentage of power losses regarding the voltage selection, account for losses in
transformers, power electronics and transportation through cables.

e Result 4: Represents the average output power from a certain layout, making use of the
above presented average power recovered per swept square meter (W/m2) and the number
of total covered swept area (Result 2). In turn, Result 5 applies the energy losses for the
selected layout.

e Result 6: Applying the linear-scaling procedure of Table 2. can be calculated the hydrogen
producing of a certain electrolyzer power equal to Result 4.

e Result 7: Represents the energy output from a certain design in a whole year, making use
of the above presented average energy recovered per swept square meter (kWh/m2) and
the number of total covered swept area (Result 2). In turn, Result 8 applies the energy losses
for the selected layout.
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e Result 9: Hydrogen production in a day in average, applying the energy ratio presented in
Figure 2 to the energy arriving to shore

e Result 10: Compare energy and power-wise hydrogen production and return the most re-
strictive value.

Table 8 Final study results

Design 1 Design 2 Design 3
Power capacity wind farm (MW) 600 1750 4000
1 Number of wind turbines 40 117 267
2 Total swept area 1749720 5117931 11679381
3 Power losses transportation 2.79% 6.48% 3.61%
Power-Wise
4 Average output power (MW) 326 954 2176
5 Power to shore (MW) 319 892 2098
6 Hydrogen production (kgH2/day) 136 700 384 800 905 000
Energy-wise
7 Energy production per year (TWh/year) 2,86 8.35 19.06
8 Energy to shore (TWh/year) 2,77 7.81 18.37
9 Hydrogen production (kgH2/day) 149 200 420 000 990 000
10 Hydrogen production (kgH2/day) 136 700 384 800 905 000

The study results make use of three transmission technologies trying to represent the different op-
tions that can apply in the proposed wind farms, as information such as the voltage level or the
transmission technology is not available in the literature. Nonetheless, Figure 5 illustrate the varia-
tion in hydrogen production for each preestablished layout, depending on whether alternating current
with or without reactive compensation, or direct current at different voltage levels is used, highlight-

ing the values represented in the results section (Table 8):
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Figure 5 Hydrogen production depending on transmission tech and voltage level
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5.3 Energy transmission losses

This research report has limited the study of the offshore wind resources in Gavleborg’s waters by
stablishing three designs with only two locations. The energy transmission losses and thus the hy-
drogen production onshore will vary inherently with the wind farm distance to shore and the tech-
nology selected. Therefore, Figure 6 represents a sensitivity analysis regarding distance to shore and
energy transmission set up illustrating a tendency of energy losses which remains constant with
every layout. Distances lower than 10 kilometers show a clear advantage for HVAC set ups using
voltage levels produce at the wind farm, such as 36 kV (Section 2.2.1), and thus without using off-
shore transformers. Distances between 10 and 15 kilometers present a large variety of options below
5% losses and most promisingly the planned projects in Gavleborg will focus primarily on the eco-
nomical aspect in these range as the technical aspects are so similar regardless the transmission set
up selected. Nevertheless, as the projects gets further from shore there are more detectable differ-
ences between technologies where the most promising are HVAC with reactive compensation and
HVDC, which their selection will rely on either technical aspect regarding energy losses and in-
depth economic studies.
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Figure 6 Power losses variation with energy transmission setup and distance to shore

5.4 GHG emission assessment

This report analyzes the possible environmental consequences resulting from the complete integra-
tion of different designs for hydrogen production. To conduct a fair comparison, the impact of off-
shore wind energy has been evaluated against the use of electricity from the Swedish grid mix or
the process of steam methane reforming. The study aims to identify the optimal approach for hy-
drogen production that minimizes its environmental impact.

Table 9 presents the CO2 emissions reductions resulting from the production of hydrogen for each
design specified in Table 8. These reductions are evaluated by employing the ratios presented in
Table 3 for the corresponding processes, which allows for an assessment of the environmental im-
pact of hydrogen production.

Table 9 GHG emission by hydrogen production process

Design 1 Design 2 Design 3
Hydrogen production (kgH2/day) 136 700 384 800 905 000
Emissions by process (kgCO2/day)
Steam methane reforming 1 658 000 4 667 000 10 977 000
Electrolysis - Swedish grid mix energy 327 000 922 000 2169 000
Electrolysis - Offshore wind 83 000 235 000 553 000
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6. Discussion

The results of this study are primarily governed by the wind resources found offshore along the
Gavleborg coast. These resources can significantly impact the feasibility and viability of offshore
wind energy production. The wind conditions, such as wind speed and direction, play a crucial role
in determining the optimal turbine design, placement, and overall energy output. Furthermore, the
outcomes may vary slightly depending on the chosen energy transmission technology and voltage.
The transmission technology selected can impact the cost, efficiency, and overall performance of
the offshore wind energy system. Factors such as cable type, distance to shore, and interconnection
with the grid can also influence the final outcome of the study. In addition to wind resources and
transmission technology, several other standard parameters can be easily replicable in similar stud-
ies, such as wind turbine selection and related power efficiency curve calculation which are crucial
factors that can significantly impact the overall energy output of the system. Accurate calculation of
hydrogen production ratios is also essential, as it directly impacts the potential for green hydrogen
production.

The findings of this study align with the energy production estimation previously published by var-
ious developers, with minor variations resulting from differences in the study location and method-
ology used to assess the wind resource potential. In addition to electricity generation capacity, this
study has highlighted the potential for offshore wind farms to produce hydrogen on a daily basis
from the electricity generated. This presents exciting opportunities for businesses and innovation in
the region in the years to come. As the demand for renewable energy sources continues to grow,
offshore wind farms have the potential to play a significant role in meeting this demand. The pro-
duction of hydrogen from offshore wind farms could also have far-reaching implications for indus-
tries such as transportation, where hydrogen fuel cells are being developed as a clean energy alter-
native to traditional fossil fuels. Overall, the findings of this study support the continued develop-
ment of offshore wind farms as a renewable energy source with the potential to produce both elec-
tricity and hydrogen. While there may be challenges to overcome in terms of infrastructure and
implementation, the benefits of offshore wind farms make them an attractive option for meeting the
world's energy needs in a sustainable way. As such, further research and development in this area is
crucial to unlocking the full potential of offshore wind farms as a source of clean and renewable
energy.

Moreover, the results presented in the Table 8 are aligned with some of the current offshore wind to
hydrogen projects proposed in the region, such as conjunction between WPD and the French pro-
ducer Lhyfe which announced the daily production up to 240 000 kilograms of hydrogen coupled to
the 1GW Storgrundet offshore wind farm leading to a ratio of around 0.25 tons of daily hydrogen
production per offshore wind MW capacity in Gavleborg region [66]. Furthermore, some results
verification has been done in this study to confirm the preciseness of the wind study, comparing the
performed resource wind power density analysis with the same value at New European Wind Atlas
database, presenting highly similar results.

It is worth mentioning that in the final results shown in Table 8, there are higher energy losses in the
Design 2 than in 1 despite the fact of using higher voltage with reactive compensation. This effect
is directly related to the higher farm capacity and the related extra losses added by the transformers,
explained in Section 3.3. In this direction, the phenomenon of higher hydrogen production at 36kV
(Figure 5) compared to higher voltages is closely associated with transformer losses. This is due to
the use of offshore transformers are not required for the 36kV voltage output from the turbines to
transport energy to shore, introduced in Section 2.2.1. However, this alternative may not be cost-
effective for larger wind farms due to the increased on the number of required cables and its associ-
ated investment costs. Therefore, other options should be explored for larger wind farm capacities.

Based on the results of the environmental impact study included in this report, it has been determined
that utilizing the Swedish grid mix or direct offshore wind energy to power the electrolyzer has
minimal impact on greenhouse gas emissions reduction. Additionally, it is anticipated that the Swe-
dish grid mix will become even more environmentally friendly in the future, resulting in a smaller
discrepancy between the two methods.
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Due to the magnitude of the report and the type of study, it is worth enumerating some limitations
in this paper. Regarding the wind resource a specific study is complex work that requires years of
onsite data collection at different heights, being at least one of these measurements at 2/3 of the
hub’s altitude. It is a usual practice to obtain data every 2 seconds and do an average calculation of
every 10 minutes. To perform the energy losses calculations in line with the report’s objective some
assumptions has been done regarding the reactive compensation assessment. The methodology con-
ducted used the same cable schema as in Figure 3 regardless the implementation of reactive com-
pensation, assuming that the power at the end of the line arrived with unit power factor. Moreover,
the typical transformer and power electronics energy losses selected from the literature are consistent
through most of the studies of this regard, thus the error added with this assumption is assumable.
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7. Conclusion

The county of Gavleborg, situated in the heart of Sweden, is well-positioned to spearhead the tran-
sition towards a hydrogen-based industry. With its rich history in steel and paper manufacturing, the
region has been using hydrogen for a long time, giving it valuable expertise in the field. The expe-
rience gained from using hydrogen in these industries makes Gévleborg a natural fit for advancing
the use of hydrogen in other sectors. Moreover, the region boasts significant offshore wind re-
sources, which are capable of generating large amounts of low-cost electricity and hydro-gen. Off-
shore wind farms have the added advantage of being planned near the shore and in shallow waters.

This study outlines three different design options, ranked in order of most promising for the upcom-
ing years to future mega-project plans exceeding a gigawatt of power that may be deployed once the
technology has matured and Sweden's knowledge in the offshore wind industry has increased. The
report focuses on a technological study of the different components used in the offshore wind-to-
hydrogen industry, including wind turbine foundations, electrolyzers, and energy transmission tech-
nologies. The Gavleborg coast has a shallow seabed that is suitable for utilizing offshore wind re-
sources with bottom fixed foundations, making it a cost-effective area for investment. The report
has selected PEM technology for electrolyzer technology due to its favorable characteristics when
connecting to variable electricity inputs and its large prospects in application in renewable energy
plants. However, there is a controversial debate regarding energy transmission to shore, as different
set-ups can be proposed depending on the type of electrical current (alternating or direct current)
and voltage levels, or whether reactive compensation is used. The study shows the potential of
HVDC technology as the option that transmits more energy to shore, with greater potential compared
to other technologies when the wind farm has greater capacity and is located further from the shore.
However, the power electronics of this configuration make it the most expensive set-up, and its
selection will be determined by in-depth techno-economic study. Another attractive alternative is
the usage of the wind turbine output voltage level, which implies fewer energy losses due to the non-
usage of transformers before the energy transmission to shore. However, this setup is less likely to
be feasible as the wind farm capacity increases, as the low voltage level requires more cables and
incurs higher investment costs. The study emphasizes the importance of reactive power compensa-
tion as the project uses higher voltage levels and is located further from the shore. Despite the as-
sumptions made to achieve the research report's goal, the study has identified potential set-ups that
can be applied to each layout.

e Design 1: High voltage alternating current with voltage levels of 36-66 kV are suitable for
offshore wind farms located near the shore in Géavleborg, particularly for those with rela-
tively low-capacity power. The proximity of the wind farms to the shore makes this voltage
level advantageous due to the lower energy drop during transmission through cables and
the non-usage of offshore transformers. Even more, wind farms with low-capacity power
are more likely to accept the increased number of cables using low voltage levels.

e Design 2: These projects will require higher voltage levels through the energy transmission
due to the increased wind farm capacity power and thus, the usage of offshore transformers.
This designs more likely to use HVAC with voltage levels over the wind turbine output,
such as 110 or 220 kV. The usage of reactive compensation relies upon a deeper techno-
economical study.

e Design 3: Projects falling in this category have a long-term outlook, and the technologies
used will mature and undergo significant advancements over the years. Currently, the most
promising setups for the far distance to shore and high-power capacity are HVAC with
reactive compensation and higher voltage levels, or HVDC technology.

This case study examines three different offshore wind designs, namely Designs 1 to 3, with energy
production representing 50%, 140%, and 340% of the current electricity consumption in Géavleborg
county. However, as the electrification of the economy is expected to increase to combat climate
change, this percentage is likely to decrease. Completion of these projects will make Géavleborg a
net exporter of inexpensive energy to neighboring regions and countries, inherently attracting busi-
ness investment in the region. To meet the demand for hydrogen, a single completion of a wind farm
with the characteristics of the design 1 entirely dedicated to hydrogen production, has the potential
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to cover almost all the current hydrogen consumption in the country. However, this hydrogen de-
mand is subject to change as industries adopt cleaner ways to produce and consume hydrogen. Thus,
comprehensive studies of the energy system will be required to determine the number of offshore
wind farms worth building and which designs are most likely to contribute to national sustainability
development

To conclude, a broader perspective can be given to this report. The humanity has been extracting
energy resources from the sea for the last decades with oil factories; with the future focus on reduc-
ing fossil fuel consumption, this offshore energy extraction is called to be based on wind energy.
The deployment of offshore wind to hydrogen projects in areas of high wind potential can be a game
changer in the energy sector, where cheap offshore hydrogen production can turn this energy carrier
not a real and available solution in sectors that are difficult to decarbonize, such as ship or aircraft
propulsion. Hydrogen production at a bis scale has a geopolitical and economic importance to stop
depending on the main fossil fuel suppliers; furthermore, countries with high renewable energy pro-
duction can turn into hydrogen exporter in the coming decades.

This project is in line with the Sustainable Development Goals included in the United Nations 2030

Agenda; clean and affordable energy production, innovative industrial perspective, decent work, and
economic growth are some of the proposed challenges that this thesis aims to overcome.
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Appendix A

Main characteristics of the offshore wind turbine V236-15.MW manufactured by Vestas.

POWER Pitch regulated with
REGULATION variable speed
OPERATING DATA
Rated power 15,000kwW
Cut-inwind speed 3m/fs
Cut-out wind speed 30m/s
Wind class IECSorST
Standard operating from -10°C to +25°C*with a de-rating
temperature range interval from +25°C to +45°C
*high ambient temperature variant available

SOUND POWER
Maximum 118dB(A)
ROTOR
Rotor diameter 236m
Swept area 43,742 m?
Aerodynamic brake three blades full feathering
ELECTRICAL
Frequency 50/60Hz
Converter full scale
GEARBOX
Type three planetary stages
TOWER
Hub height site-specific

900 1 GWh

850 A

800 A

750

700 A

650

600 -

550

e M V236-150MW™IECS

80 85 90 95 100 105 110

Yearly average wind speed m/s
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Appendix B

The energy losses data has been collected from the marine products datasheet of the Chinese com-
pany ZTT group, one of the largest advanced manufacturing enterprises in China and is listed
among the Top 500 Chinese Enterprises.

HVAC
Voltage 36 66 110 220
Ampacity (A) 537 419 795 809
Resistence
o) 0,0614 0,0778 0,0272 0,0268
Capacitance | 0,00000023 | 4 53000167 0,000000226 0,000000168
(F/km) 4
Inductance 0,000374 0,000406 0,000368 0,000402
(H/km)
HVDC
Voltage 80 160 220 320
Ampacity (A) 1001 1387 1822 2030
Resistence
(@) 0,0339 0,0181 0,0108 0,0087
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