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Executive Summary

The focus of this study was to analyze offshore wind power’s future options and maximum value

creation for Åland, covering the most feasible solutions for exporting of green electricity, feasibility
of hydrogen production and transmission, alternative strategies, and steps for developing offshore

wind-based business in Åland, as well as assessment of risk and opportunities and propose next

steps for Åland with offshore wind. Beside this study, a review of existing offshore wind power was

made as a master’s thesis.

The large wind farm areas F4 and F6 in the northern side of Åland with capacity of about 4 GW and

annual generation of 20 TWh turned out to be the most feasible when considering transmission of
electricity. Åland wind farms locate in the area, where the farm connection could provide possible

basis for interconnection of two power systems, too. The additional cost for a solution where energy

transmission from wind farm could be done to both Finland and Sweden is approximately +5 €/MWh

compared to the solution where wind capacity is realized only to one direction.

The green hydrogen potential for the region is about 18 TWh (12 TWh North, 6 TWh South). For

reference, Finland’s annual natural gas consumption is about 24 TWh. Hydrogen production at sea
and pipeline transmission to continental Finland is estimated to be about 20% cheaper compared

with alternative case based on electricity transmission to continent and conversion to hydrogen

onshore. Comparing the electricity and hydrogen as products, electricity creates less
interdependencies because the available grid offers access to electricity market. However, in the

beginning, transmission of hydrogen is tied to one-to-one connections, which makes parties

dependent on each other’s. Identification of potential hydrogen customers and applications is

necessary for successful implementation.

The proposed road map is to finish preliminary studies and go into development of wind farm in the

area F6. During the development of the windfarm, uncertainties related to market for electricity,

hydrogen and P2X products, as well as regulation for hydrogen and P2X, will decrease.

Key words: offshore wind power, transmission of electricity, green hydrogen production,

transmission of hydrogen, Åland
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1 Introduction

During the development of the Åland maritime spatial plan, areas suited for energy production were

identified. Analyzing the potential of these areas is driven by major global and regional

developments.

Climate change is the key driver for finding emission free solutions for transforming the global

energy system. Global temperature rise is a major concern world-wide, and vast majority of
countries, almost 200, have committed to the Paris agreement, aiming to limit the harmful rise of

temperature to below 1.5 °C, compared to pre-industrial level. (United Nations 2016)

Energy system transition aims for emission free energy production. The most important sources
for emission free and economically feasible energy are solar and wind. According to the International

Energy Agency (IEA), solar power has reached a cost level (levelized cost of energy, LCOE) to be

lowest in history. The average production cost of utility scale PV-plants has decreased to be between
20-40 USD/MWh in China and India, while being in the range of 30-60 USD/MWh in Europe. (Evans,

2020)

Wind power is the most important renewable source in the northern regions of the world, where
annual solar radiation is less than 50% of that available at the so called solar belt. This pertains

especially to the Nordic countries in Fennoscandia. Globally onshore wind represents the majority

of all installations, with an average LCOE of 39 USD/MWh by 2020 (IRENA, 2021). Onshore wind
power has gained a strong position and competitive energy production cost due to long term

technology development and market expansion, which has been ongoing strongly almost for two

decades. Offshore wind installations are more demanding due to many technical challenges, e.g.
seabed foundations, harsh sea environment, long underwater power transmission requirements and

demanding maintenance conditions. The offshore wind market has been developing slower in the

shadow of the strong onshore wind power market.

Recent years have shown increasing activities in offshore wind market. One factor is that wind

conditions at sea are better compared with inland sites. In 2020, 86.9 GW of new onshore and

6.1 GW of offshore wind power was installed mainly in Europe and China, as can be seen in Figure
1.1 (GWEK, 2021; Kovalchuk, 2021). Figure 1.2 shows the total capacity of onshore and offshore

wind power installations in 2020. Total capacity of onshore wind power was 707.4 GW and offshore

wind power 35.5 GW.
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a)                                                              b)

Figure 1.1. New a) onshore and b) offshore wind installations by country in 2020 (GWEK, 2021; Kovalchuk,

2021).

a)                                                                           b)

Figure 1.2. Total wind installations a) onshore and b) offshore by country in 2020 (Kovalchuk 2021).

The ten largest offshore wind farms with their capacity are presented in Figure 1.3. They represent

20% of the total installed offshore capacity (end of 2020)
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Figure 1.3. a) The 10 largest operational offshore wind farms (in spring 2021) and b) their share by country

(Kovalchuk, 2021).

Turbine development has increased the current maximum power to over 10 MW, utilizing very large

turbine constructions offering improved power production capacity. For example, the currently

largest offshore wind farm project in Dogger Bank applies GE Haliade turbines with nominal power
of 12 MW (GE, 2019). The large turbines, coupled with high full load hours, are bringing the LCOE

of offshore wind power down. At the same time the interest for offshore wind is increasing due to

lack of suitable and available land areas for large turbines in many densely populated countries.
According to the International Renewable Energy Agency (IRENA), the globally weighted average

LCOE in 2020 for offshore wind was 84 USD/MWh, more than double that of onshore wind. While

offshore wind in general does not seem to be competitive compared with onshore wind power today,
the offshore market is expected to accelerate strongly this decade. The installed base for offshore

wind is expected to grow tenfold by 2030 compared with 2018 level, reaching 230 GW and ending

up to 1000 GW by 2050. This would mean a “hockey-stick” effect in offshore wind installations, similar
to what was seen in onshore about then years ago. (IRENA, 2019) It can be noted that the recent

EU target for offshore wind power capacity by 2030 is 60 GW, and 300 GW by 2050. These targets

are ambitious increases from the current level of 12 GW installed capacity (end of 2020). (European

Commission, 2021c)

Large scale integration of renewable power is one of the major issues in the on-going energy

transition. Battery technology can serve as a short-term storage for renewable power, but thermal
and chemical conversions are the only feasible solution, when large scale storage is needed for

longer periods of time to secure the supply to the market, when the production of the intermittent

weather-dependent supply is low. Power-to-X refers to technologies, where electric energy is
converted to hydrogen or further to different hydrocarbons or ammonia to be used as fuels, raw

materials or even proteins. Green hydrogen is defined as hydrogen produced using renewable

power and water electrolysis, versus current hydrogen production that is primarily based on fossil
sources. Germany has been one of the frontrunners in energy transition (Energie Wende) and has

introduced a national hydrogen strategy in 2021. It includes 7 billion euros of public support for

hydrogen technology development and market ramp-up as well as 2 billion for establishing
international partnerships. One aim is to replace industrial use of fossil hydrogen by green one, the

main scope to be steel and chemical engineering as well as fertilizer and brewery industry and certain
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fields of transportation. It is estimated, that by 2030 about 100 TWh of industrial hydrogen is needed

in Germany, of which 14 TWh should be green hydrogen. For that, 5 GW offshore and onshore
power generation corresponding 20 TWh annual power generation needs to be build. The German

government has stated, that “it will not be possible to produce large quantities of hydrogen that

probably needed for the energy transition in Germany, since renewable generation within Germany
are limited. Germany will therefore have to remain a major energy importer in the future. This is why

we will establish and intensify international cooperation and partnerships around the topic of

hydrogen.” (Federal Government, 2020) This initiative will provide business and cooperation

possibilities also for countries around the Baltic see, among others to Finland.

The opportunities offered by Power-to-X has been recognized not only in Germany, but in many

other countries as well. However, Power-to-X and the hydrogen economy still has political and
economic constrains, which must be overcome, before the expected decarbonization really takes

place. On the other hand, several governments have included green hydrogen as part of their

pandemic recovery plans in 2020. There are several technological fields, where green hydrogen can

be deployed as replacement for fossil energy or row materials. (GWEC 2021)

Figure 1.4. Different pathways and drivers for Power-to-X technology (Partanen).

The electrification of end-use economy is a common understanding of the future energy system.

While generation costs of renewable energy sources indicate fast cost decline, the system costs –

mainly related to power transmission and energy storages – will increase due to timely uncontrollable
and intermittent character of both wind and solar power generation. Due to that, different opinions

and future scenarios are created by the energy research community. For example, Bloomberg has

given three alternative paths towards carbon neutral energy system by 2050. In the green scenario,
most of the electric energy (84 %) originates from wind and solar and extensive use of renewable

hydrogen increases demand of electricity dramatically to 121 549 TWh compared with 2020 level of

26597 TWh (Enerdata, 2021). The Grey scenario is based on a combination of fossil fuels and
renewables, where carbon capture and storage (CCS) is used to decarbonize fossil energy sources.
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In the grey scenario, hydrogen is not seen as a major energy carrier, which leads to a smaller annual

power generation (62 185 TWh). The Red scenario assumes large utilization of modular nuclear
power (56%) combined with renewable energy sources (44%). Since red hydrogen (hydrogen

produced by nuclear power and water electrolysis) is assumed to be again a major energy carrier,

the total electricity generation (96 417 TWh) is clearly higher than in grey scenario, but lower than in
green scenario. It is not clear, which pathway will be dominant during the coming years. As stated

by Bloomberg, “we will probably see a mix of these solutions as each country pursues climate

strategies that best suit them, considering their existing domestic economy, international trade and

geopolitics.” (BloombergNEF, 2021)

Even though different scenarios have been presented, in all the cases investments in renewable

power are expected to continue strong during the decades to come. It can also be assumed, that
larger offshore turbines will bring the offshore wind LCOE down, which will further accelerate the

offshore wind power market. The future of the hydrogen economy and power sector renewal is

uncertain, which makes it important to analyze different options, when energy strategies are

designed.
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2 Focus of the study

The Åland sea areas identified in the maritime spatial plan offer a remarkable opportunity to build

offshore wind power and business. However, it is not clear, what the best strategy to deploy this
large renewable capacity is. Many elements need to be considered simultaneously related to

technological development, general energy market development and various risks. Also timing and

project design options are important aspects to analyze when decisions about energy investments

and market entry are considered.

This study focuses on future options for offshore wind power in Åland’s sea areas. The main

questions in the study are:

¶ Techno-economic conditions and alternatives for large scale offshore wind power production

¶ Feasibility and different options for green hydrogen production

¶ Alternative strategies and steps for developing offshore wind-based business in Åland
¶ Opportunities and risks assessment and recommended next steps for Åland offshore wind

development

Beside the strategic roadmap, a review of offshore wind power was conducted as a master’s thesis.
The techno-economic review of offshore wind power, by Viktor Kovalchuk, can be found in

https://lutpub.lut.fi/handle/10024/162969.
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3 Case Åland Description

In the Åland maritime spatial plan (adapted 18.3.2021), possibly suitable areas for large scale

offshore wind production were mapped. The areas are located in the northern and southern side of
Åland, as can be seen in Figure 3.1. The overall area is about 1000 km2. The sizes of the different

areas are shown in Table 3.1. The locations are directional, and more exact locations require

additional investigations. The areas were identified by setting various criteria; maximum depth is
70 m, being outside conservation areas, sea lanes, and not impacting important recreation and

tourist areas. The areas also lack documented culturally valuable objects, such as shipwrecks. The

overall size of the two northern areas is 674 km2 and for the southern areas about 333 km2. (Ålands

landskapsregering, 2021).

Figure 3.1. Potential wind farm areas considered in the study (Ålands landskapsregering, 2021).

Table 3.1. Sizes of potential wind farm areas considered in the study (from Ålands landskapsregering).

Farm Size,
km2

F1 7.2
F2 85.6

F3 95.3
F4 95.8

F5 144.7
F6 579.4
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4 Wind Power Production

The wind production potential was estimated based on the wind farm areas presented in Chapter 3,

by assuming a filling ratio of 0.5 turbines / km2, as well as a unit size of 12 MW for the turbines. The
estimation was made by using General Electric Haliade-X turbines, for which the annual gross

production can reach 67 GWh/a (GE 2020). After losses, production is estimated to be 61 GWh/a.

Table 4.1 presents the number of turbine units, the theoretical peak power, and annual production

of each studied farm.

Table 4.1. Estimated wind production potential in the studied area.

Farm Area (km2) Number of

units

Theoretical Peak power

(MW)

Annual Production

(GWh)

F1 7.2 4 48 244

F2 85.6 43 516 2 622

F3 95.3 48 576 2 927

F4 95.8 48 576 2 927

F5 144.6 73 876 4 451

F6 579.4 292 3 504 17 803

Total 1 008 508 6 096 30 973

The results were cross-checked against Renewables Ninja internet service and found to be well in

line with each other (58.0% capacity factor from own analysis and 58.2% from the internet service)

(Renewable Ninja). The parameters used to obtain the results from the internet service are different,
especially the turbine power rating, see Appendix A. For the purposes of data validation, the potential

error was not considered to be significant. All of the farms were assumed to have identical wind

generation potential. The annual production shown in Table 4.1, however, highlights the significant
development potential of the areas. The currently largest windfarm of Hornsea One has an estimated

production of 3,8 TWh (Ørsted, 2019). Naturally, in detailed production studies conducted during the

next steps, the potential should be determined in detail (based on actual wind speed measurements,

preliminary turbine selection, etc.).
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4.1 Transmission of Electricity

In this chapter, the results of the main interconnection alternatives for the identified wind farms are
presented. The target is to define the most feasible solutions in terms of the levelized cost of energy

to connect the wind farms to the Nordic transmission network. The results naturally indicate that the

location and the size of the farms have a significant effect on the cost of energy transmission. The
study takes advantage of several references, with focus on offshore wind network connection. These

sources indicate the costs of the network (components and installation) in similar conditions

(distances, sizes of wind farms and depth of sea) as the Åland environment.

In the study the total number of turbines is over 500 pcs and the total nominal power 6 GW. Using

estimated full load hours of approximately 5100 h/a (= 58%), they would produce approximately 30

TWh energy per year as presented in Table 4.1. In Figure 4.1, the location of wind farms, their sizes
and indicative distances are presented. The northern part forms approximately 4 GW of generation

capacity and the southern part approximately 2 GW of generation capacity. Due to the high

generation capacity compared with the relatively low present electricity demand in Åland island, the
existing infrastructure has been neglected in the study and all interconnection alternatives are based

on new infrastructure. Most of the network (cables) presented in different connection alternatives are

planned to be of a subsea (submarine) type. The wind turbine costs (platform and wind turbine) are

excluded from all numbers in this chapter.

Figure 4.1. Illustration of principles of main connection alternatives and indicative distances from wind farms

(F1 to F6) to Åland and continent.
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The target of the network analyses is to define interconnection solutions that provide minimum

lifetime costs. This corresponds to the minimized sum of investments (such as cables and
substations), operational costs (such as losses and maintenance) and outage costs (Lakervi and

Holmes, 1995). Reaching the lowest unit price, for instance for a cable, does not guarantee the

lowest lifetime cost, for example due to higher losses or lower reliability of that cable. Due to the
nature of the study, the analyses are conducted on strategic level. The connection and network

solutions of individual turbines and offshore substations are not planned in detail, nor is route

planning. In the study, several assumptions are made in the analyses. The most relevant are listed

below.

1. Wind farms, wind turbines and wind conditions

¶ All wind farms are equal regarding wind conditions (the same full load hours and the
same generation profile).

2. Network and components

¶ The capacity of the network is dimensioned based on maximum nominal power of
wind turbines and wind farms.

¶ Selection of interconnection technology (HVAC vs. HVDC) from offshore substation

to continent/island has been done based on economic feasibility
¶ In HVDC solutions, it is assumed that the converters can be utilized modularly so that

the efficiency can be kept on a high level throughout the year

3. Platforms
¶ Wind farms are symmetric so that the same amount of individual wind turbines form

a unit which is connected to the offshore substation and platform. Despite possible

small islands nearby the wind farms, all the installation and component costs are
assumed to be subsea installations.

¶ Installation depths vary from one wind farm to another and within wind farms. It is

assumed that in all cases, the sea depth for the platforms is 60 m at maximum. This
is due to the practical depth limit for the bottom-fixed solutions.

4. Power system (TSO)

¶ The assumption is that all wind farms (power capacity) can be connected to a power
system (Finland or Sweden or both)

¶ Interconnection costs defined in the study do not include possible system level costs

in the power system. In the report, high voltage export cables from the wind farm
substation to the continent (TSO) are defined with the shortest distance.

5. Analyses overall

¶ Reliability (and outage costs) of the turbines and the electricity network have not been
considered from the perspective of cost of electricity not delivered due to interruption

(only included in maintenance costs).
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4.1.1 Optimization of network connection / Principles in the analyses

The wind farm interconnection consists of several network parts. The network section closest to the
wind turbines is called collector network, which is formed by array cables (MV, medium voltage

subsea cables) and offshore substations. Due to the high turbine powers (>10 MW), voltage levels

used in the collector network are relatively high, in the study 66 kV. In Figure 4.2, an example of a

wind farm and a collector network is presented.

Figure 4.2. Illustration of collector network of wind farm. MV = medium-voltage, HV = high-voltage.

The number of wind turbines connected to one subsea cable and to one offshore substation, as well

as distances between wind turbines, depends on the size (MW) and the height (m) of a turbine, the
voltage level in a collector network and topology. On the other hand, the optimal topology of the

collector network (string clustering, star clustering, mixed string/star clustering) depends on several

factors such as a unit price of network components, the price of losses (electricity), installation and
maintenance costs, fault frequency of components and outage costs. There are several research

papers where optimization of a collector network has been studied (for example Thyssen, 2015;

Shin, Kim, 2017; Serrano González, Burgos Payán, Riquelme Santos, 2013). In this study, the unit
cost values of the collector network (per generation capacity and per annual generation, €/MW and

€/MWh) are based on the actual installation cases built mostly in Europe.

When a wind farm consists of several offshore substations, generated electricity is transmitted first
to an offshore export substation (Figure 4.3). This offshore substation collects generated power from

MV/HV substations and step the voltage level to the high voltage (for instance from 110 kV to 400

kV). From the offshore export substation, the energy is transmitted to the continent power system
(TSO network). The number of these connections depends on the size of the wind farm and the

distances from the farm to the power system.
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Figure 4.3. Illustration of offshore export substation and export cable network, HVAC = high-voltage AC,

HVDC = high-voltage DC.

In this study, the feasible transmission technology depends on the distances and the powers related
to the identified case areas. In Figure 4.4, the principles of HVAC and HVDC technologies in a wind

farm interconnection are presented. In the cases where the powers and the distances are feasible

for HVDC technology, voltage is converted from HVAC to HVDC in (Alternative A in the Figure4.4).

Figure 4.4. Principles of technological solutions. Alternative A) High voltage DC (HVDC) connection, and B)

High voltage AC (HVAC) connection from wind farm to power system.

The optimization of a wind farm structure and the connection to a power system requires techno-

economic analyses. For the wind farm and the collector network, the analyses provide an optimal

topology, voltage level, number and dimension of the interconnection cables and a number and
dimension of offshore collector and export substations. The same analyses provide also optimal

technology (HVAC/HVDC), voltage level, topology, and the number of export cables from the

offshore substation(s) to the power system. In the Åland case environment, the distances and
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powers are technically and economically suitable for both HVAC and HVDC technologies. However,

with the cost analyses, the optimal technologies can be selected for each wind farm separately. In

Figure 4.5, the principle of cost curves of AC and DC technologies is presented.

Figure 4.5. Cost curves of DC and AC technologies.

In the analyses, a large amount of background data and parameters is included. The most relevant

data are technical and geographical constrains and installation depths of turbines and wind farms,
unit costs of electricity network components and installations (€/pcs., €/km, €/MW) and peak

operation time of losses (h/a) and price of losses (€/MWh). In Figure 4.6, investment cost of an

HVDC cable is presented as the function of share of subsea installation.

Figure 4.6. Example of network unit cost: Investment cost of HVDC cable as a function of share of subsea

installation.
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In Figure 4.7, reference originated investment costs are presented for offshore substation as the

function of nominal power of the substation.

Figure 4.7. Offshore substation prices (M€/MW) as a function of rated power [MW].

In addition to the HVDC cabling costs and offshore substation costs, the unit costs for other network

components (platforms, transformers, converters, etc.) are defined in the study. In theory, there are
numerous alternatives for interconnection (routes) of different wind farms to the power system. In

addition to this, different technologies as well as different voltage levels can be utilized into

interconnection solution. In this study, we limit possible solutions to the most interesting and

economic alternatives.

4.1.2 Interconnection alternatives

Figure 4.8 presents all the connection route alternatives of the wind farms analyzed in the study.
Red color indicates that the connection is more feasible to build with the HVAC technology, blue line

color indicates that the HVDC technology is more feasible. Depending on parameters, the HVDC

technology is economical in this power scale when the transmission distances are longer than 80–
120 km. The technology choice can be made not only based on the lifetime costs of a connection,

but the operational function of the connection (connection from a wind farm to a power system or a

link between two power systems). It must be remembered, that although an interconnection is
illustrated with a single line and to a single node in the power system, connections are formed by

several parallel cables, depending on the transmitted power. In the power system the number of

connection nodes and their locations is actually higher than indicated in Figure 4.8. The costs of

parallel cables are taken into account to meet the required case-specific transmission capacity.
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Figure 4.8. Network connection alternatives, their technologies (HVAC or HVDC) and distances from wind

farms to continent analyzed in the study.

In the study, in total ten connection alternatives are analyzed. The first six ones are:

¶ A1: Wind farms F4 and F6, total 4 GW and 20 TWh connected to Finland (Rauma area) and

wind farms F1, F2, F3 and F5 are connected to Finland (Naantali area) through Åland
¶ A2: Wind farms F4 and F6, total 4 GW and 20 TWh connected to Finland (Rauma area) and

wind farms F1, F2, F3 and F5 are connected to Sweden (Tuna area) through Åland

¶ A3: Wind farms F1–F6, total 6 GW and 30 TWh connected to Finland (Naantali area)
¶ A4: Wind farms F4 and F6, total 4 GW and 20 TWh connected to Finland (Rauma area)

¶ A4b: Wind farm F6, total 3.4 GW and 17 TWh connected to Finland (Rauma area)

¶ A5: Wind farms F1, F2, F3 and F5 are connected to Sweden (Tuna area) through Åland

In Figure 4.9, connection alternatives A1 to A5 are presented.














































































	Etukansi

