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Abstract: As energy systems globally are transitioning into renewable energy, simultaneous targets
of high self-sufficiency have led to complex system design proposals. While conventional technology
solutions would reduce the complexity in theory, limitations in the potential outcome may exist. To
address this dilemma, the work quantified the systemic value provided by a conventional solution;
biomass combined heat and power (CHP) production, in terms of economic feasibility, provided
flexibility and energy self-sufficiency. The analysis focused on the renewable energy integration
of the Åland Islands, where the synergetic island energy system is heavily increasing the wind
power capacity. While considering local fuel resource availability, multiple alternative energy
system scenarios were constructed. To evaluate the scenarios, the work developed and validated
a combined dispatch and investment optimization model. The results showed that the studied
conventional approaches limited the achievable self-sufficiency in the power sector (80.6%), however,
considerably increasing the value from the present state (18.5%). Second, compared to previous
studies, the results indicated a low value from biomass CHP in the wind-based energy system.
Instead, the combination of high wind capacity and power-to-heat enabled the best economic
feasibility and high self-sufficiency, which could be further improved by lower electricity taxation.

Keywords: combined heat and power; flexibility; island energy system; system optimization

1. Introduction

Energy systems throughout the world are undergoing a transition from fossil fuels to
renewable energy. The transition is driven by global targets of climate change mitigation,
along with cost reductions in variable renewable energy [1]. Globally, the installed solar
photovoltaic (PV) and wind power capacities were estimated to increase by 107 GW and
65 GW in 2020, respectively [2]. This large-scale deployment of non-dispatchable variable
renewable energy (VRE) increases the need for energy system flexibility. Lack of flexibility
leads to increased system cost due to multiple reasons, such as reducing the profitability
of dispatchable baseload units, increasing the utilization of peaking units, and power
curtailment in VRE production [3–5]. To address the lack of flexibility, solutions including
energy storages, strong transmission and distribution networks, flexible demand, and the
production of synthetic fuels from renewable energy have been presented [6–8].

Alternatively, dispatchable bioenergy and conversion of power to heat enable tech-
nologically mature options for providing energy system flexibility while simultaneously
turning the energy production renewable. The most prominent solution of the former can
be considered combined heat and power (CHP) production using biomass fuels, which
allows for a higher total efficiency compared to the separate production of heat and power.
Globally, CHP production represented roughly 30% of the bioelectricity generation in
2017 [9]. In Europe, CHP production provided 72% of the generated bioelectricity in
2019 [10], and is expected to remain an integral option in long-term system development
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despite new sustainability criteria for biomass [11]. The techno-economic feasibility and po-
tential for wind integration of CHP production have been studied in literature in different
settings, and have been shown to be related to the type of the used CHP technology [12],
unit sizing [13] and other flexibility elements in the system. Rinne and Syri [14] found
CHP production an economical option for balancing a wind-based system when combined
with a thermal energy storage. Similarly, Lepiksaar et al. [15] concluded a combination of
power-to-heat and thermal energy storage to increase the flexibility of CHP production in
a district heating system, and Luo et al. [16] revealed power-to-heat conversion to increase
both the system economic performance and the flexibility of CHP production in a wind-
based island microgrid. Pilpola and Lund [17] evaluated flexibility options for wind power
in the Finnish national energy system, showing CHP production to lead to lower wind
penetration and a higher system annual cost than separate heat production, thus limiting
wind integration. Power-to-heat technologies have been considered to allow cost-efficient
heat production at times of high availability of wind or solar power [18]. Some examples
of the technologies are large-scale heat pumps, which require a low-grade heat source
along with electricity, and electric boilers, which are able to operate solely on the available
electricity. In district heating applications, the electrification of the production has been
seen as attractive in terms of its economic feasibility [19] and provided flexibility [20], but
can be constrained by taxes associated with the production [21].

Island energy systems enable an attractive platform for variable renewable energy
integration studies. In comparison to continental energy systems, the structure of island
energy systems is often less complex [22], which enables a technology to be demonstrated
as a key part of the system—yet at a relatively small scale. Furthermore, although small
islands are often abundant in VRE resources, such as solar and wind, the power supply
mainly relies on imported fossil fuels [23]. Therefore, effective VRE integration would not
only bring environmental benefits, but would also increase the energy self-sufficiency of
the islands. This paper focuses on the Åland Islands, an autonomous Finnish province
located in the Gulf of Bothnia in the Baltic Sea. While Åland consists of over 6700 islands,
the population of 29500 mainly live on 60 of the islands [24]. The energy and climate
strategy set by the government of Åland [25] aims to reduce carbon dioxide emissions by
60% in comparison to its 2005 levels at 260,000 tons, to increase the share of renewable
energy of the total consumption to 60%, and to supply 60% of the electricity demand by
local and renewable sources by 2030.

On the global scale, the Åland Islands are one among many island energy systems
transitioning into renewable energy that have recently attracted research interest. For
example, energy system studies involving high VRE integration have been conducted
on the Canary Islands [26], La Gomera (Canary Islands) [27], Faroe Islands [28] and
Ometepe [29]. Islands with ongoing transitions towards 100% renewable energy supply
include El Hierro [30], Tilos [31], and Samsø [32]. Samsø can be considered to provide the
closest comparison to the Åland Islands, sharing similarities in terms of high wind power
installations, high share of biomass in district heating, and power transmission capability
to the mainland. The island with roughly 3700 inhabitants provides 6% of its electricity
demand with imports, with the rest originating from wind and solar PV.

1.1. Previous Work Related to the System

In literature, the renewable energy transition options for the Åland Islands have been
evaluated by several studies with different approaches. Leichthammer [33] presented
an outlook of the Åland energy market without focusing on the system configuration.
Child et al. [34] using system optimization concluded that Åland could be fully sustain-
able by 2030 when considering the power, heating and transportation sectors. With a
combination of high amount of electric vehicles capable to bidirectional charging, and
production and storage of synthetic fuels, the determined share of imported electricity was
only marginal. In the different scenarios presented by the authors, the amount of electric
vehicles varied mainly from 16,000 to 32,000, with the latter representing 100% of the vehi-
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cle fleet in 2030. The increased power demand of the electric vehicles was covered by solar
PV, majority of which (50 MW to 55 MW) was assumed to be implemented as a centralized
installation and the rest (15 MW to 28 MW) as residential installations. In addition, 110 MW
to 170 MW of installed wind power was assumed. The conceptual design proposed by
Jacobson et al. [35] combined different energy storage methods together: power-to-gas
on a seasonal level, and battery energy storage as well as virtual battery aggregated from
roughly 4000 electric vehicles on an hourly level. In addition, a solid biomass CHP plant
(20 MWe) was included. Most recently, Pääkkönen and Joronen [36] evaluated the plant
level feasibility of biomass CHP providing energy system flexibility in Åland. The study
concluded that a biomass CHP unit could operate profitably in the energy system with
high VRE integration when the availability of low-cost fuel and sufficient income from
generated heat could be secured.

1.2. This Work and Contribution

The previous work suggests that a nearly self-sufficient energy system would be
possible in the Åland Islands. However, two research questions with implications on a
more general level can be identified. First, as a system, Åland may select its targeted
independence from imported electricity due to existing power transmission capacity. The
previous system designs have aimed to high self-sufficiency by utilizing solutions such
as vehicle-to-grid power discharging or local synthetic energy carrier production. While
the system designs have been shown to be theoretically functional, the outcome relies
on the utilization of advanced technology solutions and technology adoption of private
consumers. Consequently, the related uncertainties may form a barrier for implementation
of other parts in the system design, ultimately preventing local energy and climate targets
from being achieved in time. On the contrary, while lower technological ambition could
concretize as faster system implementation, tradeoffs such as a limited level of indepen-
dency from imported electricity, or limitations in local fuel resource availability, may exist.
As the dilemma applies to other energy systems aiming for energy transition, the study
aims to quantify the potential tradeoffs.

Second, on technology level, biomass CHP has been shown to be a feasible option
generally and for the studied island energy system. With the local biomass availability,
the inertia of the district heating grid and a connected thermal energy storage, the system
would benefit from the flexibility provided by the biomass CHP. However, it is unclear
how the option compares to other cost-optimal designs from the system viewpoint. There-
fore, by evaluating different system configurations varying in wind capacity and flexibility
measures, for example electrifying a part of the district heating production or utilizing a cen-
tralized electrical energy storage, the value of biomass CHP can be comparatively assessed.

2. Materials and Methods
2.1. Current Power and District Heating Sector

In recent years, imported electricity from Sweden has accounted for over 75% of
electricity supply mix of Åland [37]. The electricity is transferred from Sweden to Åland
through an 80 MW connection, which has a contractual limitation of 58 MW. In addition to
Sweden, Finland has two transmission connections to Åland. The first connection is rated
10 MW and is primarily utilized to provide electricity for the islands, while the second
connection rated 100 MW can also be utilized. In total, the transmission capacity without
contractual limitations is 190 MW [38].

The most significant local source of electricity in Åland is wind power, which has
represented roughly 20% of the annual supply during the recent years [37]. The current
plant fleet consists of nineteen wind turbines, both onshore and offshore, with a total rated
power output of 21.3 MW [39]. The installed wind capacity is expected to increase by
roughly 163 MW if three planned wind projects are realized [38]. For solar PV, the local
energy and climate strategy considers the technology as a complementary energy source,
since solar radiation is low during the months with the highest demand. Consequently,
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approximately 5% of the annual electricity consumption in 2030 is expected to be supplied
with solar PV [25]. Solar thermal production is not considered as a system level solution in
the strategy, and therefore, not included in the study.

The majority of the district heating in Åland is produced in the Mariehamn network
(119.4 GWh) [40]. In 2017, 86% of the heat was produced from renewable fuels, which
are mainly residues obtained from the local wood industry [41], consisting of industrial
residues (bark and sawdust) and forest residues (branches and tops). Heavy fuel oil CHP
units in the network have been primarily used for heat generation, and are therefore
considered as heating boilers in the study. In addition to the Mariehamn area, two small
heating networks with both biomass and oil boilers exist in the region, but are excluded
from the study due to low relevance for the entire system.

2.2. Evaluation of Fuel Resources

In order to decrease the reliance on imported electricity and to replace the remaining
fossil fuels used in district heating production, the alternative fuel resources available in the
system are explored: solid biomass, biogas, and municipal solid waste. For solid biomass,
the woody biomass potential for energy use based on sustainable forestry values has been
assessed [42]. In order to estimate the energy content, the biomass potential values are first
converted into loose cubic meters based on estimated energy density [43]. Consequently,
the estimated energy content is roughly 395,000 MWh/a, or 45 MWh/h. The potential of
biogas production in Åland in terms of locally available feedstock has been estimated to be
approximately 35,000 tons per year [44]. Annually, roughly 3.2 million m3 of biogas with a
methane concentration of 63% could be created from these sources. Using a specific energy
content of 4–6 kWh/m3 for biogas [43], an average value of 16.5 GWh can be estimated as
the energy content. Finally, the annual municipal solid waste potential in the Åland Islands
has been estimated as 32,500 tons [45].

The solid biomass can utilized by biomass heating boilers and biomass CHP units,
for which new investments can be considered realistic based on the local fuel availability.
At present, the energy from biogas is mainly used in internal processes of several companies,
such as a local chip factory [46] and a milk processing plant [47]. Therefore, the possibility
of new biogas heating investments is excluded from the study. While direct combustion
and anaerobic digestion to biogas could be used to convert the municipal solid waste
into energy, the waste is currently shipped from Åland to Sweden for incineration due to
the poor economic feasibility of local utilization [46]. Therefore, the work excludes the
possibility for investments related to waste-to-energy.

2.3. Studied Scenarios

Based on the presented system information, seven different scenarios are formulated
to evaluate the energy system feasibility and operation, consisting of capacity assumptions
summarized by Table 1. Two scenarios are created to act as a reference and to validate
the optimization model. The scenario “Base” estimates the current state, simulating the
energy system using reference data from 2017. In scenario “BAU”, the current energy
system is simulated for the year 2025, assuming the power and heating demand to increase
based on the current trends. Alternative scenarios are then created for the year 2025.
“Dispatch” expects moderate increase in the installed wind capacity (85 MW) and allows an
investment to be made for biomass CHP with a maximum capacity of 15 MWe, combined
with a thermal energy storage. “Low Variable” assumes an equal amount of wind power
(85 MW), but excludes the possibility for the biomass CHP investment. The scenario
“Variable” assumes that all the planned wind projects are realized, leading to a total capacity
of 185 MW. Due to the high installed wind capacity, the scenario is expanded in “Variable
Heat” by adding an electric boiler with a maximum capacity of 15 MWth and in “Variable
Battery” by adding a battery energy storage of 15 MWh. In all the scenarios for 2025,
solar PV capacity of 15 MW is assumed to exist corresponding to the expected residential
capacity [25], and investments on additional biomass heating boiler capacity (maximum
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30 MWth) are allowed, with BAU being an exception. The capacity assumptions for both
the optimized production unit investments and fixed storage technology investments
reflect the previous concept studies for the island [35,36] that include considerations of the
practical unit sizing.

Table 1. Summary of the production and storage unit capacities in the simulated scenarios. The existing dispatchable units
are marked with an asterisk (*). For the technologies marked with two asterisks (**), the capacity is optimized using the
shown value as the maximum value.

Production Unit Unit Base BAU Dispatch Low
Variable Variable Variable

Heat
Variable
Battery

Oil boiler #1 * MWth 24 24 - - - - -
Oil boiler #2 * MWth 45 45 - - - - -

Biomass boiler #1 * MWth 11 11 11 11 11 11 11
Biomass boiler #2 * MWth 5 5 5 5 5 5 5

Wind power MWe 21.3 21.3 85 85 185 185 185
of which onshore MWe 13.8 13.8 43.8 43.8 43.8 43.8 43.8
of which offshore MWe 7.5 7.5 41.2 41.2 141.2 141.2 141.2

Solar PV MWe - 15 15 15 15 15 15
Biomass CHP ** MWe - - 15 - - - -
Biomass boiler ** MWth - - 30 30 30 30 30
Power-to-heat ** MWth - - - - - 15 -

Thermal energy storage MWh - - 350 - - - -
Battery energy storage MWh - - - - - - 15

2.4. Techno-Economic Parameters

Datasets for the electricity and district heating demand are retrieved from local compa-
nies, Kraftnät Åland and Mariehamns Energi, respectively, representing the hourly values
for 2017. In order to estimate the hourly values for 2025, the demand is assumed to increase
based on the past trends. For both electricity and district heat, an annual growth rate of
1.5% is used [37,48]. Therefore, the electricity demand in 2025 is estimated to be 350 GWh,
and the district heating demand to be 132 GWh, which also accounts for a heat loss of
10.9% in the district heating network [48]. For the price of district heat, 80 €/MWh without
seasonal variance is used in accordance to the average value in Finland in 2017 [40]. Hourly
market prices for electricity are estimated based on price information of the Nord Pool
SE3 bidding area in 2017 [49]. The fuel costs are estimated based on typical Finnish values
and may slightly deviate from those realized in the Åland Islands. For local forest-based
biomass and oil, the prices are set as 25 €/MWh and 50 €/MWh, respectively, with the latter
including the fuel tax. The emission factors for the fuels are retrieved from the national
fuel classification [50]. The cost of fossil CO2 emissions is selected as 5.8 €/ton for 2017
based on the historical data of EU Emissions Trading System [51] and increased to 40 €/ton
in 2025. For heat converted from power in the Variable Heat scenario, an electricity tax of
22.53 €/MWh is applied [52].

Hourly wind and solar production values are obtained by converting local weather
data into production data using unit models. For wind power, the hourly wind speed data
available [53] closest to each site is converted into power output using power curves for
existing and planned offshore and onshore wind turbines [54] based on the wind turbine
type. The data is corrected to the estimated hub height of the turbines by applying the wind
power law. For solar PV, polycrystalline panels are assumed, and with a locally estimated
production ratio, a total production efficiency of 14.1% is achieved. The hourly production
values are calculated based on the available solar radiation data from Mariehamn [53]
and the estimated production efficiency after determining the total panel area from the
nominal capacity (15 MWe) and standard test conditions (1000 W/m2). The irradiance
conditions of the island are considered to be sufficiently represented by the single dataset.
For both wind and solar power, the optimization model prohibits the curtailment of the
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generation. All the production that cannot be utilized within the system is exported, unless
the maximum transmission capacity is exceeded; in such cases, the optimization problem
is considered infeasible.

The introduced system techno-economic parameters are summarized in Table 2. For
the existing units and new unit investments, the techno-economic parameters are presented
in Table 3, with the cost parameters mainly derived from the Danish Energy Agency [55].
Exceptions are offshore wind power, for which a cost estimate based on local conditions
in Åland has been presented [34], and thermal energy storage [34]. For all the invest-
ments, the annual investment payment is calculated using weighted average cost of capital
(WACC) of 7%. Linear conversion functions based on constant efficiency are used to
calculate the heat or power output from fuel input for the dispatchable units. For CHP,
considered as a grate steam boiler with a backpressure turbine, both heat (50% efficiency)
and power (30% efficiency) are generated with a constant share based on fuel input without
a possibility to vary the ratio. Minimum load of 30% is selected for CHP and not included
for the other production units, for example the biomass boilers considered as decentralized
hot water boilers. Finally, the storage technologies are simplified to operate ideally without
losses. The thermal energy storage, a large partially existing cavern hot water storage, is
assumed to be available with the capacity of 350 MWh/17.5 MW, and may only be charged
with the biomass CHP. The battery energy storage is assumed to represent a centralized
lithium ion-unit with a capacity of 15 MWh/15 MW, and may only be charged with wind
power; not using imported electricity or solar PV.

Table 2. Techno-economic parameters assumed for the scenarios. Values used in the Base scenario are shown in brackets.

Parameter Unit Value Source

Electricity demand GWh/a 350 (311) Kraftnät Åland
District heat demand GWh/a 132 (119) Mariehamns Energi

Maximum transmission capacity MW/h 190 [38]
Average electricity price €/MWh 31.2 [49]

Average district heat price €/MWh 80 [40]
Price of biomass €/MWh 25 Assumption

Biomass emission factor t/TJ 112 [50]
Price of oil €/MWh 45 [56]

Oil emission factor t/TJ 73.1 [50]
Price of CO2 emission allowances €/t 40 (5.8) [51]

Table 3. Techno-economic parameters applied for the different power, heat and storage technologies (1 €/kWth, 2 €/MWhth,
3 €/kWhth, 4 €/kWhe).

Technology Efficiency
(%)

CAPEX
(€/kWe)

Fixed OPEX
(% of CAPEX)

Variable OPEX
(€/MWhe)

Investment Lifetime
(a)

Wind, onshore - 900 2.6 2.4 30
Wind, offshore - 1300 2.3 2.7 30

Solar PV - 950 1.2 0 30
Biomass CHP 50/30 3550 4.2 3.8 25

Biomass heating
boiler 90 665 1 4.8 1.0 2 25

Electric boiler 98 65 1.6 0.96 20
Thermal energy

storage - 3 3 0.3 0 40

Battery energy
storage - 200 4 1.5 1.9 25
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2.5. System Optimization Model

In order to evaluate the scenarios, an hourly combined investment and dispatch opti-
mization model based on mixed integer linear programming is created with Pyomo [57] and
solved with IBM CPLEX [58]. Appendix A presents the model formulation in detail. The
model optimizes the hourly dispatch of the production units as well as the storage systems,
and resolves the optimal rated power of the dispatchable units to which an investment is
allowed. The objective function of the optimization model is to maximize the system net
profit that consists of income terms (sold electricity, sold district heat and exported electric-
ity) and cost terms (consumed fuel, other variable OPEX, CO2 emission allowances, and
imported electricity). In the scenarios with capacity optimization, the annual investment
payment of the unit is included in the objective function as a cost term. The optimization
model is bounded with a number of hard constraints on both the unit and system level.
On the unit level, minimum and maximum load limits are applied. On the system level,
the hourly power demand must be covered by a combination of imported electricity and
local power supply sources including storage. Similarly, the supplied district heat from
production units and thermal energy storage must be equal to the district heat demand
every hour, meaning that the model does not account for flexibility of the district heating
network itself.

In each scenario, the installed capacities of wind power and solar PV are introduced
to the optimization problem as constant parameters, and the hourly production values are
calculated as presented previously. For electricity transmission, both the power imports
and exports are equally constrained by the transmission line hourly maximum capacity. To
simplify the optimization model, the power transmission lines from Åland are aggregated
as one line responsible for all the power exchange with the neighboring power areas. The
electricity imports are cost-penalized in the objective function by a factor of ten, which sets
the option last in the merit order; if still used, the local power demand could not be met
with any other combination of available options.

To validate the optimization model, the optimized system operation in the Base sce-
nario is compared with the realized system operation of 2017. The calculated values, shown
first in the brackets closely match with the reference data by, for example, considering
the wind production (57.3/57.5 GWh), oil heating boiler utilization (16.7/16.7 GWh), and
imported electricity (253.3/258.2 GWh). Acknowledged simplifications affecting the model
validity include the modelling of the district heating network as a single grid, exclusion of
power transmission losses, as well as the use of constant unit efficiencies.

3. Results
3.1. System Operation

In the power sector, summarized by Figure 1, the system operation greatly depends
on the installed wind capacity. With the current (21 MW) and moderate (85 MW) capacity
assumptions, the annual wind production is 57.3 GWh and 209.8 GWh, respectively. In-
creasing the installed wind capacity to 185 MW raises the annual wind production to 611
GWh, being almost twice the local power demand. The scenarios with a low amount of
installed wind, Base, and BAU, show a high reliance on imported electricity, representing
81.5% and 79.7% of the power supply mix, respectively. The share of imported electricity is
decreased when the installed wind capacity is increased to 85 MW in Low Variable (45%)
and Dispatch (26%). In Dispatch, the CHP unit notably reduces the need for imported
electricity, being able to produce electricity during the periods without wind production.
Due to the assumption of the constant share of heat and power production, the CHP unit
is however not able to fully benefit from its dispatchability; at times, the heating demand
would be exceeded if the CHP unit maximized its power production. Finally, the lowest
shares of imported electricity are achieved in the Variable scenario (20.4%) and its alter-
natives Variable Heat (20.4%) and Variable Battery (19.4%). The battery energy storage
therefore decreases the electricity imports slightly; by 3.7 GWh, but is not fully utilized due
to the available possibility for power transmission.
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In the district heating sector, summarized by Figure 2a, the heat in the Base and BAU
scenarios is mainly supplied with the biomass heating boilers, whereas the oil boilers
provide the peak demand, representing 14.0% and 18.4% of the total fuel consumption in
the scenarios, respectively. Although the price of CO2 is in BAU increased, the utilization
of oil boilers increases due to increased district heat demand and the limited capacity of
the biomass boilers. In the alternative scenarios, the existing oil boilers have to be replaced.
Generally, the heat is supplied mainly with new biomass boilers excluding the Dispatch
and Variable Heat scenarios. In Dispatch, the CHP unit generates the base load, covering
most of the district heat production (90.0%) while biomass boilers are used to provide peak
demand. Simultaneously, the biomass consumption (253.5 GWh) shown in Figure 2b is
also greater compared to the other scenarios, for example, Variable (146.9 GWh), due to
lower thermal efficiency compared to biomass boilers. In Variable Heat, electric boilers
provide only a minor part of the district heating demand (2.3%) while the rest is generated
by biomass boilers. If the electricity tax were removed, the production of the electric boiler
would increase from 3.0 GWh to 23.1 GWh, simultaneously decreasing new biomass boiler
capacity investments to zero. For clarity, Appendix B presents the production unit level
values for both the power and district heating sector.

On a monthly level, the scenarios show differences particularly in imported and ex-
ported electricity, which is mainly explained by the variability in wind production. The
current amount of installed wind capacity in Base and BAU results in import surplus
during every month. In BAU, the increased electricity demand leads to increased imports,
with the highest increase during the colder months (November to March, +4 GWh/month).
When considering the scenarios with moderate wind capacity, Low Variable and Dispatch,
in the latter the level of imports is clearly less seasonally dependent due to the biomass
CHP. Although import surplus takes place in both the scenarios every month, in Dis-
patch the imports are comparatively lower during the winter (November to December,
−8 GWh/month) when the wind production also reaches its highest values. In the scenar-
ios with high wind capacity, export surplus is achieved every month with values ranging
from 3 GWh/month (May) and 44 GWh/month (December). The decreased imports in
Variable Battery compared to Variable are evenly distributed over the year, being roughly
0.3 GWh/month.
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3.2. Economic Feasibility

Figure 3 presents the economic feasibility of the system in different scenarios, display-
ing the annual net profit formed from different cost and income terms. In the Base scenario,
most of the income is generated from sold district heat, whereas imported electricity is the
largest cost factor. In the BAU scenario, the profitability of the energy system compared to
Base decreases. As both the electricity and district heating demand increase, the contin-
ued reliance on imported electricity and increased oil usage in heat production lead to a
lower annual net profit (−3.9 M€/a) than in Base (−2.5 M€/a). The other scenarios for the
year 2025, excluding Dispatch, are economically more feasible than BAU. With the added
wind capacity, the lower share of imported electricity decreases the associated cost, but
the annual investment payments increase notably. Simultaneously, the income from local
electricity sales increases and in the scenarios with high wind power capacity, exported
electricity becomes the jointly highest source of income. In Dispatch, cost savings are
achieved through decreased power imports enabled by the production of the CHP unit, but
the additional investments costs decrease the annual net profit (−7.9 M€/a). Furthermore,
the increased biomass consumption leads to the highest fuel cost of all the scenarios. Con-
sequently, in Low Variable, with the same amount of installed wind power as in Dispatch,
more electricity is imported to the system but the annual net profit (−3.4 M€/a) is higher.
The Variable scenario (−3.0 M€/a) and its alternatives perform economically the best while
enabling the highest self-sufficiency in the power sector. The battery energy storage in
Variable Battery slightly improves the annual net profit (−2.9 M€), as more wind power
can be used locally and less imported electricity is required. The economically best scenario
is Variable Heat (−1.9 M€), which benefits from the lower specific investment cost and
fixed operating costs of electric boilers compared to biomass boilers. If the electricity tax is
excluded from the electric boilers, the Variable Heat scenario reaches an annual net profit
of −1.6 M€.
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3.3. Sensitivity Analysis

Sensitivity analysis is carried out for all the future scenarios to understand the impact
of the possible situations that the system may face. First, the wind production is varied
10% in both directions, representing different weather years. Second, it is considered that
the power demand could increase due to a combination of increased number of electric
vehicles and electrification of local industrial processes. The third varied parameter is
the district heating demand, for which an increase would be possible with additional
consumption points in the current district heating grid, or an expansion of the grid to
new parts of the island. Figure 4a,b respectively show the effect of varying the sensitivity
parameter value on system annual power imports and system annual net profit. For the
other techno-economic parameters, the default values are used.

In all the scenarios, increased power demand has a strong impact on the economic
feasibility of the system, as either decreasing electricity exports or increasing electricity im-
ports are generally the only options to compensate for it. Consequently, the imports increase
in the Variable scenario and its alternatives (+28 GWh/a), Low Variable (+57 GWh/a) and
Dispatch (+50 GWh/a). While the CHP unit benefits the Dispatch scenario, the unit was
already utilized highly with the default power demand and cannot be upscaled due to
capacity limitations. Consequently, the scenario shows the highest relative increase (55%)
in the electricity imports.
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The impact of varied wind production depends on the installed wind capacity. Similar
to the increased power demand, decreasing the wind production by 10% increases the
electricity imports. The increase is 2.0% in BAU and, on average, 8.0% in the other scenarios.
On the contrary, increasing the wind production by 10% does not translate directly into
decreased electricity imports, as the production and demand do not fully coincide. The
electricity imports are decreased by 2.0% in BAU and on average by 6.5% in the other
scenarios. With varied wind production, Variable and its alternatives show higher variance
in the annual net profit (±1.9 M€/a). Particularly the feasibility of Variable Heat is affected,
as the availability of wind power influences the operation of the electric boilers. Therefore,
the scenario exhibits the highest relative change in the annual net profit (±105%). In con-
trast, the scenarios with a lower amount of installed wind power show a higher resilience
to changes in the wind production. However, only a marginal difference between Dispatch
(±0.89 M€/a) and Low Variable (±0.94 M€/a) can be observed economically, indicating a
small benefit from the CHP unit in the system balancing due to lower variance. Similarly,
only marginal benefits from the battery energy storage can be observed when comparing
the variance in the Variable and Variable Battery scenarios.

Due to the availability of low-cost fuels and the relatively high price of district heat,
increased district heating demand improves the economic feasibility of the scenarios when
the possible grid expansion costs are not considered. The improved feasibility can be
particularly observed in Variable Heat, in which the full load operating hours of the electric
boilers are increased compared to the scenario with default district heating demand. In
Dispatch, the increased district heating demand also decreases the power imports by 4.7%,
as the utilization of the CHP unit can be increased.

4. Discussion

When comparing the simulation results to the most relevant reference system, the
island of Samsø, lower self-sufficiency was achieved in the power sector, with the best
scenario yielding 80.6% compared to 94%. The results suggest that full self-sufficiency in
the power sector of the island is challenging to achieve, and maintaining a certain reliance
on imported electricity can be considered reasonable. As the system relies on local wind



Energies 2021, 14, 6423 12 of 19

production, the solution alternative to imported electricity would have to be capable of
continuous discharge due to varying wind conditions. When observing the load duration
curves of the optimized scenarios, the production method alternative to power imports
would have to be capable of filling continuous energy deficits of 3.7 GWh with 40 MW
peak demand. To further decrease the reliance on imported electricity, increasing the local
electricity production using biogas turbines would be possible due to the fuel availability
(165 GWh/a). However, the option would imply changes to the existing biogas usage in the
island, and the unit investment would likely be economically unfeasible due to low peak
utilization time. Alternatively, synthetic fuel production could contribute to decreasing the
amount of imported electricity, but the implementation potential is limited based on the
low availability of pure CO2 sources on the island [35].

Due to local fuel availability, biomass CHP was considered an attractive technology
option that could also improve the power system self-sufficiency. However, based on the
simulation results, basing the energy system around the technology was not found to be
economically feasible. While the CHP unit acted as a baseload and provided balancing
during periods of low wind generation, the economic feasibility was the lowest out of the
studied scenarios, despite the availability of low-cost solid biomass. As an advantage, anal-
ysis of monthly balances showed decreased seasonal dependence from imported electricity
when compared to a similar system without the biomass CHP. However, in sensitivity
analysis, the operation of the system was not shown to be significantly less sensitive to
decreased wind production. To increase the self-sufficiency in the power sector, the ca-
pacity of the CHP unit could be scaled up from the selected maximum value with two
implications. First, although the estimated biomass availability was not exceeded in the
scenario, the fuel price could increase with a greater fuel consumption due to potential
challenges in acquiring and transporting the biomass. Second, the CHP unit provided
most of the district heating demand in the scenario, meaning that at a larger capacity,
the unit would displace existing biomass heating boiler production or would have to be
operated increasingly following the power demand. The latter option was also explored
by Pääkkönen and Joronen [36] and noted to benefit economically from high operating
flexibility, particularly in terms of lower minimum load.

Electrifying part of the district heating production was found to be the most feasible
option economically. The option benefitted from the high wind capacity, which at times was
sufficient to meet the local power demand and convert the maximum possible amount of
wind power into heat, yet still being able to export the rest. Although the utilization of the
electric boilers was limited due to the applied electricity tax and income lost from exported
electricity, the lower investment costs compared to biomass boilers and high valuation of
district heat compared to exported electricity made the scenario economically favorable.
Removing the electricity tax was shown to imply changes to the optimal system design,
increasing the power-to-heat conversion from 3.0 GWh to 23.1 GWh. While industrial-
scale heat pumps were excluded from the study due to lack of identified local waste heat
availability, the technology could offer a superior solution due to higher power-to-heat
efficiency compared to the electric boilers. Considering the other scenarios with different
technology solutions, additional value was gained from a centralized electrical energy
storage, which increased power sector self-sufficiency by one percentage point when
compared to a situation without the storage. Factors limiting the value of the storage
included high available transmission capacity, and the modelling approach, which allowed
the storage to be only charged with wind power.

On system level, the studied scenarios generally improved the economic feasibility
compared to the present situation while simultaneously increasing the share of locally
produced renewable energy. It should be noted that the studied scenarios show negative
annual net profit, which is mainly explained due to the wind power. The results exclude
the national feed-in tariff for the wind production [59], as Åland is not eligible for the
tariff. In reality, both the existing and upcoming wind projects may receive additional
financing through a regional support mechanism, which the results do not account for
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due to a lack of data from the tariff levels. In practice, the economic feasibility of the
scenarios would rely on the completion of large wind projects, but all the scenarios could
be implemented with the existing power transmission capacity, as the theoretical maximum
power transmission capacity (190 MW) was not reached in any of the scenarios. The
maximum hourly import took place in BAU (69.6 MW) and the maximum hourly export in
Variable and its alternatives (160.2 MW). The values imply that all the available transmission
lines would have to be heavily utilized at times because of power export, opposed to the
current primary utilization of one of the transmission connections. Consequently, if the
power transmission capacity was temporarily limited due to technical reasons, the forced
production curtailment could make the scenarios with higher wind capacity less feasible.

5. Conclusions

The starting point for renewable energy transition in the Åland Islands is advanced,
as the district heating sector is readily mainly renewable and large power transmission
capacity is available. However, as over 75% of the electricity is currently imported and
large increase in wind power capacity is planned, the problem focused on finding the
cost-optimal method for supporting the wind integration. The work outlined the approach
to technologically mature solutions, including conversion of power to heat and combined
heat and power (CHP) production using solid biomass, which simultaneously could be
implemented without large infrastructure changes, provide system balancing, and convert
the energy production renewable. As a benefit of the approach, the achievable results or
their timeline do not rely primarily on private consumers.

Due to the available power transmission capacity, the island energy system has the ease
to select the targeted level of self-sufficiency in the power sector. Therefore, the formulated
scenarios did not set full self-sufficiency as the strict target; instead, 80.6% was reached with
the best scenario consisting of high wind capacity (185 MW) and an electrical energy storage.
With the studied approaches, increasing the value would require changes reducing benefits
in the existing system design, such as altering material circulation loops to reallocate fuel
resources from their current use, replacing existing biomass-based heat production capacity,
or underutilizing the power transmission infrastructure. Alternative approaches such as
the production of synthetic fuels or hydrogen, or as shown by a previous study, supporting
the power sector with vehicle-to-grid discharging, should be consequently focused also in
other similar systems, if the primary target is full self-sufficiency.

While the role of biomass CHP has been seen important and considered a cost-effective
option to provide system flexibility, the study did not find the technology a favorable invest-
ment option in the wind-based energy system. Although the CHP unit would make use of
local biomass resources such as forest residues with no other significant use, the investment
would not be justified due to low economic feasibility based on the modelling. The annual
net profit was shown to be −7.9 M€/a, which was lower than in the business-as-usual
scenario (−3.9 M€/a). However, biomass CHP was shown to decrease seasonal depen-
dence on imported electricity, and therefore, to increase the resilience of the system. The
results showed power-to-heat as economically the best option for the system (−1.9 M€/a)
due to effective utilization of wind power peaks coinciding with district heating demand,
allowing powerful sector coupling. With more stringent sustainability criteria for biomass,
and lower electricity taxation for the power-to-heat conversion, the solution could become
an even more preferable option for the island and other similar systems.

When interpreting the results of this study for other areas, conclusions can be drawn
from the relative benefits of the different approaches. However, the local characteristics
such as weather conditions and variable renewable energy potential, demand patterns,
and the available technology options all influence the results. For further research, several
points can be identified. Regarding the simulated system operation, the study included a
limited amount of scenarios and sector coupling. A wider range of technology options to
provide the heating in an island energy system, at least in a complementary role, could be
considered. Examples of such technologies include geothermal energy and solar thermal
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production. Second, although the developed optimization model was successfully vali-
dated against reference data, not all the relevant phenomena were captured by the model.
For example, the results of the work could be enhanced by accounting for grid thermal
inertia, which could be achieved with dynamic system simulation. Finally, the simulations
assumed that imported electricity is available for the island at all times. A strict requirement
of temporary capability to island mode operation would be favorable for local dispatchable
production such as biomass CHP, but also important from the system resilience perspective,
and therefore could be considered in similar future studies.
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Nomenclature

BAU Business-as-usual
BB Biomass boiler
CAPEX Capital expenditures
CHP Combined heat and power
EB Electric boiler
OPEX Operating expenditures
PV Photovoltaic
VRE Variable renewable energy
WACC Weighted average cost of capital

Appendix A

The model consists of two different optimization tasks: scheduling the unit and storage
operation on hourly resolution with a full foresight within the year, and optimizing the
capacity of potential new investments. For the capacity optimization, yearly time resolution
is used, leading to a single time window. The symbols used in the model equations are
introduced in Table A1.

Table A1. Notation used in the optimization model description.

Notation Description

p parameter
v variable
t hour index
T set of hours (1 . . . 8760)
u unit
U set of units
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The objective function (Equation (A1)) of the model includes the cost and income terms
relevant for the studied system. The income terms comprise income from sold electricity
(Equation (A2)), income from sold district heat (Equation (A3)), and income from exported
electricity (Equation (A4)). The included cost terms are fuel costs (Equation (A5)), other
variable operating costs such as electricity tax (Equation (A6)), emission allowance costs
depending on the fossil fuel share in the fuel mix of the unit (Equation (A7)), costs from
imported electricity (Equation (A8)), and annualized investment costs of units included in
the capacity optimization (Equation (A9)).

vobj = ∑
t∈T

(
vin,el

t + vin,th
t + vin,export

t
−vcost,fuel

t − vcost,OPEX,var
t − vcost,emission

t − vcost,import
t

)
− vcost,inv (A1)

vin,el
t = ∑

u
vel

u,t · p
price,el
t (A2)

vin,th
t = ∑

u
vth

u,t · p
price,th
t (A3)

vin,export
t = vel,export

t · pprice,el
t (A4)

vcost,fuel
t = ∑

u
pfuel,nom

u · vload
u,t · p

price,fuel
u (A5)

vcost,OPEX,var
t = ∑

u
pfuel,nom

u · vload
u,t · pcost,OPEX,var

u (A6)

vcost,emission
t = ∑

u
pfuel,nom

u · vload
u,t · pprice,CO2 · pshare,fossil (A7)

vcost,import
t = vel,import

t · pprice,el
t · ppenalty,import (A8)

vcost,inv = ∑
u

vinv
u (A9)

In addition to the variable terms, fixed costs are calculated for determining the system
annual net profit. Equation (A10) presents the calculation of fixed operating costs for the
heat and power generation units based on the unit nominal capacity. For the units included
in the capacity optimization, the fixed operating costs are taken into account in the specific
investment cost. The annualized investment cost for the fixed unit investments, for example
variable renewable energy and storage technologies, is calculated in Equation (A12) using
the weighted average cost of capital, investment lifetime, and the investment present value
(Equation (A11)).

pcost,OPEX,fix = ∑
u

pnom
u · pcost,OPEX,fix

u (A10)

pcost,investment = ∑
u

pnom
u · pcost,inv,spec

u (A11)

ppayment
u = pcost,investment · pWACC

u ·
(

1 + pWACC
u

)plifetime
u

/
[(

1 + pWACC
u

)plifetime
u − 1

]
(A12)

For all dispatchable units generating heat or power, the fuel input is converted into
heat and power outputs using Equations (A13) and (A14). For the CHP unit, the mini-
mum and maximum load constraints are formulated using binary variables as shown in
Equations (A15) and (A16). For other boiler units, minimum load is not applied to save
computational time.

vth
u,t = pfuel,nom

u · vload
u,t · peff,th

u (A13)

vel
u,t = pfuel,nom

u · vload
u,t · peff,el

u (A14)

vload
u,t ≤ vstatus

u,t · pload,max
u (A15)

vload
u,t ≥ vstatus

u,t · pload,min
u (A16)
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Energy balance equations constrain the hourly operation of power system (Equation (A17))
and district heating system (Equation (A18)) so that the demand is equal to the supply,
accounting for unit production, storage discharge, power transmission, as well as cal-
culated wind and solar production. Possibility to overproduce the demand or curtail
the variable renewable power generation is not included. For the power transmission
(Equations (A19) and (A20)), the hourly transmission is constrained below the maximum
transmission capacity.

pel,dem
t = ∑

u∈U
vel

u,t + dvstorage,cap,el
t + vimport

t − vexport
t + pwind

t + psolar
t (A17)

pth,dem
t = ∑

u∈U
vth

u,t + dvstorage,cap,th
t (A18)

vel,import
t ≤ pel,trans,max

t (A19)

vel,export
t ≤ pel,trans,max

t (A20)

Both the electrical and thermal energy storages are modelled similarly without ac-
counting for storage losses. The hourly capacity (Equation (A21)) and the hourly discharge
(Equations (A22) and (A23)) are constrained between selected minimum and maximum
values. Energy storages are initialized with half of the maximum capacity (Equation (A24)),
and are expected to return to the initial state at the end of the time horizon (Equation (A25)).

0 ≤ vstorage,cap
t ≤ pstorage,cap,max (A21)

dvstorage,cap
t = vstorage,cap

t+1 − vstorage,cap
t (A22)

pstorage,delta,min ≤ dvstorage,cap
t ≤ pstorage,delta,max (A23)

vstorage,cap
1 = 0.5 · pstorage,cap,max (A24)

vstorage,cap
1 = vstorage,cap

nt (A25)

For the units included in the capacity optimization, the specific annualized invest-
ment cost is calculated using specific investment cost, weighted average cost of capital
(WACC) and investment lifetime (Equation (A26)). The resulting value is multiplied by
the unit maximum potential capacity (Equation (A27)) to create the upper bound for the
annualized investment cost value (Equation (A28)), which is determined by optimizing
the unit nominal capacity (Equation (A29)). Further constraints are applied to ensure
that the investment is correctly calculated: lower bound for the annualized investment
cost value (Equation (A30)), as well as binary constraints for activating the investment
(Equation (A31)) and allowing generation for an activated unit (Equation (A32)), where M
is a large positive number.

pinv,spec
u = pcost,spec

u · pWACC
u ·

(
1 + pWACC

u

)plifetime
u

/
[(

1 + pWACC
u

)plifetime
u − 1

]
(A26)

pinv,max
u = pfuel,max

u · pinv,spec
u (A27)

vinv
u ≤ pinv,max

u (A28)

vinv
u = vfuel,nom

u · pinv,spec
u (A29)

vinv
u − pinv,max

u + M ·
(

1− vactive
u

)
≥ 0 (A30)

vinv
u ≤ M · vactive

u (A31)

pfuel,nom
u · vload

u,t ≤ M · vactive
u (A32)
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Appendix B

Table 2 provides the summary of the system operation in the simulated scenarios,
expanding the information provided in Chapter 3.

Table 2. Summary of the system operation in the simulated scenarios. For the units, the rated capacity and total annual
production are shown. For power transmission, the maximum power, total annual transmission and percentage of total
power consumption are shown.

Unit Base BAU Dispatch Low
Variable Variable Variable

Heat
Variable
Battery

Wind power MWe 21 21 85 85 185 185 185

GWh 57.3 57.3 209.8 209.8 611.0 611.0 611.0

Solar PV MWe - 15 15 15 15 15 15

GWh - 14.0 14.0 14.0 14.0 14.0 14.0

Biomass boiler #1 MWth 11 11 11 11 11 11 11

GWh 26.5 27.4 9.8 78.1 78.1 26.3 30.3

Biomass boiler #2 MWth 5 5 5 5 5 5 5

GWh 76.1 80.3 3.8 29.7 29.7 81.4 77.4

Oil boiler #1 MWth 24 24 - - - - -

GWh 12.1 17.8 - - - - -

Oil boiler #2 MWth 45 45 - - - - -

GWh 4.6 6.5 - - - - -

Biomass CHP MWe - - 15 - - - -

GWhth - - 118.9 - - - -

GWhe - - 71.2 - - - -

New biomass boiler MWth - - 0 27 27 5 27

GWh - - 0.0 24.3 24.3 21.3 24.3

New electric boiler MWth - - - - - 15 -

GWh - - - - - 3.0 -

Power import MWe 61.3 69.6 50.7 65.7 58.3 58.3 70.6

GWh 253.3 278.8 91.0 157.7 71.6 71.6 67.9

% of total 81.5 79.7 26.0 45.0 20.4 20.4 19.4

Power export MWe 0.0 0.8 59.0 59.0 160.2 160.2 160.2

GWh 0.0 0.0 36.0 31.4 346.5 343.4 342.8
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