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Abstract 

 
The study focuses on the possible positive impacts derived from implementing 

innovative energy solutions to the Åland energy system by 2030. Four scenarios 

are formulated in order to determine feasible solutions in economic and 

technological terms. At the present most of the energy supply relies on the power 

exchange with mainland by subsea interconnections. The archipelago’s main 

challenge is to reduce the high dependence from the main importer (Sweden) by 

increasing the use of local renewable energy sources. 

Wind power results to be the most favorable form of variable renewable energy 

(VRE) available. “Behind the meter” photovoltaic (PV) rooftop solar panels, 

biomass combined heat and power (CHP) generation and a Li-ion battery system 

are considered as supportive solutions to wind power. The simulations made with 

RetScreen and EnergyPLAN confirm that solar power and a battery system can 

only have a modest role compared to wind power. A final economic analysis 

assesses the revenue projections for the new technologies implemented. The 

results indicate a very positive investment potential for the new wind farms, 

coupled with a proper Li-ion battery solution. 

Additionally, the thesis investigates the best options for solving frequency and 

voltage imbalances, appearing after the implementation of intermittent energy 

sources. A flywheel technology has been included in the scenarios in order to 

enhance the primary frequency control of the whole system. 

Keywords Islanded energy system, renewable energy, electricity storage, 

energy system modelling 
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ESS Electricity Storage System 
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HVAC High Voltage Alternating Current 

HVDC High Voltage Direct Current 
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1. Introduction 

 

In recent years, the environmental issues related to the impacts of fossil fuels in energy 

generation, have been raising serious concerns in the international community. Since the 

entering into force of the Kyoto Protocol in 2005, binding emission reduction targets have been 

set at international level (United Nations, 2004). In the last decade, new global agreements were 

achieved towards reaching a decarbonized society. At the same time, the global shift towards 

renewable energy sources is still at the initial steps. From the Executive Summary of the 

International Energy Outlook 2017, redacted by the U.S Energy Information Administration 

(EIA), in 2015 only around 12.5% of the world energy consumption came from renewable 

energy sources (EIA, 2017). At the European level, the share of renewable energy sources (RES) 

was around 16.7% (Eurostat, 2017). This more appreciable result is a direct consequence of the 

ongoing European energy policies, that have been developed through the years in order to 

achieve ambitious goals. In 2007 the European Union (EU) set the “2020 climate and energy 

package” and afterwards European leaders announced new greenhouse gas (GHG) emission 

objectives for 2030 and 2050, to finally reach an energy consumption from RES of 80-85% 

(European Commission, 2011). 

In order to fulfill the EU’s goals, societies and, more specifically, energy system drivers, 

producers and operators are committed to change dramatically their actual shape. Up to now, 

innovative projects to deploy renewable energy sources in large and small scale have been 

undertaken. Nevertheless, the spread of new energy technologies has not been equally 

distributed throughout Europe. Densely populated areas have registered more investments, 

attention and “efforts” in terms of planning an energy shift toward sustainability. Fast economic 

growth, energy-dense areas and centralized energy production are three main reasons that easily 

explain why urban areas have seen major changes in respect to more rural or decentralized areas. 

(OECD, 2012) 

Islands can be usually considered as one example of remote and decentralized areas inside 

Europe. A certain dynamism for boosting an effective “green breakthrough” has been lately seen 
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in islands, but economical, bureaucratic and geographical issues are still the main obstacles 

(Eurelectric, 2017). 

This work investigates the current energy situation in one European archipelago: the Åland 

islands. The main characteristics, dynamics and latest developments of the system are described 

in detail. Four possible future scenarios are delineated to achieve a fully renewable power based 

island by 2030. Islands are an optimal location for testing new pilot plants or technologies 

(Woodford, 2012). The advantages and disadvantages of adding an electricity storage system to 

the islanded grid are analyzed. The flywheel technology is studied as a solution for frequency 

and voltage unbalances. The Li-ion battery is coupled with wind and solar power for short term 

and hourly reserve power. 

 
 

1.1 Islanded energy systems 

 
Islanded energy systems are usually characterized by similar features and weak points. They are 

strongly influenced by the geographical isolation, the limited land dimension and the high 

variability of population between the summer and the winter seasons. (Tsakiris, 2010) 

The energy management and supply security are the main characteristics that differentiate the 

islanded energy system from the mainland. In mainland, the security of supply rule follows the 

commonly denominated “N-1” rule. This rule can be associated with a security criterion that is 

used to prevent any sort of system failure that can bring to wide scale consumer disconnections. 

Basically, a power system, composed by “N” different power plants is assumed to be secure if 

it runs without any problem even though the power plant with the largest installed capacity is 

disconnected from the grid (Kirschen & Strbac, 2004).The typical isolated condition of islands 

requires a stricter security criterion: “N-2” rule. Which implies the need of matching the peak 

demand even if two generation units are out of commission. As a consequence, a variegated 

energy mix coupled with high ramp-rates back-up power plants are necessary for ensuring 

security of supply. (Ant-Wuorinen, 2014) 

The average European islanded power generation mix highlights the high dependency on almost 

a dominating energy source: oil (78% of the total power mix) (Woodford, 2012). This key factor 

clarifies why islanded energy systems are far from being defined autonomous, secure and 



3 
 

sustainable. Their fragility is mainly due to high energy generation costs, local absence of the 

primary energy source and lack of necessary investments to update the existing polluting energy 

systems. In fact, oversized dated oil-fired diesel engine generators are the most common 

technologies currently in use for generating power in islanded systems. (Eurelectric, 2012) 

These types of conventional thermal power plants have very high activity costs and they are 

strongly dependent on fuel price (EIA, 2018). Even though diesel generators require an average 

low capital cost (around 24 $/MWh), they have the highest Levelized Cost of Energy (LCOE) 

compared with other energy sources, with an average fuel cost of 288 $/MWh. This is also 

considering the specific carbon dioxide emissions from diesel as fuel: about 0.27 kg CO2 is 

produced for each kWh of power generation (Valsecchi, et al., 2009). To sustain this expensive 

form of energy supply, often local power producers rely on subsidies from the central 

government. 

Another common feature of islanded energy systems regards the lack of competition. Producers, 

TSOs and DSOs usually belong to the same company. The direct result is the creation of a 

monopoly. Monopoly makes the system less favorable to “external” investments and free 

competition in the energy market. Moreover, due to the relatively small size of their markets, 

investments are less attractive than on mainland, as projects cannot benefit from economies of 

scale. (Eurelectric, 2017) 

The monopoly market, lack of investments, unsustainable production costs and environmental 

issues are all issues that should be soon tackled by the local communities. European Union 

safeguarding policies and investments are the unique solutions for boosting a sustainable 

pathway. The next subchapter defines the main legislations promoted at the European level. 

 
 

1.2 Latest European energy policies toward islanded energy 
systems 

 
In line with national policies, at an international level, the actual agreements on GHG emissions are 

not firmly limiting the polluting activities in islanded areas. According to the Directive 96/92/EC of 

the European Parliament and of the Council of 19 December 1996 concerning common rules for 

the internal market for electricity, “islands can be defined as small isolated systems, which 
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means that they are subject to a singular regulation, due to their specific characteristics” 

(Eurelectric, 2017). As a result, islands have been initially exempted from the Large Combustion 

Plant Directive (LCPD), keeping them on an unsustainable path. At the same time, the 

introduction of constraints on local generation need to be done in a short time range, especially 

because from January 2020 the small isolated system need to operate following the same 

“carbon limit” policies of mainland systems. 

Without support schemes and incentives, their transition to comply with the forthcoming 

requirements of the Industrial Emissions Directive (IED) will be very difficult and costly. 

Many independent projects, established by insular communities, tried to attract EU’s attention 

on boosting the modernization of the current energy infrastructures. 

The potential of islands, in terms of becoming test beds for innovative RE technologies and 

storage systems, was already highlighted in 2009, when the ISLE Pact was drafted and signed 

by a consortium of 12 islands (Smilegov, 2015). The main aim of the Pact regarded the 

development of local sustainable action plans, aiming to GHG emission reductions by 2020. The 

participant communities had to submit an Island Sustainable Energy Action Plan (ISEAP) to the 

European Commission every year, in order to ratify the actions underway (Isle Pact, 2010). The 

project was financed by the European Commission but the results, according to the majority of the 

signatories, were not wholly satisfactory. First of all, the timeline of the project was very limited 

(2010-2012) and secondly, not any durable structures in support of the already existing ISEAPs 

have been instituted (Rivas, et al., 2015). 

Even if other independent projects established by insular communities tried to expand and keep 

active the ISLE-PACT, such as the Smilegov project, islands’ realities are still at their first steps 

towards turning into a low-carbon system (Chatzimpiros, 2015). In 2015 the European 

Parliament drafted a resolution for empowering islands with promoting tailored financial tools. 

The plan was associated with a report: “EU Strategic framework for Islands” (European 

Parliament, 2016). 

Furthermore, in 2016 the European Commission again highlighted, in the “Communication on 

Clean Energy For All Europeans” the need to implement new pilot projects in islands, that 

regards smart-grids, innovative low-carbon solutions, energy storages and smart metering 

systems. One main goal of the project is to provide, in case of a positive outcome, a visible 

realization of new energy solutions, that could be deployed in more urbanized areas in the next 
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future. (European Commission, 2016) 

The latest Directive aims to boost the implementation of innovative energy solutions. To enable 

the penetration of new technologies, it is important to firstly analyze the island conditions and 

sources and then estimate which solution could fit better in the local environment. Modeling the 

new system in detail, estimating in advance the possible technical and economic drawbacks and 

advantages can then increase the possibility of a real investment. To this ends the study models 

the Åland future power system in order to create a feasible renewable based scenario by 2030. 

 
1.3 The Åland case – General background 

 

The archipelago of Åland is situated between Sweden and Finland, in the Gulf of Bothnia at 

60.20º N of latitude and 19.88º E of longitude (VisitFinland.com, 2017). 

Åland comprehends about 6,500 islands, of which 50 are permanently inhabited. Furthermore, 

its territory extends for 13,325 km², of which 11,770 km² are marine areas and 1,552 km² are 

lands. Most of the land is covered by forests (60%), 11% is used for agriculture and pasture and 

the rest (27%) is for other purposes. (ÅSUB, 2017) 

From the geopolitical perspective, Åland has been an autonomous region under the Finnish 

Republic since 1921. The islands have their official Government and Parliament that operate for 

the interior affairs, such as education, energy and environment. (Ministry of Foreign Affairs of 

Finland, 2018) 

The total population in 2016 was about 30,000 people, of which 38% were resident in the main 

town, Mariehamn. The major islanded towns and rural areas together in total count more 

inhabitants than in Mariehamn: 15,500, while just about 2,000 people are dislocated in all the 

other minor islands. 

Åland is considered one of the richest regions in Finland. The gross domestic product (GDP) 

per capita in 2014 was around 34,000 euro, while the actual rate of unemployment stood at 3.9%. 

The main drivers for the local economy are basically three: public services (21.9%), shipping 

(20.8%) and financial services and real estate (18.6%). As a result, the majority of the population 

is mostly employed in public services (33%), trade and hotels (14%) and transport services 

(12%). Furthermore as usual in islands, tourism and trade alone are other important economic 
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sectors, about 100 M€ of yearly turnover (about 9% of the total GDP) and more than 2 million 

visitors. (ÅSUB, 2017) 

 

Fig. 1, The Åland archipelago location and configuration. (Uppsala University, 2018) 

 
 
 

1.4 The Åland case – The power generation mix 

 

The Åland’s power sector is shaped in a very uncommon and unique way, compared to other 

European islands. The power mix is variegated even though the neighbor Sweden provides most 

of the energy supply. The 110 kV AC interconnector from Tenneby (Åland) to Senneby 

(Sweden), with its 100 MW of capacity, is the main contributor to cover the Åland´s electrical 

base-load demand (Leichthammer , 2016). The transmission system is owned by the local TSO, 

Krafnät Åland and in 2017 it registered a maximum capacity exchange of 56 MW. Indeed 

around 40-45 MW of capacity are used for back-up purposes and 55-60 MW to cover the daily 

load demand. 
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The Sweden-Åland interconnector is not the only connection between Åland and mainland, in 

fact other two undersea cables provide additional capacity to the archipelago. The two 

connections are both directed to Western Finland (Kustavi and Naantali) and they respectively 

account for 12 MW and 100 MW of capacity. The first 12 MW AC interconnector was designed 

to assure grid stability to the Eastern islands, while the 100 MW one, built only in 2014, is a 

HVDC cable mainly responsible for providing reserve power to the islanded system. 

(Leichthammer , 2016) 

For local energy production, wind, solar, biomass and fossil fuel sources are used but with 

substantial differences in terms of capacity share. The installed capacity of wind power reaches 

22 MW, while two CHP diesel plants contribute together for 26 MW of power. Another CHP 

plant is present in the island, a CHP biomass plant that provides just 2.1 MWel (9 MWth). Solar 

power is still at the initial phase and just a few household rooftop panels have been installed so 

far, accounting for less than 200 kWp. (Leichthammer , 2016) 

 
Tab. 1: Power mix in Åland (2017). (Leichthammer , 2016) 

 

Power mix Capacity in 2017 

AC Interconnector to Sweden 100 MW 

AC Interconnector to Finland 12 MW 

DC Interconnector to Finland 100 MW 

Onshore wind power 21.76 MW 

Solar power 0.2 MW 

Diesel CHP generators 26.3 MW 

Biomass CHP 2.1 MWel 

 
 

From the power capacity data (Tab.1), renewable energy sources do not seem to have a 

predominant role compared to the interconnectors capacity share. Wind power started to be 

deployed in 1995 when the first wind turbine of just 0.5 MW was installed in the Eckerö county. 

The first bunch of wind turbines (13 turbines in total) was then installed in a second phase that 

goes from 1997 to 2004 with an average turbine capacity of 0.6 MW. The latest and more 

efficient turbines, all E-70 Enercon turbines with 2.3 MW of capacity each, were finally installed 

in 2007 (6 turbines). 
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As a result, at present Åland relies on 20 wind turbines of which 11 are already near their 

decommissioning year (within 5 years). Furthermore, almost all the turbines (97% of the total 

capacity) are actually owned and maintained by the local energy producer Allwinds 

(Leichthammer , 2016). The locations chosen for the wind turbine installations are different, but 

all of the turbines are onshore turbines. Nevertheless, most of them can be more assimilated to 

off-shore turbines because of the necessity of undersea cables for connecting them from small 

dislocated islands to the main islands (for example this is the case of the latest turbines installed 

that are located in the small Båtskär islands, south of Mariehamn). 

 

Fig. 2: Actual wind turbine locations. Four groups of turbines are reported. The red arrows indicate three groups of turbines of 
the first generation (cumulative capacity of 5.2 MW), while the blue arrow shows the location of the latest turbine 
installations (total capacity of 13.8MW). Other isolated turbines (with a cumulative capacity of 2.76 MW) are not reported in 
the image. (Visit Åland, 2005) 

 

 

Focusing on the other renewable source, the small CHP biomass plant runs continuously over 

the year to provide electricity and heat for the capital city. The plant is owned by Mariehamn 

Energi and the heat produced feeds the local district heating grid (Mariehamns Energi AB, 2017). 
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2. Methods and objectives 

 
The main aim of the thesis regards the optimization of the actual islanded power system. The 

model focuses on creating four scenarios, achievable by 2030. Both an economic and a 

technological assessment have been done to provide more comprehensible and reliable results. 

Four driving factors have been chosen for modeling the future scenarios: 

 
1. The creation of a decarbonized power system (100% reliable on renewables sources); 

2. The necessity to have a more self-reliant archipelago compared to the current situation; 

3. The provision of a competitive power price for the energy producers, in order to be able 

to export electricity to the Nordpool market; 

4. The reduction of the annual average electricity price for Åland’s private consumers. 

 
 

The Energy Plan software and the RetScreen software were both utilized to design possible 

scenarios that can fulfill the abovementioned objectives. A more comprehensive outlook of the 

functions of the two software are highlighted in the next subchapter. 

 
2.1 EnergyPLAN 

 

EnergyPLAN is developed by the Sustainable Energy Planning Research Group of Aalborg 

University and its formal denomination is “Advanced energy system analysis computer model” 

(Lund, 2015). The model is usually adopted for simulating large or medium scale energy 

systems, but it is even used for modeling small and isolated systems. 

EnergyPLAN is an input/output software that follows an hourly timescale. The possible fields 

of study are several: from the transport to the industry sector as well as the heating, the cooling 

and the electrical system. (Lund, 2015) 

For this study, only the power sector is analyzed and modeled, especially because it is the key 

factor (compared to the other sectors) to achieve the renewable based energy shift. 

The model gives a complete holistic view of the simulated system. The user can define and 

format a variety of system features and characteristics. The main input are dived in two areas: 
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the technical and the economic area. 

The technical section has three main input fields: the energy demand, the energy supply and the 

balancing and storage systems. All the three sections have their own subsections where all the 

technologies and fuels are analyzed in detail. 

Similarly, the fuel as well as the investment and operations and maintenance costs of the various 

services are modeled in the “Cost” chapter. The last two sections regard the system simulation 

and the final outcomes. 

Two kinds of simulation can be run with EnergyPLAN: a technical simulation and a market 

based one. For this study a market oriented one has been chosen. 

At the same time, EnergyPLAN shows many limitations, that are important to highlight. Most 

of the main actual energy technologies and power plants can be modeled, but there are still 

relevant constrains in many technology areas. First of all, the interconnector capacity is a feature 

that has been added just recently by the software designers and this input option does not allow 

the diversification between different interconnectors yet. In other words, if there are two or more 

interconnectors in the system, only the cumulative power capacity can be inputted in the 

software, not as separate units. 

Secondly, the software lacks a detailed section for the energy storage systems. The storage 

system types that can be modeled in EnergyPLAN are: hydro storage, compressed air energy 

storage, hydrogen or gas storage and electricity storage. Nevertheless, only few parameters are 

required as input values. 

Electricity storages are assimilated to other kind of storages, such as hydro storages or pumps 

and turbines. In this way, from one side the software simplifies the operation processes and 

characteristics, from the other it does not enable a fully detailed storage analysis. 

Furthermore, it is still not possible to decide the function of the storage. The electrical storage 

systems (ESSs), for example, are used either as fast-balancing tools, or frequency control, or 

seasonal storage, but EnergyPLAN does not consider any kind of classification and difference 

among them. 
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Fig. 3: An overview of the EnergyPLAN software interface. All the main sections are listed on the left, while the organic 
view of the system is showed in the center (Lund, 2015). 

 
 

2.2 RetScreen 4 

 

RetScreen 4 is a valuable asset for the scenarios. RetScreen 4 has been basically used for 

comparing the EnergyPLAN economic results. The software provides a more complete view 

about the investment range needed for each new installed technology. RetScreen was first 

released by the Natural Resources National Department of Canada. 

Formally it is named as “a Clean Energy Management Software system for energy efficiency, 

renewable energy and cogeneration project feasibility analysis as well as ongoing energy 

performance analysis” (RETScreen International, 2004). RetScreen uses different methods and 

approaches for analyzing the economic feasibility of a project. 

The input parameters are the climate conditions, the technology capacity, dimension and power 

curve and finally all the related costs and financial parameters. The software is based on the 

NASA measurement database for weather, wind and solar potential. Moreover, the 

characteristics of recent wind turbines and solar panels are included in it. 
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Regarding the outputs, the financial viability of the project is defined by different indicators 

such as the yearly cash flow, the Net Present Value (NPV), the Levelized Cost of Energy 

(LCOE), Greenhouse Gas (GHG) reduction cost, Benefit – Cost (B-C) ratio, equity payback 

period and Internal Rate of Return (IRR). Finally, always thanks of RetScreen, a risk analysis 

has been done to determine the sensitivity range in order to achieve positive financial outcomes. 

 

 

Fig. 4: Screenshot of the RetScreen Excel datasheet. The values show the average monthly climatic conditions in Mariehamn, 
based on the NASA database (RETScreen International, 2004). 

 
 

 

2.3 Scenarios 

 

The first step needed before modeling the 2030’s scenarios regards the analysis of the current 

energy system. The latest three years have been studied in depth (2015, 2016, 2017), but only 

the year 2017 has been chosen as the reference year. All the historical data about demography, 

power production levels and mix, demand load, weather conditions, wind and solar power 

curves are based on the reference year. Moreover, all the input parameters and data have been 

collected and inserted in EnergyPLAN for creating the base-year scenario. 



13 
 

The guideline chosen for building the four scenarios is quite straightforward. After analyzing 

the annual hourly electric load, the supply curves for each power provider have been drawn. 

From this first overview, it is possible to determine which kinds of energy sources have major 

roles in the power system. 

The main aim is then to look for an alternative solution for covering the main non-renewable 

sources. In the Åland case, the Swedish 100 MW interconnector currently has the largest 

supplying share and for this reason a new renewable mix has been designed to cover this major 

supply system. Four different Scenarios for 2030 have been chosen for substituting the carbon 

driven resources: 

 
1. High wind integration; 

2. High wind integration + ESS; 

3. High wind and solar integration + ESS; 

4. High wind and solar integration + ESS (without the Swedish interconnector). 

 
 

The considerations and analyses that are behind the scenarios choice are furtherly explained in 

chapter 4. The four scenarios have been created in EnergyPLAN and then compared, even with 

the help of the RetScreen software, to evaluate which solution is more aligned with the three 

original project objectives. 

 
3. The base year design and analysis 

 
As previously explained, the first step needed regards the selection of an initial year to create 

the historical data set. The year 2017 has been chosen for this purpose. 

Reliable and complete datasets for the base year have been released by local Åland’s private 

and public entities and by Finnish institutions. Among them, Krafnät Åland kindly made public 

the hourly islanded demand curve, Fingrid provided the Sweden-Åland hourly interconnector 

capacity exchange data, Allwinds released the power curves of the active wind turbines and 

from the Finnish Meteorological Institute Atlas it was possible to determine the monthly average 

wind speed in different locations. 
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3.1 Electricity demand 

 

The reference year for the scenarios is 2017, but other two previous years were studied in depth 

to have a better understanding of the latest demand load trends. The relevant findings are 

explained as follows. Starting from the annual power demand, the three years show important 

differences regarding the load shape, the weekly curve and the total energy consumed. In 2015 

the total electrical demand just reached 287 GWh, while in 2017 it was already over 310 GWh. 

As a result, in two years the total electrical demand saw a yearly rate increase of 1% (Tab.2). 

 
Tab. 2 The yearly power demand and the relative annual demand increase. (Kraftnät Åland, 2018) 

 

Year Demand load (GWh) Increase from previous year (%) 

2015 287,39 - 

2016 306,18 1,07 

2017 310,64 1,01 

 
 

The capacity level needed for covering the daily and yearly peak demand, in all three cases, is 

relatively small compared to the mainland`s one. In 2015, the maximum peak demand reached 

55 MW, in 2016 increased to 68.75 MW and in 2017 was 65.84 MW (Tab.3). The data just 

considered the maximum yearly demand values that are quite distant from the average ones, in 

fact in 2015 the average power demand was just 33.81 MW, in 2016 was 34.84 MW and in 2017 

was slightly higher: 35.46 MW. (Fingrid, 2018) 

 
Tab. 3: The maximum, minimum and average power capacity demand required in 2015, 2016 and 2017. (Kraftnät Åland, 
2018) 

 

Demand capacity (MW) 2015 2016 2017 

Minimum 14.65 17 17.78 

Maximum 55 68.75 65.84 

Average 33.81 34.84 35.46 

 
 

The load curves have mostly maintained the same shape in all the three years: highest 

consumptions are registered in winter season and lowest consumes in summer time. The average 
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demand load shape sees a common peak between December and February (the average monthly 

values are in the range of 43 – 50 MW) and the lowest consumes between June and August with 

an average demand value below 27 MW. 
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The differences between the summer and winter seasons are increasingly highlighted after 

comparing the daily data. On a typical winter weekday, the daily profile shows two peaks: one 

peak at around 08:00 and the second one at around 17:00. 

On the opposite a summer weekday load shape changes, with the peak hours between 09:00 and 

11:00 and no significant increase afterwards. 
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Fig. 6: Winter weekday demand (MW) and summer weekday demand (MW) comparison, 2017. (Kraftnät Åland, 2018) 

Fig. 5: Average monthly demand (MW), 2017. (Kraftnät Åland, 2018) 
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Even the weekend loads show important variances in terms of peak magnitude and peak time- 

shifts. In a normal winter weekend day, the trend is usually steady and only the evening peak 

(around 18:00) seems to remain while the morning one is shaved. 
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Different is the summer case, where instead of just one peak (in the weekday time), the load 

presents almost a steady level after 09:00, that tend to slightly decrease only after 16:00. 

The big variations, in terms of intensity and load shape, are just a consequence of the small size 

of the islanded energy system. The main power provider that mostly cover the yearly load is the 

Swedish interconnector, followed by the wind generation. The next subchapters analyze how do 

the main supply profiles match the demand curve. 

 
3.2 The Sweden-Åland interconnector load 

 
 

The Alternating Current (AC) Sweden – Åland interconnector (100 MW of nominal capacity) 

contributes for the majority of the power supply. In 2015 the related power supply share was 

71.1% (with 204.2 GWh released), while in 2017 raised until 77.7% (with 241.4 GWh). 

The load shape contributes to cover the yearly, monthly and daily peak demand and at the same 

time to balance the wind production falls. 

Winter weekend load 

Summer weekend load 

Fig. 7: Winter weekend demand (MW) and summer weekend demand (MW) comparison, 2017. (Kraftnät Åland, 2018) 
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Fig. 8: Interconnection power exchange vs total power demand, September 2017. (Kraftnät Åland, 2018) (Fingrid, 2018) 

 

As shown in Fig. 9, the interconnector feeds the power grid almost following the daily demand 

curve. The same happens in a longer timeframe such as the monthly one (Fig.8). As confirmed 

later, the moments when there is less supply from the interconnector correspond to high wind 

production loads. 

The Åland government has lately shown an interest to decommission the Sweden - Åland 

interconnector. The main reason seems to be the high yearly repayment costs that are around 1 

million euro (Leichthammer , 2016). 

As a result, one scenario assesses the future power system without the contribution of the 

Sweden – Åland connection. 
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Fig. 9: Daily Interconnection power exchange vs total power demand, 01.09.2017. (Kraftnät Åland, 2018) 

 
 

 

3.3 Wind power potential 

 

Wind is the main local source exploited in the archipelago. The Åland region is very favorable 

for wind power production. Even if the average monthly wind speed varies from island to island, 

the productivity level is high. Comparing all the possible sites for wind installation, the South 

and the East zones are the optimal ones. The Meteorological Finnish Atlas indicates, at 50 m of 

height, an average annual wind speed of 8 m/s in the Nyhamn-Stora Stegkär island (South) and 

of 7.3 m/s in Sottunga (East). (Finnish Meteorological Institute, 2018) 

From the annual average wind speed trend in the abovementioned locations, Fig.10, it is 

evincible that spring and summer times are less windy than fall and winter times. 

The monthly demand load trend follows a similar shape to the wind one, less demand in summer 

and more in winter. This factor results to be very positive if matched with the demand profile. 

Thus, an increase on wind turbine installations would effectively reduce the need of other 

supplying sources, having less probability to waste or curtail the power production from wind. 
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Fig.10: Average wind speed measured in two different locations: Nyhamn-Stora Stegkär (South) and Sottunga (East). 
(Finnish Meteorological Institute, 2018) 

 

This statement is confirmed after the assessment of the hourly production of the current 

operating wind turbines. The 2017’s data analyzed, kindly made public by Allwinds, consist on 

power production measures for 20 turbines. 

The total measured capacity is 21.26 MW and the final power production stands at 57.6 GWh. 

This amount of energy covered 18.5 % of the total annual electrical demand. 

The intensity of the wind production is of course relatively small if compared to the demand 

load (Fig.11 and Fig.12), on the other hand high levels of wind productivity appear frequently 

through the year. 
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Fig. 11: The specular reaction of the interconnector supply to the wind power production, 18.11.2017. (Allwinds, 2018) 
(Fingrid, 2018) 
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Moreover, it is interesting to analyze how the interconnector and the wind production profiles 

combine together. From Fig.11 it is possible to notice how the interconnector acts in reaction of 

the wind curve variability. This trend can be defined as speculative reaction. 

In all four scenarios the wind share is increased compared to the actual values, but the mentioned 

trend between wind production and power imports will follow the same speculative reaction. In 

this way, the grid stability will be assured without asking for relevant modifications in the 

islanded supply framework. 

All scenarios consider a wind capacity around 150 MW. An important quota of the actual 

installed capacity (21.76 MW) is actually provided by small-scale wind turbines (from 0.5 MW 

to 0.66 MW). The first idea is to substitute these old turbines, at the decommissioning year, with 

larger ones. The latest installed turbines have a capacity of 2.3 MW and the same turbine 

dimensions and brand have been chosen for the future substitutive turbines. Enercon E70 is the 

turbine type, the hub height reaches 98 m and the rotor dimension is 71 m (ENERCON, 2016). 

As a result, just with this conversion the islands would more than double the actual wind 

capacity, achieving 46 MW of installed capacity. This renovation process is common for all of 

the four scenarios. 
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Fig. 12: The Sweden - Åland interconnection vs local wind production, year 2017. (Allwinds, 2018) (Fingrid, 2018) 
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The same provider has been chosen for the other 105 MW wind turbines, but in this case the 

nominal capacity of each turbine is higher: 3 MW. The specific turbine model is Enercon 82, 

with a hub height of 108 m and a rotor diameter of 82 m. (ENERCON, 2016) 

 
 

3.4 Solar power potential 

 

Compared to the wind power, solar has less potential in Åland. Actually, just around 110 kW of 

rooftop panels have been installed in private households so far (Leichthammer , 2016). There 

are three reasons why solar power does not have the crucial role to turn the system into a 

decarbonized one: geographical, economic and technical. Even if the geographical location of 

the archipelago is quite restrictive in terms of solar potential, the annual horizontal irradiance is 

still quite high: around 1000 kWh/m² (Finnish Meteorological Institute, 2018). 

Nordic countries usually show a solar irradiation level similar to the Central European ones, but 

the solar distribution throughout the year is different. Most of the solar irradiation happens in 

spring or summer time, while little is produced during winter times. This is one reason why solar 

power is less attractive in this European region. Secondly, the solar production usually does not 

match well with the daily demand load curve. Specifically, in Åland the solar power curve does 

not follow the same shape of the demand load as the wind curve does. Solar power cannot be 

the major renewable source exploited here even because of its low capacity factor. (Pihlakivi, 

2015) 

However, solar power is part of three of the four scenarios. “Behind the meter” rooftop PV is 

considered a possible solution for the private consumers to achieve more self-sufficiency. 

The number of household dwellings in Åland is about 13,500 and they are mostly detached 

houses (60% of the total) (ÅSUB, 2017). After analyzing the average household rooftop 

dimensions in Åland, the PV capacity has been set at 5 kW. As a result, the rooftop area covered 

by a singular the PV system would be between 40 m² and 60 m². These dimensions have been 

chosen just to supply the domestic consumption and not to export electricity to the grid. 

Assuming that the panels are installed on 40-50% of the total dwellings (5,427 dwellings with 

a total roof surface availability between: 380,000 m² - 476,000 m²), the solar rooftop potential 

for residential customers would be between 28 MW and 34 MW. For this study the whole solar 
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capacity is set to 30 MW. 

In all four scenarios the PV module chosen is a generic and already market-proven 

monocrystalline c-Si module. The module efficiency in standard condition is 15.7% and the 

maximum power output is 200 W/module (Gul, et al., 2016). The total area that would be 

necessary for installing all the modules is around 300,000 m², so absolutely in line with the 

previous rooftop area calculations. 

The inverter coupled with the solar system has the same cumulative capacity (30 MW) and 95% 

of overall efficiency (Vignola, et al., 2008). All the behind the meter solutions have been 

coupled with an adequate battery system. The characteristics and details of the battery are 

described in chapter 4.1. 

 
3.5 Biomass 

 

Biomass is a source already in use in Åland. One of the three CHP plants is in fact based on 

biomass fuel. The plant has an electric potential of 2.1 MWel and a thermal potential of 9 MWth 

(Mariehamns Energi AB, 2017). 

Lately, the biomass fueled CHP plants have seen an increased interest for balancing power 

deployment. With the decreasing electricity prices, the biomass plants hardly compete with other 

power supply systems. In confirmation of that, the Mariehamn CHP biomass plant, from 2012, 

showed a drop in the electricity production because of the very electricity prices. (Leichthammer 

, 2016) 

However, the CHP plant can still cover most of the heating demand of Mariehamn. On the other 

hand, especially mini-CHP plants can still represent a valid solution as reserve power (Schüwer, 

et al., 2016). A future solution then can be to deploy this and a new CHP plant as secondary 

power reserve sources. The new biomass plant dimension will be similar to the actual one and 

both plants together will produce electricity only in case of emergency, giving a total secondary 

reserve potential of around 5 MWel. 
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4. Future scenarios 

 
As reported in the Methodology section, the four scenarios are: 

 
 

1. High wind integration; 

2. High wind integration + ESS; 

3. High wind and solar integration + ESS; 

4. High wind and solar integration + ESS (without the Swedish interconnector) 

 
 

“Scenario 1” is the most simple and economic scenario. Here the wind resource is highly 

exploited, and no PV or Li-ion battery systems are involved. The on-shore wind capacity is 151 

MW; 46 MW from the substitution of the actual wind turbines and 104 MW from new 

installments. The annual revenues coming from the wind production are very promising, as 

showed in chapter 5.2. 

In “Scenario 2”, the Li-ion battery system is added. Its main role regards the provision of reserve 

capacity during peak demand and power quality assurance. 20 MW to 35 MW is the battery 

capacity range coupled with the wind farms. The capacity has been dimensioned so that the 

future gap between the peak and the average capacity demand is covered. 

The third scenario sees the addition of the “behind the meter” PV solar rooftop technologies for 

40% of the islanded dwellings. Furthermore, a Li-ion battery system has been installed to 

provide longer autonomy to the consumers. 

The fourth scenario is identical to the third one, but in this case the Swedish interconnection is 

removed. The last projection follows an actual and possible future intention of the Åland 

government to reduce the yearly connection usage expenses. 

 
4.1 Common features 

 

The four scenarios have many common features. First of all, they register the same yearly 

electrical demand load by 2030: 400 GWh. It is always difficult to exactly forecast the demand 

data in advance, especially because of the relative small dimension of the archipelago, the 



24 
 

possible future increase of tourism and possible new industrial activities. The method used for 

defining the demand level consists on studying the latest (2014, 2015, 2016, 2017) demand 

developments in Åland. As a result, the average yearly demand growth rate has been set to 2 %. 

From the supply side, all the four scenarios are characterized by the presence of the three before- 

mentioned renewable sources, but with different shares and functions in the system. Wind power 

has been recognized as the most deployable source in the islands, thanks to optimal 

meteorological conditions. Solar and biomass have a minor role compared to wind. Solar energy 

is exploited by rooftop systems in residential dwellings and this condition would enforce the 

customers’ condition. Biomass fueled CHPs will be in charge of enhancing the reserve power 

capacity. In all four cases the interconnection between Finland and Åland is maintained, while 

in “Scenario 4” the Sweden - Åland connection is dismissed. 

For Åland it is important to keep the existing connections operational for many reasons. First of 

all, at the present the interconnectors provide a good source to comply with the “N-2” safety 

rule. They can provide the necessary power in case of islanded grid failure within milliseconds. 

Secondly, if in the future Åland is turning into a decarbonized archipelago driven by wind, it is 

probable that the electricity production costs will be lower than the average ELSPOT price. In 

that situation, the islanded power providers would be able to have an active role in the market. 

As a result, the archipelago would have the chance to become constant power exporter for 

mainland and neighbor countries. 

In three out of four scenarios a battery system technology is used. The battery system should 

provide reserve capacity for wind and solar power. In 2017 the maximum consecutive hours 

without a sufficient wind blowing (under or just over the turbines cut-in speed) were around 200 

hours (between the 20th and the 28th of July). Moreover, for other two times of the year the wind 

power production was almost insignificant, with a lack of wind source for about 110 hours (more 

than four days): in mid-May (exactly between the 15th and the 18th of May) and in September 

(between the 17th and the 20th of September). In order to remedy to this inconvenience, the 

reserve power system needs a diversified configuration. 

The battery system, the local reserve power plants have been sized in order to give a short- 

medium range of autonomy to the island. On the other hand, the interconnections are then in 

charge of covering long lasting unproductive hours, when the power demand volume is over the 

reserve capacity of batteries and back-up plants. The next subchapter explains more in detail the 
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storage systems chosen and their main characteristics. 

 
 

4.2 The grid stability and the electricity storage system 

 

Globally there are many valid nomenclatures for describing the main function of an energy 

storage. In this paper, the storage classification is done based on the power (W) versus the energy 

(Wh) capacity. Two different kinds of storage systems are needed to provide flexibility and 

safety to the Åland’s grid: a fast-response storage system and a daily storage system. 

The fast-response storage system is in charge of managing voltage and frequency fluctuations. 

The main aim of this kind of storage is to enhance the grid stability, that in a small grid, as the 

Åland’s one, is essential. Storage systems utilized for these applications usually have very high- 

power capacity and lower energy potential (Waffenschmidt, 2017). 

The second storage type aims to increase the plant productivity for longer time-scales, such as 

hours or even days. In this case, both the power and the energy capacities need to be high enough 

(Görtz, 2015). 

In other words, the storage system would improve the productivity level of the renewable power 

supply in two ways: by providing fast electricity supply in case of a sudden production-load 

imbalance and by assuring enough reserve power during long lasting unprofitable weather 

conditions. 

In the Åland case, the “long-lasting” storage group can be furtherly divided in two sub-groups: 

“Off-grid services” and “Behind the meter applications”. Even if the archipelago is electrically 

connected to mainland, the Scenarios highlights the real chance to make Åland self-sufficient. 

“Off-grid storage services” can provide an important share of reserve power from the supply 

side. On the opposite, “Behind the meter systems” directly act in the distribution grid, providing 

independence and economic savings for private customers. Lately in Europe, most of the 

residential rooftop PV installations have been coupled with “behind the meter storage” 

technologies, that can efficiently manage and control the various unprofitable intermittencies. 

(IRENA, 2017) 

In this work, a Li-ion battery system has been chosen for both “Off-grid services” and “Behind 

the meter applications”. More in specific, the battery system is a Lithium Nickel Manganese 
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Cobalt Oxide (LiNiMnCoO2 or NMC). The NMC battery has been lately seeing a continuous 

growth in terms of deployment for energy storage purposes. In comparison with other Li-ion 

batteries the NMC shows a higher specific energy and power, a good performance and safety 

and finally a decreasing price trend (IRENA, 2017). Authoritative studies affirm that the 

material costs are extremely important to define the final cost of the battery (Wood, et al., 2015). 

Moreover, material optimization usually drives to a higher energy density (Smekens, et al., 

2016). 

Following the just mentioned considerations, it is possible to affirm that the NMC battery results 

to have not expensive and rare materials (such as Nickel and Manganese) in the cathode and a 

very high energy density (between 200 and 700 Wh/kg) compared to other Li-ion storages. 

Based on updated papers, the battery has a lifetime of around 15 to 20 years, considering a range 

of 1,000 to 3,000 charging and discharging cycles. The round-trip efficiency is between 92% 

and 95%, while the depth of discharge goes from 85% to 100% (Tab.4). (IRENA, 2017) 

 
Tab. 4: Main characteristics of a NMC Li-on battery. (IRENA,2017) 

 

 Round-trip 

efficiency 

Depth of 

Discharge 

Lifetime 

(years) 

Lifetime 

(cycles) 

Energy 

density 

NMC battery 92%-95% 85% -100% 15 - 20 years 1,000-3,000 200-700 

(Wh/kg) 

 
 

The battery capacity needed for the 2030’s Åland system varies from scenario to scenario. The 

scenario configuration determines if the storage is needed and in which quantity. 

Starting from the “Behind the meter applications”, solar PV rooftop panels are always coupled 

with a local NMC battery. The capacity of the battery in this case is equal to the PV one. On the 

opposite, a different approach has been used to decide the capacity paired with the wind farm. 

The batteries coupled with the wind farms are basically dimensioned in order to provide enough 

reserve capacity during demand peaks. The difference between the annual average demand and 

the average maximum one is around 30 MW. Following this approach, the Li-ion battery 

capacity has been set at 20 MW and 35 MW. 

For the short-term response, a more exhaustive explanation is needed in order to comprehend 
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the specific issues that can occur in Åland after the implementation of variable renewable energy 

(VRE) sources. First of all Åland, as part of the Nordic synchronous grid, has to maintain the 

frequency around the nominal Nordpool value of 50 Hz, with a maximum operational limit of 

± 0.1 Hz (Nordpool, 2016). 

Around the world, grid codes have been implemented to avoid negative consequences due to 

system failures, such as short circuits, voltage drops or power plant disconnections. The main 

aim of a grid code is to define voltage and frequency limits, assuring grid reliability and fast 

restoring conditions. (Ackermann, et al., 2016) 

Primary, secondary and tertiary control systems act to achieve the just mentioned safety 

purposes. The three systems differ by their way of operating and activation time. The primary 

system has the fastest response time, within milliseconds and seconds. The secondary acts 

within minutes while the tertiary system acts within 10 to 15 minutes and can run for hours. 

(NERC, 2011) 

Regarding the automatization, the first two solutions are automatically activated in case of need, 

while the last one usually activates manually (Ackermann, et al., 2016). Synchronous generators, 

with their inertia response, and dedicated control systems are the two main conventional sources 

needed for providing primary control (De Marco, et al., 2012). Basically, the control system 

activates when the generation side is not immediately acting for restoring a demand-supply 

imbalance. A sudden load increase followed by a non-adequacy from the generation side would 

bring to a frequency decrease. The control system in this case asks for a rapid increase of 

generation. The opposite happens in case of load decrease (Pinson, 2018). In the last decade, 

ESSs have been replacing the conventional balancing systems. Indeed ESSs, thanks to their fast- 

active power compensation, provide a grid stability that can hardly be assured by the inertia of 

traditional generators (Greenwood, et al., 2017). The latest decreasing trend cost is another 

reason why ESS are becoming more attractive for short-time safety purposes (Kerdphol, et al., 

2013). 

VRE sources provide active power output based on the weather conditions, meaning that sudden 

variations in power supply are expected. As a result, the increasing injection of intermittent 

renewables increases the chances of disturbing the grid frequency equilibrium. Even small 

renewable solutions, installed in the distribution side, can undermine the grid stability. For 

example, the overproduction of power from a small PV rooftop system can cause an overload 
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on the low-voltage transmission line (Tielens & Van Hertem, 2012). 

The Åland system can be considered as a micro-grid system, if compared to the mainland one. 

A high VRS integration, both from centralized and decentralized location, inevitably raises the 

chance of grid instability. As a result, a robust and reliable control system has to be implemented 

in parallel to the new renewable installations. 

The kinetic technology considered for the primary frequency control is a state of the art flywheel 

solution. The fast discharge time and power capacity are the two main factors making the 

flywheel one of the most appropriate options for frequency containment and restoration 

(Amiryar & Pullen, 2017). 

Even though flywheels show great differences among each producer and application, the 

flywheel characteristics were chosen based on the 2016’s benchmark report made by IRENA 

(Tab.5). 

 
Tab. 5: Main characteristics of the chosen flywheel technology (IRENA,2017) 

 

 Round-trip 

efficiency 

DoD Lifecycle 

(years) 

Lifetime 

(cycles) 

Energy 

density 

Flywheel 85%-90% 75%-90% 20-25 years 10,000- 

100,000 

200 Wh/L 

 
 

Even if other ESS technologies, such as Li-ion, lead acid, Ni-Cad batteries, vanadium-redox 

flow batteries, super capacitors or superconducting magnets, are other possible options for 

frequency regulation, flywheel results to be the more appropriate now and in the next future 

(Greenwood, et al., 2017). Comparing it with a Li-ion battery, flywheel shows a faster response 

time, better efficiency (over 95%), lower degradation ratio and longer lifetime (up to 100,000 

cycles) (Morray, 2017) (Östergård, 2011). Moreover, energy specialists forecasted that in the 

near future the flywheel technology is going to be especially competitive in the power balancing 

area or frequency regulation, while batteries will probably have a wider expansion area as “load 

following” storage systems (Kirby, 2004). In all the Scenarios, the flywheel capacity has been 

set between 5 MW (10 MWh) and 7 MW (14 MWh). 
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5. Results 

 

The four scenarios provide great differences in terms of technical and economic outcomes. In 

this study, Åland has been analyzed in two ways: as a single system and as a system composed 

on many interdependent sub-systems (for example sub-systems are the new wind farms or the 

household solar systems). The distinction has been made for the purpose of having clearer 

economic perspective of the total investments. In the first case, Åland is considered as a unique 

body where the power supply comprehends all the local power production forms plus the 

imports, while the power demand regards the local power consumption plus the export. The 

holistic perspective puts the spotlight on the Åland’s chances to gain an active role (as an energy 

exporter) in the Nordpool system. 

The second analysis considers more restricted boundaries. In this way, the profitability and 

productivity of the Åland subsystems (such as the 150 MW wind farm or the battery-PV 

household systems) are independently evaluated. 

 
5.1 Technical analysis 

 

As previously stated, the annual demand is estimated to be 400 GWh by 2030. An important 

parameter for understanding the Åland system dynamic regards the gap between the average 

hourly demand with the relative maximum value. If in 2017 the yearly difference between the 

average and maximum demand levels were around 30 MW, in 2030 it is about 40 MW (from an 

average value of 46 MW to a maximum value of 85 MW). As a result, the demand load in the 

future would have more intense fluctuations, making the system more complex in terms of 

demand-supply balancing. 

All the 2030 scenarios show a great increase on the wind power supply share. In all scenarios, 

the 150 MW wind turbines production, with an average capacity factor of around 33%, is around 

440 GWh, so slightly more than the total local demand. Obviously, the wind power curve does 

not match the load demand curve continuously, so part of the electricity is exported to, or stored 

in the batteries, or in extreme cases even curtailed. In six months the average wind production 

overcomes the total power demand. The main difference between the wind production and the 
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average demand happens in March and December; in the latest month the average wind capacity 

used is around 68 MW while the average demand is just 55 MW. 

Another relevant finding regards the profitability assessment of the battery system coupled with 

the wind farms. The results show that the NMC Li-ion battery system does not seem to have a 

great impact on the system dynamics, apart from improving the power quality of the system. 

The simulation results show that a 20 MW battery does not release more than 10 -15 GWh per 

year. Moreover, no frequent charging and discharging cycles are foreseen, mainly because of 

the more economic valuable export option. The average monthly battery capacity used is just 1 

MW and that highlights even more the low impact to the grid. In “Scenario 2”, a further analysis 

has been done in case of 35 MW of NMC Li-ion batteries are paired with the wind farms. 

Similarly, the battery just doubles the total power release range (around 20 GWh). As a 

consequence, the power stored results to be just 5% of the total wind power production. 

In “Scenario 3” and “Scenario 4”, 40% of the rooftop households are covered by a 5 kW PV 

rooftop solar system. The yearly solar production (considering all installations) is 40 GWh. This 

value is relatively small, compared to wind. Indeed, even though the solar capacity installed is 

about 30% of the wind capacity, the final energy production is just 10% of wind production. 

As previously explained, two biomass CHP plants are part of the four scenarios. In this paper, 

even if lately the power production from this source has seen a decline (because of the low 

power market prices) (Leichthammer , 2016), in 2030 a constant power production level is sold 

to the grid. The power capacity constantly feeding the grid is 2 MW. Considering a capacity 

factor of 0.9, the total annual production is around 15 GWh. 

Looking to the import-export balance, all scenarios show a greater level of export compared to 

import. The result is a direct consequence of the large wind farms implementations. The first 

scenario shows a total export surplus of 10 GWh. The electricity import level stands at 140 GWh, 

while the export stands at 150 GWh. The installation of the 20 MW of Li-ion battery system 

increases the amount of export by another 10 GWh (160 GWh of power exported). 

For “Scenario 3” and “Scenario 4”, the PV plus battery system do not increase the export share 

because no solar power is sold to the grid. 
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5.2 Economic analysis 

 

The economic analysis chapter describes the main economic findings of the study. Starting from 

the holistic perspective, the export revenues are always present in the four scenarios. The Elspot 

market price chosen is: 35 €/MWh. The price is aligned to the present (2017 and early 2018) 

average monthly market price. In addition, a progressive price increase of 1% per year has been 

considered. (Nordpool, 2018) 

In all scenarios, the maximum export surplus level over import is just between 10 GWh to 

20GWh. The total annual revenues from import/export transactions go from 350,000 €/y (35 

€/MWh and 10 GWh of export surplus) to 1 M€/y (50 €/MWh and 20 GWh of export surplus). 

Regarding the investment costs, the wind farm implementation necessities the largest 

investment efforts. The 151 MW wind farm can be divided into two sub-farms: 46 MW from 

substituting the current turbines (with new 2,3 MW turbines) and 105 MW from installing new 

and more powerful turbines (with 3 MW of rated capacity). Both the two farms are characterized 

by common economic parameters. First of all, the project lifetime is 25 years for both and the 

financial way to pursue the investment is debt financing, with a bank loan for 15 years, a debt 

interest rate of 10% and an investment debt ratio of 90% (meaning that 90% of the total 

investment is covered by the bank loan). The total initial costs follow the latest wind turbine 

investment trends registered in Germany. From the VDMA report, the actual onshore wind 

turbine average investment cost, plus installation, plus transportation cost are around 980 €/kW. 

This data refers to turbines with a generator size between 2 MW and 3 MW and a hub height 

lower than 100 m. The standard deviation for this turbine model is about 88 €/MW in average. 

(VDMA, 2018) 

Still following the same reference, the total ancillary costs stand at 387 €/kW. The ancillary 

costs include road connection, planning cost, foundation expenses, grid connection and other 

related costs. Even in this case the standard deviation is quite high, around 40% (VDMA, 2018). 

As a result, the total investment cost for the 46 MW turbines is around 63 M€, while for the 105 

MW is 143.5 M€ (both considering 1,367 €/kW). The total capital investment for both farms 

would be then around 207 M€. The prices have been set considering the planning and 

implementation costs of the project at the current time. (VDMA, 2018) 
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Tab. 6: Economic parameters for the wind projects 
 

Financial strategy Debt financing 

Projects lifetime (years) 25 

Bank loan period (years) 15 

Debt interest rate 10 % 

Debt ratio 90 % 

Elspot Price (€/MWh) 35 €/MWh with an annual increase of +1 %/y 

 
 

Always focusing on the wind projects, it is possible to estimate the annual revenues and their 

financial viability over their lifetime if most of the electricity produced is sold to the Elspot 

market. From the RetScreen simulations, 440 GWh in total are annually produced. Supposing 

that about 90% (400GWh) to 100 % of the produced electricity is sold to the grid, the annual 

revenues are between 14 M€ (with the average Elspot price at 35 €/MWh and 400 GWh exported) 

and 17.4 M€ (with 39.5 €/MWh and 440 GWh exported). 

The annual operations and maintenance (O&M) costs are always based on the previous relevant 

German benchmarking report (VDMA, 2018). In this case the total O&M costs over the project 

lifetime (25 years) are estimated to be 5.9 M€ (56 €/kW). 70% of the total O&M costs are 

considered variable costs, while just the 30% are fixed O&M costs. Dividing the total O&M 

costs by the project lifetime, the annual O&M costs are around 2,240 €/MW/y, meaning a total 

336,000 €/y for 150 MW. Even in this case, the benchmarking study affirms that the standard 

deviation is quite high: around 30%. Despite of that, this thesis considers realistic and accurate 

the average O&M annual cost defined by the reference study. (VDMA, 2018) 

In conclusion, summing up both the debt repayments and the annual O&M costs, the final annual 

life cycle savings are around 0.95 M €/y. For the 46 MW project the payback period is 22 years, 

while for the 105 MW one it is between the 22th and the 23rd year. The cumulative cash flow 

shows the maximum debt around the 15th year (last year under loan) and a maximum profit in 

the last year for a total of around 46.45 M€. This result has been achieved considering 35 €/MWh 

as the average export price and an annual electricity export escalation rate of 1% (Elspot price 

in 2030: 39.5 €/MWh). The very positive outcomes are confirmed by the final LCOE achieved: 

33.06 €/MWh (Tab.7). 
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Tab. 7: “Scenario 1”, Economic assessment 
 

 Capital 

investment 

(M€) 

O&M costs 

in 25 years 

(M€) 

Annual 

life cycle 

savings 

(M€/y) 

Cumulative 

revenues 

after 25 

years (M€) 

LCOE 

(€/MWh) 

46 MW, wind project 1 63 2.58 0.37 16.29 32.63 

105 MW, wind project 2 143.5 5.88 0,56 30.16 33.38 

TOTAL, 151 MW 206.5 8.46 0.94 46.45 33.06 
 
 

On the other hand, just an increase of the annual electricity export escalation rate or a decrease 

of the debt interest rate can make the final revenues even more attractive. For example, 

considering the same projects’ costs but with a debt interest rate of 8%, the final revenues would 

be of 87.5 M€, almost doubling the first result. Of course, very positive results are achieved 

considering lower wind on-shore capital costs. 

In the 2nd scenario, the NMC battery pack is coupled with the wind farm. As previously showed, 

the battery does not sharply increase the electricity export rate. From the economic perspective 

the introduction of 20 MW/52 MWh of Li-ion batteries would increase the initial investment 

costs of about 27.6 M€. The capital cost has been calculated on the basis of already market- 

proven Li-ion batteries for large and medium scale systems: 1,300 €/kW and 500 €/kWh (Tesla 

Motors, 2018). With this addition, the initial capital costs would be around 235 M€. The final 

result shows that the cumulative revenues are negative: around -0.5 M€ (Tab. 8). This result 

suppose that the battery system lifetime is 25 years. In reality, Li-Ion battery system should be 

substituted after 15 - 20 years, making the system even more costly. On the other hand, just a 

slight increase of the Elspot price or a reduction of the debt interest rate to 8% would turn to a 

positive cumulative outcome. 
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Tab. 8: Scenario 2, economic assessment (without considering the battery substitution after 20 years) 
 

 Capital 

investment 

(M€) 

O&M 

costs in 

25 years 

(M€) 

Annual 

life cycle 

savings 

(M€/y) 

Cumulative 

revenues after 

25 years (M€) 

LCOE 

(€/MWh) 

150 MW of wind + 

20 MW of Li-ion 

battery 

234 9.01 - 0.72 - 0.5 36.42 

150 MW of wind + 

35 MW of Li-ion 

battery 

252 9.37 - 2.1 - 32.15 37.73 

 
 

 

“Scenario 3” and “Scenario 4” consider the PV plus battery implementation. The two 

technologies are installed in 40% of private households. 5 kW rooftop PV system capital cost is 

set around 1,350 €/kWp (Jäger-Waldau, 2017). This data is based on the European Commission 

benchmarking 2017 report that considers the average European PV residential system price. 

1,210 €/kWp is the calculated price for manufacturing and installing the PV system (Jäger- 

Waldau, 2017). Around half of these costs are for the PV modules, while another half is for the 

inverter (around 53 %) (Wirth, 2018). Fees and insurance costs stand around 140 €/kWp (Jäger- 

Waldau, 2017). Finally, the final capital cost for a 5 kW PV rooftop system achieves quota 6,700 

€. The solar PV has been sized just for covering the electrical domestic need and not for 

exporting power to the grid. As discussed in chapter 3.4, the solar power production load usually 

does not coincide with the demand load. Without any battery addition the solar generation can 

directly match only 20% to 40% of the local household demand. The direct consequence is that 

1 MWh to 2 MWh of electricity per year is not bought from the grid (5 MWh is the yearly 

average household demand). Considering that the current average electricity price in Åland for 

small consumers is about 140 €/MWh, the total annual savings would be in a range of 140 € to 

280 € per year (Tab.9). 

In order to give more autonomy to the domestic power generation, an NMC Li-ion battery 

system is coupled with the PV one. The battery pack dimensions in this case are: 5 kW of 
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capacity and 13 kWh of energy potential. The same battery costs are applied here as for the 

wind-battery system: 1,300 €/kW and 500 €/kWh (Tesla Motors, 2018). For a 5 kW Li-ion 

battery the total capital cost is 6,500 €. This cost includes even insurance, installation costs, 

taxes, permit fees, electrical upgrades costs (Tesla Motors, 2018). The addition of a battery 

system to the PV one almost doubles the initial investment costs: from 6,700 € to 13,250 €. The 

O&M costs are set at 2% of the initial investment: 264 €. Differently from the wind turbine 

projects, in this case the private consumers would be the direct investors. The investment volume 

of each project results to be relatively small and affordable for the Åland’s customers. As a 

consequence, no capital costs are covered by a debt financing (in the other cases was 90%). 

The battery increases the self-reliance status of the dwelling, reducing the grid imports from 60% 

to 65% per year (without the battery system the power autonomy was under 40%). The final 

annual revenues are then around 420 €/y and 490€/y. 

For an optimal payback period, around the 20th year after the initial investment, the payback rate 

should be of about 560 €/y - 600 €/y. In this paper the savings are around 70 €/y - 140 €/y lower 

than the minimum optimal one, making the return of investment too low. As a result, without 

any kind of incentive, the solar rooftop PV system, coupled with the market proven NMC Li- 

ion battery, is not economically beneficial. A reduction of the electricity price for private 

consumers would even reduce the annual savings, making the investment even less profitable. 

From a global perspective, installing a solar PV plus battery system to 40% of the archipelago’s 

households would require 79.5 M€ of investments (40 M€ for the solar and 39 M€ for the 

batteries). The O&M costs in total are 1.59 M€. Considering a yearly declining electricity price 

for household with a rate of -1.5%/y, the financial assessment shows a negative outcome. For 

example, the final LCOE reaches quota 168.39 €/MWh and the lifetime total losses are around 

13.2 M€. For the single investor, the average annual life cycle loss would be of 150 €/y, for a 

final total loss after 25 years of about 2,200 €. 

 
Tab. 9: Economic parameters for the solar plus battery projects 

 

Average electricity price for private consumers 140 €/MWh 

Electricity price trend Two cases: - 0 %/y and -1.5 %/y 

Financing strategy All paid at once, no loans 
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Tab. 10: Scenario 3 and 4, economic assessment with the 2017’s average annual electricity price. * Holistic perspective: 30 
MW of PV solar + 30 MW of Li-ion battery. ** Individual perspective: 5kW of PV solar + 5 kW of Li-ion battery. 

 
 Capital 

investment 

(€) 

O&M 

costs in 

25 years 

(€) 

Average 

annual life 

cycle savings 

(€/y) 

Cumulativ 

e revenues 

after 25 

years (€) 

LCOE 

(€/MWh) 

Holistic 

perspective 

79,500,000 1,590,000 - 10,050 10,261,950 140.26 

Individual 

perspective 

13,250 265 - 2 1,710 140.26 

 
 
 
 
 
 
 

 

Finally, the last scenario shows just few modifications compared to the third one (Tab.10,11). 

The main difference stands in the back-up power system. The disconnection of the SWE-Åland 

transmission line would determine a reduction of reserve power capacity. As previously 

explained, in the future the interconnectors would work both as primary supply sources in case 

of high demand and as spinning reserve in case of system failures or wind falls. In the last 

scenario the two Finnish interconnectors would be the only solutions for providing long lasting 

reserves. 

The disconnection of 100 MW of capacities (SWE-Åland connection) would necessarily bring 

a back-up capacity addition under other forms, meaning new investments and possible 

introduction of non-renewable solutions. Moreover, the primary frequency control system need 

to be upgraded for facing more probable demand-supply imbalances. 

In conclusion, the total investment sum for implementing solar, wind, battery systems, flywheel 

(Scenario 3 is the one that comprehend all the beforementioned components) is around 320 M€. 
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In this calculation the new biomass CHP plant (2 MWel) cost and the renovating cost for the 

existing one have not been considered. 

 
Tab. 11: Scenario 3 and 4, economic assessment with an annual electricity price decrease of - 1.5%/y. *Holistic perspective: 
30 MW of PV solar + 30 MW of Li-ion battery. **Individual perspective: 5kW of PV solar + 5kW of Li-ion battery. 

 

 Capital 

investment 

(€) 

O&M 

costs in 25 

years (€) 

Average 

annual life 

cycle 

savings (€/y) 

Cumulative 

revenues 

after 25 years 

(€) 

LCOE 

(€/MWh) 

Holistic 

perspective* 

79,500,000 1,590,000 - 912,850 - 13,180,000 168.39 

Individual 

perspective** 

13,250 265 - 152 - 2,197 168.39 

 
 
 
 
 
 
 

 

6. Conclusions 

 
The study outlines four power scenarios for Åland by 2030. The main findings regard the 

technical and economic feasibility assessment for each new technology installed. EnergyPlan 

and RetScreen 4 are the two software used for the simulations. 

Wind power results to be a very attractive solution for making the island more sustainable. 

Moreover, the revenue profile shows positive outcomes around the 24th – 25th year, even without 

the support of any subsidy policy. 

Solar power shows a more limited production profile compared to the wind one. Climate 

conditions and demand matching issues are the main causes of a modest power production. 

Rooftop panels coupled with NMC Li-ion battery systems are the chosen solutions studied for 

the archipelago. Even though the entity of the capital cost is similar to the wind project (always 
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around 1,300 €/kW), the solar profitability results more dependent from the market price (in this 

case from the private consumer electricity price). For the private investor who bets on the solar 

plus battery system, a future drop of the electricity bill would determine a reduction on savings. 

The direct consequence is a negative NPV. A proper aid coming from the local or the national 

government can certainly be a solution for making the solar investments effective and less risky. 

Another important focus of the thesis regards the battery systems. They have been analyzed in 

two different contests: coupled with 150 MW of wind capacity and in support of each singular 

solar installment (5 kW of solar plus 5 kW of Li-ion battery). The first solution aims to reduce 

more effectively voltage and frequency issues related to the intermittent nature of wind power. 

The second one aims to assure a higher level of autonomy for the household systems. 

In addition to this storage form, a 5 MW to 7 MW flywheel system is part of the grid in all four 

scenarios. In this case the main aim is to provide a fast-response solution during local grid 

disruptions. The time scale in which the flywheel can be activated is seconds, making it the 

preferred choice for the primary control system. 

The local biomass CHP plants and a share of the interconnector capacities represent the 

secondary and tertiary reserve systems. Of course, it is important to re-affirm the necessity to 

follow the N-2 safety rule in islands. Actually, part of the interconnectors capacity is used for 

back-up purposes (in total around 150 MW). As a result, in case of the SWE-Åland 

interconnector disconnection, the actual capacity share used as reserve potential (around 42 MW) 

needs to be substituted with another back-up source with the same or higher capacity. This fact 

suggests then to avoid the “Disconnection Scenario” (“Scenario 4”) and to maintain the actual 

SWE-Åland connection not only for safety but even for economic reasons. Finally, “Scenario 

1” results to be the most profitable one compared to the other ones. At the same time even if 

“Scenario 2” needs higher investment efforts compared to “Scenario 1”, it assures a higher level 

of grid safety and self-reliance. 

The last note regards the possible future areas of investigation. From the economic assessment 

perspective, this study has not comprehended a detailed analysis of the possible impacts of 

government incentives and subsidies. Secondly, social and environmental externality costs and 

benefits associated to a high renewable power injection are not assessed. Furthermore, the 

technology capital and O&M costs are based on the 2017 average values. This decision was 

made in order to make the study more reliable and based on actual cost trends. Surely, would be 
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interesting to proceed with a revenue study but using next-future cost trends. 

From the technical perspective, a whole grid requalification and upgrade plan has been just 

partially included in the study. The issues related on the substitution of the wind turbines have 

not been analyzed in depth. 

Moreover, because of the absence of measured solar hourly data in Åland, the solar projections 

have been done based on RetScreen data and compared with the hourly productivity patterns 

registered in Southern Finland. Lastly, the exact functioning and dimensioning of the primary 

back-up system installed in a micro-grid with high renewable power production is a current 

discussed and studied topic (Kerdphol, et al., 2013). In the future, a more accurate study, based 

on an analytic algorithm method, can determine the exact optimal flywheel dimensions for 

assuring more stability for the future Åland grid. 

In conclusion, the Master Thesis is aimed to identify possible sustainable solutions in Åland and 

it offers possible insights for policymakers. The simulations included market proven 

technologies and current prices, in order to make the study more reliable. 
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