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Abstract: Towards low-carbon energy systems, there are countries with ongoing plans for
expanding their nuclear power capacity, and simultaneously advancing the role of variable
renewable energy sources (RES), namely wind and solar energy. This crossroads of
capital-intensive, baseload power production and uncontrollable, intermittent RES may
entail new challenges in the optimal and economic operation of power systems. This study
examines this case by hourly analysis of a national-level energy system with the EnergyPLAN
modeling tool, coupled with wind integration simulations (including uncertainty)
implemented using MATLAB. We evaluate the maximum feasible wind integration under
different scenarios for nuclear power plants, energy demand, and the flexibility of energy
infrastructure for a real case study (Finland). We propose wind-nuclear compromise charts
to envision the impact of any mix of these two technologies on four parameters: total costs,
power exchange, carbon emissions, and renewable energy integration. The results suggest
that nuclear power constrains the room for maximum uptake of wind energy by a
descending parabolic relationship. If nuclear power production exceeds 50% of the total
power demand, wind will be unlikely to penetrate in shares over 15% of the respective
demand. Moreover, we investigate the role of four flexibility options: demand side
management, electrical energy storage, smart electric heating, and large-scale heat pumps
(backed with thermal energy storage). Heat pumps (which are in connection with combined
heat and power (CHP) and district heating systems) offer the highest efficiency in
balancing excess power from variable RES. However, power-to-heat options offer a limited
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capability for absorbing high-level excess power, as oversupply arises mainly in the periods
with relatively low demand for heat. This calls for longer-term energy storage and/or other
flexibility options to achieve the planned targets in wind-nuclear scenarios.

Keywords: carbon emissions; electricity market; energy planning; energy storage;
energy system modeling; flexibility requirement; Nordic power market; renewable energy
policy; smart energy system; techno-economic optimization; thermal power plant

1. Introduction

National energy systems are on the threshold of a new transition era. The growth in integration of
intermittent renewable energy sources (RES) has challenged the optimal operation of conventional
power systems, demanding a more flexible energy infrastructure. The expansion of competitive
electricity markets with a marginal cost pricing mechanism introduces volatile prices and an uncertain
horizon for the investment on new generation capacity. On the other hand, more stringent
environmental policies call for an adequate support for the promotion of renewable or carbon-free
energy. Meanwhile, energy security and energy self-sufficiency should not be neglected. The world
energy outlook (2014), published by International Energy Agency (IEA), estimates that the share of
variable RES, namely wind and solar PV, will reach 23% of the total electricity generation in the EU by
2040 [1]. The EU Energy Roadmap aims to mitigate the greenhouse gas emissions by over 80% by 2050
(compared to 1990) [2]. The EU States are hence obliged to consider a wider array of decarbonization
options to accomplish the outlined targets (e.g., bioenergy, hydropower, or nuclear power).

According to the International Atomic Energy Agency (IAEA) [3], China, Finland, India, the
Republic of Korea, the Russian Federation, Pakistan, and the USA are the countries with “nuclear units
under construction and more proposed plans for the future”. In some countries, the new constructions
(or the planned units) will constitute a high share of nuclear capacity (e.g., France, Finland, the UK),
which intersects the ambitious national (variable) renewable energy plans. For instance, in addition to
the current installed capacity of 5.4 GW solar PV, France is to boost the capacity of wind up to 25 GW
by 2020 (in a power system with 63 GW nuclear capacity and 100 GW peak demand) [4]. Finland is one
of the OECD (Organization for Economic Co-operation and Development) countries with ongoing
plans to expand the nuclear power capacity. Nuclear energy is the main pillar of the baseload power
supply in Finland, constituting one-third of the annual domestic power production [5]. Two new
nuclear power plants (NPPs) are expected to enter the grid in the next decade making nuclear
responsible for 60% of the annual electricity supply for a short period, before the present nuclear
power plants will be decommissioned [6]. On the other hand, Finland’s Environmental Policy seeks to
enhance the share of wind up to 10% of the annual demand by 2025 [7]. This study aims to examine
this intersection with an overview of the main deciding parameters on a national-level basis.

Considering wind integration in the power systems with a high share of nuclear, Alonso and
Valle [8] has contrasted the role of wind with nuclear power as two competing alternatives in Spain.
They discover that nuclear could cut a greater deal of carbon emissions with lower electricity generation
costs compared with wind. In [9], the integration of renewable-based electricity (RES-E) for the
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replacement of NPPs in Germany is examined, concluding that the expansion of power grid and the
provision of balancing power might be the main barriers in this regard. Gota et al. [10] has employed
hourly energy system analysis to study the reduction of nuclear power capacity in Romania, replaced by
fluctuating RES. They highlighted lower power exports and the need for energy storage (or other
flexibility measures) as two drawbacks of such substitution plans. The study of simultaneous integration
of wind and large nuclear capacity is not widely discussed in the literature. Shropshire et al. [11]
hypothesizes the combination of flexible small and medium-sized reactors (SMR) in integrating wind
by employing a virtual power plant. However, in this contribution, we examine the case of a typical
nuclear fleet employed as large-scale baseload power plants. We examine the case of Finland as a
country with a high share of nuclear, ambitious plans for wind, and a continuous dependency on power
imports. The aim is to demonstrate the techno-economic circumstances of high-level wind integration
in a real energy system, and to explore remedies for those undesirable consequences. The results are
however applicable to other cases with similar conditions.

The impact of large-scale wind penetration on a power system has been subject for a wide spectrum
of researches in the literature; on the need for operating reserves [12], unit commitment [13], balancing
power [14], and transmission system planning [15]. This study aims to investigate this impact on the
entire energy system in an integrated method by considering the potential of both heat and power
sectors in absorbing fluctuating RES intersected with the nuclear power. First, by the aid of the
EnergyPLAN modeling tool, we build a comprehensive model of the national energy system with
hourly time resolutions to capture the details in heat and power production/consumption. Next,
we model the future wind integrations with MATLAB to create time series of wind variations for
different installed capacities in an adequate detail. Different scenarios are then analyzed based on
growth in power demand, power exchange possibilities, and the share of nuclear. Finally, under high
levels of wind and nuclear, we quantify the magnitude and time of possible excess power as well as the
respective flexibility requirements. Different solutions are compared in dealing with the variability of
wind, including cross-border power transmission, energy storage, demand side management, and the
electrification of heat sector by large-scale heat pumps (LHP) or on-call electric boilers. We also
explore compromises in the optimal mix of wind-nuclear based on five different criteria: maximum
wind penetration, total costs, carbon emissions, share of RES, and self-sufficiency in the power supply.

The remainder of this contribution is structured in five Sections. Section 2 demonstrates the
methodology applied for the modeling of an energy system, modeling of high-level wind integrations,
and a short note on wind uncertainties. The case study is introduced in Section 3 with the input data
and modeling paradigm. The results are presented and discussed in Sections 4 and 5, followed by the
concluding remarks and recommendations in Section 6. This study remains silent about the societal
aspects, geopolitical views, welfare effects, hazards and risks and disposal problems, and a robust
environmental impact (land use, visual impacts, etc.) of the examined technologies. The other
limitations of this contribution are highlighted in more details in Section 2.2.
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2. Methodology
2.1. Modeling of National-Level Energy Systems

In this study, we model the energy system based on hourly analysis to capture the detailed
variations in energy supply and demand. Consequently, it is possible to monitor the impact of heat
demand on power production from combined heat and power (CHP) plants or the use of power to heat
options. Hourly analysis portrays the hourly fluctuations in wind production and the related
consequences in the power system. Besides the complexity of collecting sub-hour data, Deane et al. [16]
indicate that modeling with a time resolution of 5 min improves the results of hourly analysis merely
by 1% in the calculation of yearly costs and benefits. Based on a review of different energy system
modeling tools [17,18], the authors selected EnergyPLAN for the scope of this analysis. EnergyPLAN
offers capability in the analysis of energy systems with a high share of CHP [19], a high share of
variable RES [20], energy storage [21], and the possibility to convert the excess power into different
energy carriers [22].

EnergyPLAN [23] is a tool designed for the modeling and analysis of regional and national-level
energy systems. It is a deterministic tool, which can be employed for technical and economic
optimization of energy systems based on the inputs/outputs defined by the user. The time series inputs
encompass the hourly heat and power demand, hourly distribution of variable RES, hourly inflow of
hydro resources, and hourly distribution of nuclear downtime. The fuel mix and costs, production
technologies including their efficiency and costs, power exchange possibilities and hourly price data
are other input parameters. The user is able to adopt a set of regulations to model the operation of an
energy system. For instance, the operation of CHP plants can be regulated based on the corresponding
heat demand, power prices, or a triple-tariff (applied in Denmark). EnergyPLAN has been previously
employed for the modeling of RES integration into different national energy systems, e.g., Denmark [24],
Ireland [20], China [25], the UK [26], Finland [27], and some other countries [28—30].

2.2. A Market-Economic Scheme for Energy System Modeling

To model the energy system, we employ the algorithm presented in Figure 1, by the aid of
EnergyPLAN modeling tool. The optimization is performed based on a market-economic scheme,
in which the power producers seek to optimize their profits in a competitive market so that electricity
is produced with the minimum possible costs. This resembles the liberalized electricity markets with
marginal cost-based pricing mechanism. For each particular hour during the year, the power and heat
demand is first quantified. Then, inflexible power production modes maintain a major part of the
demand. This encompasses nuclear baseload, river hydro, non-adjustable distributed generation,
inflexible power production in the industry, and other must-run power plants (grid stabilizing plants,
for example). Variable RES-E is another contributor in this step, which cannot be controlled, adjusted,
or converted to the other energy carriers in the first place. The abovementioned power plants supply
the main fraction of the electricity demand in that hour in question.

On the other hand, heat demand is partially met by heat generation at the household level
(individual heat pumps (HPs), electric-resistant heating, and small-scale fuel-combusting boilers),
as well as distributed heat generators at a regional level. Then, the annual heat demand in the district
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heating (DH) networks is determined for each individual hour (see Section 3.3 for more details).
CHP plants together with heat-only boilers supply the heat demand in the DH networks. Consequently,
the respective power produced by the CHP plants is fed to the power grid. Next, the storable hydro
resources maintain the remaining power demand.
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Figure 1. Schematic scheme of the model in supplying power and heat in an integrated
method based on hourly distributions of demand and market prices of electricity—This
procedure is translated into a set of regulation strategies to be run by EnergyPLAN.
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After this step, the energy system exchanges power with the external power market, based on the
market-economic optimization scheme. In case of power deficiency in the system, the marginal cost of
the next (thermal condensing) generating unit is compared with the governing price of electricity in the
external market for that hour.

The new capacity will be settled if the marginal cost of production is lower than the market price.
Power is otherwise imported until reaching the bottleneck in the interconnector. To reflect the impact
of alterations in power exchange on the electricity prices, a price elasticity factor (ep) is employed.
For instance, a price elasticity factor of 0.005 €/ MWh/MW indicate that a new demand for
1000 MWh/h power import to the examined system will increase the power price in the external
market by 5 €/ MWh (relative to a basic power price defined by the user (P,)). The price of electricity
in the external market (Pp,qrker), System price (Psy), basic price (F,), and price elasticity factor (ep),

are related to the amount of net power import (Q,,.¢) as stated in Equation (1):

Psys
Prarket = Psys + P X ep X Qnet (1)
o

The net power export from the system (to be inserted in Equation (1) with a negative sign) will
reduce the power prices in the external market. Therefore, by adopting an iterative loop, EnergyPLAN
optimizes the governing prices after the addition of each power production mode to guarantee the
operation of the least-cost generation mode (versus the possibility of power exchange). In case of
bottleneck in the interconnector, the revenues are divided equally (half of the costs/benefits are
allocated to the system in question). This is analogous to the actual function of a typical electricity
market. The external power market is assumed to function based on the Nash—Cournot concept,
in which the other producers (even in the external market) do not alter their production in different
scenarios projected for the modeled system. After reaching the bottleneck in importing power, the
deficiency in power supply is compensated with domestic condensing thermal power plants, demand
side management, and peak/reserve plants consecutively. In case of excess power (e.g., from variable
RES), a set of flexibility measures must be applied, so that the maximum possible amount of RES-E
could be absorbed to the system. Finally, the power demand is balanced and the remaining RES-E has
to be curtailed (impossible to use, export, store, or convert to other energy carriers). For more details,
concerning the problem formulation in a market-economic scheme the reader can refer to the
documentation of EnergyPLAN tool, Chapter 6 in version 11.1, publicly available in [23].

The drawbacks and limitations of this study in the modeling of an energy system can be categorized
in two groups: (i) related to the tool; and (ii) related to the author’s analysis. EnergyPLAN is not
capable to model the ramping constraints of thermal power plants, while the minimum stable load can
be set for these plants. Since the power plants are modeled in an aggregated manner with the average
values, controlling the merit order of different thermal power plants is not possible. The tool considers
NPPs only in baseload operation with full priority to operate. However, the availability of NPPs can be
inserted in time series to reflect the maintenance downtime or fuel replacement periods. The unit
commitment costs (e.g., stand-by/shut-down/start-up costs) of the thermal (backup) power plants
cannot be calculated. We propose an offline method to calculate the flexibility requirements in
high-level wind integrations (Section 4.5). The tool provisions one interconnector to the external
market (to one price area). In reality, a country may be connected to more than one price area with
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different import/export capacities (as is the case for Finland). The authors admit that this approach can
affect the amount of temporal power export/import. However, the results of our simulations suggest an
annual net exchange with less than 2% relative difference compared to the historical data. The model is
deterministic; it does not capture the uncertainties in the modeling of future scenarios. The authors
apply a limited uncertainty analysis regarding the future variations of wind production (explained in
Section 2.4). The model does not capture the spatial constraints or limitations in the transmission grid,
implying that any wind integration level can be managed by the grid.

In terms of future power prices, energy demand, and emission costs, we apply general assumptions
based on the available references: a robust forecasting method might improve the results of this
analysis. We do not examine the case of smart electric vehicles, power to gas options, and the use of
district cooling in this study. Considering the mentioned flexibility solutions may recover the
maximum wind penetration levels quantified in this study.

2.3. Methodology in Modeling of High-Level Wind Integrations

The methodology explained in this Section is applicable for the modeling of high-level wind
integrations based on the actual wind production data. It is argued that large-scale, aggregated, and
dispersed wind production will experience less periods of peak, calm, as well as lower fluctuations in
very short time periods [31]. Yet the energy system will encounter high variations in time lags as order
of a few hours or longer [32]. Therefore, we employ a simple but robust methodology to account for
the smoothing effect of high-level wind integrations.

In a study by Technical Research Center of Finland (VTT) [33], a wind integration model is built
for Finland up to 4000 MW installed capacity. We adopt the annual duration curve of that scale wind
integration and compare it with the duration curve of today’s actual production data. Then, based on
the relative difference of the two curves, the duration curve of any integration level in the future will
be generated. Finally, the hourly variations of the simulated wind integrations are reproduced based on
the temporal order of the actual hourly distribution (available data). This simulation procedure is
depicted in four steps in Figure 2. Hence, the periods of peak and calm are significantly moderated in
high-level wind uptake over the country. The results of this analysis show an acceptable consistency
compared to other national-level wind integration studies, e.g., the recent VIT’s publication [34].
Offshore wind production is simulated separately by assigning a larger capacity factor. This is based
on the difference in wind speed on the coastal areas of Finland, compared to the offshore locations.
An average difference of 8%—12% is determined for the offshore wind speed at the height of 50 m
compared to 10 coastal locations, based on the Finnish Wind Atlas [35]. Therefore, an annual capacity
factor of 24% for onshore [7], whereas 26% for offshore wind is applied in this study (cf. 28%
Denmark, 27% UK onshore, 36% UK offshore, and 19% Germany based on European Wind Energy
Association [4]).
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a) Actual wind production 2012 b) Duration curve of actual wind, 2012
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Figure 2. Methodology in modeling and simulation of large-scale wind integrations in
four steps: (a) Actual wind distribution in 2012; (b) Actual duration curve; (¢) Comparing
actual duration curve with simulations by a comprehensive wind integration study [33];
(d) Reproducing hourly variations from duration curve for any desirable installed capacity.

2.4. A Note on Uncertainties

Since EnergyPLAN is a deterministic tool, a systematic uncertainty analysis is irrelevant and
non-applicable to this study. However, as we simulate large-scale wind integrations on an hourly basis,
the future fluctuations might influence the results. Koivisto et al. [36], proposes an uncertainty analysis
for wind integration simulations by employing the Monte Carlo method. We obtained a set of time
series of hourly wind productions from the authors of the latter. To incorporate more realistic
assumptions for accepting wind time series for our analysis: (1) We check the capacity factor of the
time series; (2) we consider the monthly-averaged wind production in the past 10 years as upper and
lower binding limits for the monthly averages of our simulations (these limits are adopted from [37]
and illustrated in Figure Al, Appendix A). For instance, the monthly average of stochastic wind
production in our model for January does not exceed the highest historical recorded average nor goes
below the minimum average level for this month. After 50 simulation runs, the generated sequences
(50 different hourly time series of wind production) were inserted as the input data to the EnergyPLAN
model, resulting in 50 different run times. The results for 4000 MW wind installations suggest a
deviation of less than 4% in yearly outputs for the total costs and fuel consumption. This implies that
the results of this study might have up to approximately 4% error due to the future alterations in the

wind regime.
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3. Case Study: Finland
3.1. Energy Mix in Finland

According to Statistics Finland [5], total primary energy consumption (PEC) was 1373 PJ in 2013,
which is approximately equal to the previous year. The utilization of RES reached 31% in PEC, with a
growth of 5% in the use of forest chips. Power consumption totaled 84 TWh in 2013; comprising 33%
nuclear, 16% hydropower, and 19% power imports (mainly from the Nordic electricity market and
from Russia in peak times). As a country with energy-intensive industries, the power imports have
spurred the economic risks associated with the fluctuations of power prices in the external market,
which also depresses the nation’s energy security. The DH demand was 32 TWh, 70% of which was
supplied by CHP plants. Figure 3 illustrates the share of different energy sources in PEC in 2013.

MNet power imports  Peat

4 % 49,  Other fossil
Nu::lear18 % 15%
3% Hydro
Natural 0.2% Wind
gas
8 % RES
206 % Bioenergy
’ 25 %
Coal
119
Other RES
L 2%

Oil 23 %

Figure 3. Total PEC (primary energy consumption) in Finland 2013 (data from [5]).
3.2. Finland’s Energy Policy and Future Trends

The updated version of Finnish Energy and Environmental Policy (2013) [38] underlines coal
consumption as well as power imports as two cases that should be substituted with new decarbonized
energy production. Accordingly, the construction of new nuclear capacity as well as a feed-in tariff of
105 €MWh for wind production that eventuates between 2020 and 2025 is being promoted [7].
As aresult, 11 GW wind power projects are officially registered by the end of 2013, from which 3 GW
is offshore [39]. This promises a significant growth compared to the installed capacity of 630 MW at
the end of 2014 [40]. Finland aims to augment the share of RES in final energy consumption up to
38% by 2020, to fulfill the EU targets [41]. While wind production was only 1 TWh in 2013, Finland
has plans to soar the wind contribution up to 6 TWh/a by 2020 and 9 TWh/a by 2025 [7].

The Finnish energy system is, therefore, entering a new era: a high share of nuclear power and a
relatively large wind capacity. Considering the intermediate power supply, CHP production constitutes
one-third of the power production in Finland [42]. A major part of CHP plants are connected with
DH networks, which bundles the power production with the heat demand. CHP plants offer an
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energy-efficient solution for supplying heat in the cold climate. It is expected that more energy
efficient buildings and the deployment of individual heat pumps (HPs) will lower the heat demand,
depressing the potential of CHP plants or leading them to the power-only generation mode.
This interconnection of heat and power sector will be thoroughly examined in this study.

Finland has four operating nuclear reactors with total nominal capacity of 2780 MW. A new
third-generation, European Pressurized Reactor (EPR) reactor with 1600 MW capacity called Olkiluoto 3
(OL3) is expected to start to operate in 2018. Moreover, the third nuclear power producer in Finland,
Fennovoima Ltd., is to initialize the construction of Hanhikivi 1 with 1200 MW capacity in Pyhéjoki,
Northern Finland [43]. Olkiluoto 4 (OL4) is another NPP with a ratified decision-in-principle [44] that is
expected to enter the grid in the 2020s. As of Dec 2014, the construction of OL4 is uncertain since the
permit will expire in 2015. Fortum Energy Company may apply for a new license for Loviisa 3 during
the next parliament, depending on the EU energy policy and COz2 prices. With respect to the aging of
existing NPPs, the operating permits of two plants (Olkiluoto 1 and 2) will expire in 2018 [45].
It is expected that the owner company (Teollisuuden Voima Oyj, TVO) will apply for permit
extensions. However, the other existing plants (Loviisa 1 and 2) are to be decommissioned around
2030. The nuclear landscape in the 2020s is not clear yet, suggesting a constant growth followed by a
turnaround after 2030. Hydropower potential is deemed to be saturated in Finland with 2500 MW
installed capacity. In this study, this capacity is considered to remain unchanged up to 2030, as the
majority of the potential sites are situated in the environmentally protected areas.

Electricity demand in Finland is highly correlated to the energy use in the industry, mainly by the forest
and metal sectors. The previous estimations by Finnish Energy Industries (Energiateollisuus, ET) [46]
and the Confederation of Finnish Industries (Elinkeinoeldméin Keskusliitto, EK) [47] suggest a total
electricity demand of 100—-110 TWh by 2030. The Climate and Energy Strategy of Finland estimated a
total power demand of 103 TWh for 2030, which was later moderated to 94 TWh for 2020. The overall
demand of industry is estimated to grow less than earlier predictions as the forest industry does not
experience the previously projected developments. In this study, sensitivity analyses are performed to
cover different projections of the power demand in the future with regard to other reports and EU-level
predictions as well [48,49].

3.3. Reference Model and Input Data

Different approaches have been employed to model the Finnish energy system. In a series of studies
by VTT [50], a roadmap for the Finnish energy system is outlined through to 2030. In a more recent
publication [51], VIT has modeled the energy system for 2050 by scenario analysis, highlighting
structural changes from technical to behavioral changes. Other studies have also addressed the future
of Finnish energy system, from societal and qualitative perspective [52], as well as system dynamics
approach [53,54]. In a more detailed study, Kiviluoma [55] highlights the role of heating systems in
further penetration of wind. The latter conclude that the heat sector can advance the share of wind by
12%-point, resulting in a wind-nuclear share of 77%. In our analysis, we offer a more comprehensive
modeling and analysis of the Finnish energy system in the 2020s by considering the most recent
projections for the nuclear construction plans, renewable energy policy, energy demand, fuel costs,
power prices in the Nordic power market, and wind production data. The aim is to explore
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the most optimal compromise between nuclear and wind as two major pillars of the Finnish
decarbonization plans.

We model the Finnish energy system for the reference year 2012 as a benchmark, for which the
details of input and output energy flows are available. To this end, the hourly distribution of power
demand and market prices of electricity for the reference year are obtained from Nord Pool [56]. Then, the
generation capacity for power and heat production is set for the model, based on Statistics Finland [5]
(see Table 1). CHP plants in DH and industry sectors are modeled with their fuel distribution and
efficiencies. A share of 25% (equal to 500-550 MW capacity) from total hydropower production is
deemed for the river hydropower. The hydro inflow is calibrated based on the weekly data in 2012.

Table 1. Power generation capacity at peak load in Finland 2012 (data from [5]).

. Power Capacity Share Electrical Efficiency
Production Mode (MW.,) (%) (%)

Nuclear power 2,750 19.6 33

Hydro power 2,595 20.8 90

Condensing power plants 2,045 154 38

Combined heat and power, total 5,860 442 30
CHP industry 2,370 17.9 -
CHP district heating 3,490 26.3 -
Total 13,250 100 -

To model the heat demand, we employ the heating degree days (HDD) approach. Based on Finnish
Meteorological Institute [57] data, the heat demand can be calculated for the indoor temperature need
of 17 °C (assuming the remaining heat demand is fulfilled from in-house latent heat, lights, etc.).
By applying this approach, the relative variations of space heating demand is determined based on
the hourly ambient temperatures (obtained from a weather station in the Central Finland).
To accommodate the energy needs for the supply of hot water, a typical share of 30% of the total heat
demand is allocated. This method is an approximation, as the heat demand trend is not identical in
different regions or different buildings in an extended country like Finland. Finally, by knowing the
total annual DH demand (TWh/a), the produced time series of relative heat demand (HDD) can be
converted to the hourly DH demand, as illustrated in Figure B1, Appendix B.

The investment costs, fixed O&M costs, and variable costs of different technologies are mainly
based on [58-62], while fuel costs and taxes from [63] (see Tables B1 and B2, Appendix B). Average
carbon price of 8 €/t is considered for the reference model, otherwise mentioned. The main input data
of energy production and consumption in the industry sector, households, and transportation are
obtained from Statistics Finland [5] and Finnish Energy Industries [42].

3.4. Calibration and Verification of Reference Model

The results of EnergyPLAN model for Finland are compared with the available data to check the
accuracy of the model. First, the annual fuel consumption in heat and power production is calibrated.
The output of nuclear, hydro, and wind power plants is manipulated by the respective correction
factors in to produce the desirable output. The output of thermal plants and power exchange, however,
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demands a more sophisticated, iterative approach by changing the share of thermal plants in each DH
group (backpressure or extraction plants). This is in particular relevant to the case of Finland, which
the cogeneration plants are mainly run based on the heat demand, which couples the two sectors.
The initial results show a consistent outcome with the available statistics. The annual output of CHP
plants, condensing plants, and net import of electricity show only 0.08, —0.67 and 0.12% error,
compared to the data obtained from Statistics Finland. Table 2 summarizes the output of the model
built by the aid of EnergyPLAN and the respective data from the Finnish authorities. The share of
power import is higher in the statistics, 19 TWh compared to the result of 17.5 TWh in our model.
The net import shows, however, a relative error of 0.11% (Table 2).

Table 2. Comparison of the results from EnergyPLAN model and the recorded data for Finland 2012.

Annual Production (TWh), 2012

Production Mode EnergyPLAN Statistics Difference Error
Reference Model Finland [5]

Nuclear power 22.06 22.06 0.00 0.00%

Hydro power 16.67 16.67 0.00 0.00%

Wind power 0.49 0.49 0.00 0.00%
Condensing power plants 5.14 5.18 —0.04 —0.77%

Combined heat and power, total 23.30 23.29 0.01 0.04%

CHP industry 8.78 8.78 0.00 0.00%

CHP district heating 14.52 14.51 0.01 0.07%
Total domestic production 67.67 67.69 0.02 —0.03%
Import of electricity 17.50 19.09 1.59 -8.32%*

Net import 17.46 17.44 0.02 0.11%

Total supply 85.1 85.1 0.00 0.00%

Note: * Notice the explanation in Section 3.4.

The other examined criterion is the consumption of different fuels and corresponding carbon
emissions. By calculations conducted in this study, the total fuel consumption and carbon emissions
indicate relative errors of 0.33% and 2.15%, respectively. In the calculation of emission factors of
different fuels, the guidelines issued by Statistics Finland are applied. The reference model in
EnergyPLAN shows monthly results with a higher error, approximately 6% on average.

4. Wind Integration in Different Nuclear Scenarios

This section presents the analysis of wind integration in different nuclear capacities. We consider a
set of general assumptions for all the scenarios, including an interest rate of 5% for investment in
power plants. The trend of hourly prices is as for the Nordic electricity market in 2012. According to
the national transmission system operator (TSO), Fingrid, the power system is capable to activate
flexible demand of 200400 MW capacity [64]. Accordingly, we primarily consider the following
flexibility measures in this study in periods of excess wind production: (i) 400 MW flexible demand
with a time scale of maximum 24 h; (ii) the possibility of export to the external power market (2012
interconnector capacity to the Nordics); (ii1)) 33 MW. LHP (i.e., Katri Vala plant) with the associated
thermal storage; and (iv) decreasing the power production in CHP plants.
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4.1. Higher Wind Integrations under Today’s Conditions

After applying the methodology explained in Section 2, we increase the share of wind capacity to
monitor the impact on the existing energy system. Regarding the costs, we reviewed different studies
on the present costs of wind installation [7], offshore sites [65], and the future costs [59,66]. It is
expected that the investment cost of wind generation in Finland would decrease by 5% by 2030 with
expanding the installed capacity [67]. The cost of power imbalance entailed by wind into the power
system is also considered in the cost calculations, amounting 3—4 €/ MWh of wind production [68,69].

By considering the mentioned flexibility options, the results suggest that Finnish energy system can
integrate wind maximum by 18%—-19% (from total power demand), which corresponds to
15.5-16.5 TWh/a annual wind production. Based on [70], power excess from wind can be measured in
different time scales and magnitude. The results indicate that in wind installations of 7000 MW,
Finnish power system must curtail wind productions in the magnitude of 100 MWh/h and higher in
105 h/a (hour per year). In 7500 MW wind capacity, the number of hours with more than 100 MWh/h
oversupply will reach 195 h/a, with 82 h/a excess power over 300 MWh/h. We consider this event as
an indicative maximum limit for wind integration, corresponding to 2%—3% wind curtailment in terms of
annual wind energy production. Therefore, the maximum wind capacity can be indicatively considered
as 7500-8000 MW with today’s flexibility of the energy system. This implies that the wind integration
targets set by the Finnish energy policy are yet in a feasible limit. In maximum wind integrations, the
share of RES in PEC will improve to 35% and the share of RES-E will reach 51% of the domestic power
consumption. Total carbon emissions declines to 45 Mt/a, a 5% reduction from 2012.

Even at maximum wind integration, Finland remains a net power importer (approximately
5 TWh/a), however, with a 70% reduction compared to 2012. The most economic case occurs at 10%
wind integration (~4000 MW), when the total costs of the Finnish energy system (including wind
installation costs) will decline by almost 100 M€/a from 2012. The required investment for wind will
be compensated by the avoided costs of the respective fossil fuels and power imports, so that the total
costs of the energy system inclines: 1 MWh wind energy contributes to the national economy by 11 €
(at 10% integration level and 5% interest rate).

Integrating wind is still economically profitable up to 19% (Figure 4). The profitability deteriorates
beyond this level, due to the extensive substitution of power from CHP with wind power, which results
in a more frequent use of heat-only boilers. The economics of different wind integration levels is
investigated for two different carbon emission prices in Figure 4, promising more cost savings in
higher carbon prices. Other techno-economic impacts of wind on unit commitment and reserve
capacity are not considered in this analysis due to the limitations explained in Section 2.2, while the

balancing costs are included.
4.2. The Situation with One New Nuclear Power Plant (Olkiluoto 3)

This Section investigates the techno-economic implications of the commissioning of a new NPP
(OL3) with 1600 MW power capacity. With OL3, the power from nuclear fleet will grow to 34 TWh/a,
which supports 46% of the national power demand (85 TWh/a). This reduces the net power imports to
8 TWh, showing 50% cuts compared to 2014. The share of decarbonized power improves to 74% of
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the domestic production, resulting in 6% reduction in CO2 emissions. OL3 reduces the total costs of

the energy system by 250 M€/a by averting power imports and fossil fuel consumption. After OL3,

there will be 78% reduction in the power production from condensing plants. However, the share of
RES in PEC will diminish from 31% to 29%.
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Figure 4. Changes in total costs of the energy system under different wind integration

levels and emission costs compared to 2012 (interest rate 5%).

From wind integration perspective, OL3 constrains the room for wind if the power demand remains
unaltered. After OL3, in wind installations of 6500 MW, there will be approximately 205 h/a with
excess power up to 500 MWh/h, indicating a 100% growth compared with the situation before OL3.

Figure 5 illustrates the case of wind integration before and after OL3, this NPP diminishes the

maximum possible capacity for wind by 500 MW.
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Figure 5. Hours with excess power in different wind integration levels (a) before and

(b) after a nuclear plant with 1600 MW capacity (OL3).

The increase in wind penetration in Finland directly affects the amount of power imports. In Figure 6,

the changes in the share of different power production modes is illustrated, from today to the nuclear
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capacity of 4400 MW (after OL3), for different wind integration levels. Wind integration gradually
improves the share of RES in PEC, yet lower than 2012 even with 4000 MW wind installations after
OL3 (see Table C1, Appendix C for more details). Analysis of the total costs of the energy system
reveals that any wind integration level will be unprofitable after OL3 (with fixed demand and emission
costs as 2012). The economy of wind integrations up to 5000 MW installed capacity is compared for
the cases with and without OL3 in Figure 7.
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Figure 6. Evolution of power supply mix in Finland from 2012 to the commissioning
of Olkiluoto 3 (OL3), and further in wind integrations up to 4000 MW (power demand
85 TWh/a)—The amount of net power imports are labeled on each bar.
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Figure 7. Changes in total annual costs of the Finnish energy system in wind integrations
up to 5000 MW with and without the new nuclear plant (OL3), (interest rate 5%).
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4.3. Finnish Energy System after 2020

This Section represents the period when the second NPP with a capacity of 1200 MW will be in
operation (Hanhikivi 1 operated by Fennovoima (FV1)), boosting the national nuclear capacity to
5580 MW. We analyze this scenario with different projections for the power demand, Case I with a
demand as 2014 and Case II with the projected demand of 98-100 TWh/a. In these Cases,
the government’s wind target of 9 TWh is taken into account. In Case III, 1000 MW nuclear capacity
will be decommissioned after 2030 (the phase-out of Loviisa plants) while 20% of the power demand
is supplied by wind. The heat demand is considered to remain unaltered.

A summary of the assumptions applied in this Section for the three scenarios is presented in Table 3.
The future fuel prices are based on IEA World Energy Outlook [1]. The estimation of future electricity
prices and carbon emission costs are obtained from [71].

Table 3. Assumptions and projections for Finnish energy system in the decade of 2020s.

. . . Scenarios
Transition Phases in the Nuclear Fleet Unit
Casel Casell Caselll
Nuclear capacity MW 5580 5580 4580
Share of nuclear from total power production - 52% 47% 36%
Onshore wind (capacity factor 24%) MW 3600 3600 8400
Offshore wind (capacity factor 25.5%) MW 600 600 1400
Total wind production TWh/a 9 9 21
Wind integration (from total demand) - 10.5% 9.5% 20%
Total power demand * TWh/a 85 98 105
Electric vehicles (from total demand) TWh/a 0.5 1 2
Max transmission capacity (for export) MW 2500 2500 2500
Carbon emission costs €/tonne 18 24 32

Note: * Including the growth in the use of individual HPs.

Figure 8 portrays the evolution of Finnish energy system under the examined Cases. The results
suggest that Finland will be a net power exporter with the addition of two new NPPs and 4200 MW
wind installed capacity. Case II demonstrates that Finland will be again a net power importer if the
power demand grows by 10% compared to 2014. After the decommissioning of two old NPPs
(probably Loviisa 1 and 2), Finland requires 6 TWh power imports to fulfill the demand.

In Figure 9, the share of RES and RES-E in high integrations of nuclear and wind are compared to
2012. Based on the hourly analysis, Finnish power system does not encounter any major challenge
during the transition period (three cases in Table 3), if the interconnection capacity could be fully
employed at the periods of excess domestic power supply. The electricity demand in the other
countries connected to Finland is assumed to remain constant based on the price pattern in 2012. In the
absence of a cross-border model, it is not possible to model/estimate the transitions in the other
countries in the same period. In another set of simulations, the maximum possible wind integration in
different scenarios for nuclear is portrayed in Table C1, Appendix C.
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Figure 9. Share of RES and RES-E in different Cases compared to 2012, based on the
assumptions in Table 3 (OL3: Olkiluoto 3).

4.4. Wind-Nuclear Compromise Charts

We explore the maximum wind penetration level for three distinctive periods of the nuclear
development in Finland for the power demand between 85 and 100 TWh. The results indicate that the
Finnish nuclear policy will deteriorate the potential for wind, while improving the country’s energy
security and decarbonization targets (see Table C1, Appendix C). The other significant outcome is the
concave, descending, polynomial relationship between the share of nuclear (N) and maximum wind
(Wpax) In the energy system explained by Equation (2) (it should be noted that the share of each
technology should be inserted in decimals, values between 0 and 1). It implies that the more growth in
the share of nuclear in the domestic power production will result in a parabolic reduction in the
maximum potential for wind. This relationship is illustrated in Figure 10 with the red line.
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The criterion for the maximum wind is an annual wind curtailment of 2%—3% relative to the total wind
production (based on hourly analysis):

Wiar = —0.472 N2 + 0.0873 N + 0.216 (%) 2)

An energy system can be optimized based on 11 different parameters [72]. In this study,
we examine the case of wind-nuclear intersection with regard to five optimization criteria: maximum
wind integration, self-sufficiency, total costs, carbon emissions of the energy sector, and renewable
energy in the electricity supply. In Figure 10, the wind-nuclear compromise chart is illustrated for
three criteria: maximum possible wind, self-sufficiency in power supply, and total costs of the energy
system (for the remaining parameters see Figure C1, Appendix C). The results reveal that the
maximum potential for wind will decline below 10% in nuclear shares of higher than 55%.
Alternatively, the Finnish energy system may not be able to balance out the power import/export in
the shares of nuclear less than 31% of total power demand. For the preparation of wind-nuclear
compromise charts, it is assumed that the share of other power production units as well as the
flexibility of the energy infrastructure remains unaltered.
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Figure 10. Wind-nuclear compromise chart with respect to self-sufficiency in power supply
and total costs of the energy system (max wind possible (red curve), share of net power
imports per total electricity demand (blue dash lines), change in total costs of the energy
system compared to 2014 (per unit of annual power demand, M€/TWh/a) (black line)).
The state of the energy system in 2014 is highlighted with a red circle. For wind-nuclear
compromise chart (2), the reader may refer to Figure C1, Appendix C.
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4.5. Nuclear-Wind Integration and Power Ramping Requirements

In this Section, the flexibility requirements are modeled for the net load ramps with a time horizon
of 1 to 12 h. The ramping rate of power production modes (P) and power demand (L) in an interval (/)
is explained by Equation (3) at any specific time (f), where t € {h + 1,h + 2,...,8760} [73]. The
non-dispatchable and inflexible power production modes do not follow the load, e.g., variable RES
(Pyrgs), which encompasses wind and must-run hydropower (both river hydro and the surplus of other
hydropower plants when their reservoir capacity is full). Power from CHP plants (Pgyp) that are
following their respective heat demand is another varying production mode. By subtracting variability
of supply and demand, the net ramp loads (Ay,Ly.:) can be calculated by Equation (4):

ALP(E) = P(t) — P(t — k) (MWh/h) 3)
ApLper (8) = AL (t) — ApPyrps(t) — ApPeyp (t) (MWh/h) )]

In high-level wind integrations, the dynamics of the energy system is partially capable to balance
the hourly variations in power demand and supply, without additional back-up (e.g., by adjusting
hydropower production or regulating power from CHP). The remaining ramping requirements should
be met by thermal power plants, power exchange through cross-border intraday and regulation
markets, or other flexibility solutions (including NPPs if possible). By calculating the frequency of
ramping needs in different time scales, we compare two cases of today plus 4.2 GW wind with Case |
(two new NPPs and 4.2 GW wind) in Figure 11. The flexibility requirements are quantified in cases
with and without power from CHP plants. The results indicate a much lower ramping needs if the role
of CHP plants is taken into account (comparing Figure 11a with b). The correlation between power and
heat demand creates a good opportunity for CHP plants to contribute in decreasing the ramping
requirements. On the other hand, the results suggest lower 1-h ramps when two new NPPs enter the
grid, compared with today (in the case with CHP plants, Figure 11a). This can be interpreted by
considering the fact that a significant part of ramping needs must be maintained by power imports and
condensing plants in today’s conditions (even after 4.2 GW wind). However, with two new NPPs,
the power system encounters tighter bounds between the maximum capacity of NPPs and load at each
hour (a 2800 MW tighter margin compared with today). Therefore, the addition of 4.2 GW wind in this
compressed margin will result in many excess power occasions per year. Without considering power
exports, this oversupply has to be mainly alleviated by declining power from CHP plants.
Consequently, power supply and demand meet each other precisely in a large number of hours a year,
leaving the ramps merely caused by load in Equation (4). If we ignore the flexibility that CHP plants can
provide (Figure 11b), the ramping needs after new NPPs will be higher than today in each time scale.

The authors admit that the results of this Section can be affected by growth in the power demand,
considering the actual operation of power plants, and power transmission possibilities. We do not
hence draw a precise conclusion and the results are an indication to highlight the role of intermediate
power (and heat) production portfolio in smoothing the ramping needs of high-level wind-nuclear
scenarios. It is argued that the third generation of NPPs has load-following capabilities according to
the EU Utility Requirements [74]. The practicality of employing capital-intensive NPPs in part-load
operation to provide flexibility for the power system calls for a separate study.
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Figure 11. The frequency and magnitude of 1-, 6-, and 12-h ramps in net power load after
adding 4200 MW wind installations, (a) with power from CHP and (b) without power from
CHP. The case is compared for today (blue) and after two new NPPs in Case I (yellow),
with fixed power demand (85 TWh/a).

5. Excess Power and Alternative Solutions for Increasing the Flexibility

By employing the technical optimization module in EnergyPLAN, the possibility of power
exchange with other electricity markets can be deactivated. Therefore, the capability of the energy
system in absorbing the excess power is evaluated as a closed system. The Case I with 57% nuclear
production and 10% wind integration is further analyzed in this Section. Two different time spans are
contrasted to examine this combination of nuclear and wind in winter and summertime. In Figure 12,
the state of Finland’s domestic power supply (excluding condensing plants) and total hourly demand is
illustrated in Figure 12a January and Figure 12b June for the Case I.

In the wintertime, the hourly changes of demand and wind production are mostly balanced by the
domestic power mix and the power surplus remains in the export capacity limits. While hydro storages
are restricted in Finland, they contribute in the balancing of power demand and supply. In hours with
excessive wind production, the share of power from CHP diminishes, leaving heat-only boilers to
supply the corresponding heat demand. The analysis shows that for those hours without noticeable
wind generation, the system is capable to supply power from condensing plants and/or power imports.

In Figure 12b, the situation in June is simulated, illustrating that the nuclear power and must-run
hydropower can fulfill the demand in low- and medium-demand hours. The excess power in periods of
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low demand can be explicitly distinguished by hourly analysis. The share of hydropower remains high
as the water reservoirs after the spring and storage possibilities are very limited (4 TWh for Finland).

A marginal fraction of CHP plants are still operating in the industry or for the supply of hot water or
other heat demand.
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Figure 12. Variations in electricity demand and domestic power supply (excluding
condensing plants) in (a) January and (b) June (Case I, without power imports, Table 3).

5.1. Dealing with Excess Power

Each energy system may benefit from some inherent flexibility in dealing with the events of
undesirable power production. With employing EnergyPLAN and applying the regulation strategies
illustrated in Figure 1, the capability of the Finnish energy system in absorbing excess power is
examined in this Section. Figure 13 demonstrates the frequency of hours with extra power exceeding
the domestic demand, as well as the amount of this excess power for Case I. According to the results,
there will be approximately 3400 h/a (hour per year) with excess power production of higher than
100 MWh/h, of which the excess power may exceed 1500 MWh/h in 1080 h/a. The excess power
occasions mainly occur in periods with lower power and heat demand. The results indicate an increase

in the utilization of heat-only boilers in the DH systems, if the power from CHP plants is reduced in
periods of excess power.
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Figure 13. The frequency and magnitude of excess power in different months of the year
(conditions for Case I, see Table 3).

Different studies have addressed the cases for harvesting excess power from variable RES,
for example by energy storage or the electrification of heat sector [75]. In [76], seven alternatives are
compared for integrating variable RES. For low to medium-level RES penetrations, the deployment of
power to gas technologies is not taken into account. Therefore, in this study, four alternative solutions
are employed to balance the excess power, including flexible demand, electric heating, LHPs, and
electricity storage. A capacity of 300 MWe. is first considered for each option to monitor their impact
on the energy system (heat and power sectors) in dealing with the excess power.

5.1.1. Flexible Demand

Flexible demand (demand side management) is one of the primary and economical alternatives to
smoothen the power imbalance [77]. In this analysis, we investigate the impact of an additional
flexibility of 300 MWe. with 24 h time span in offsetting the power excess. The results suggest that the
frequency of hours with more than 1500 MW excess power declines by 45% with employing flexible
demand (see Figure 14 for more details).

5.1.2. Smart Electric Heating

Power can be converted to thermal energy primarily by electric resisting coils (e.g., in electric
boilers), or more efficiently through air-sourced or ground-sourced HPs. Accordingly, in periods of
excess power, we consider the use of on-call electric boilers to reduce the excess power, which
ultimately results in the lower use of heat-only boilers in the DH networks. If electric boilers with
maximum total capacity of 300 MW. connect to the DH networks (without additional heat storage),
the frequency of hours with extra power production higher than 1500 MW will decline by about 30%.

5.1.3. Large-Scale Heat Pumps (LHPs) with Thermal Energy Storage

As discussed, excess power may lead to the further utilization of heat-only boilers (replacing CHP
for meeting the heat demand) in high-RES-E scenarios. This calls for more energy- and
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environmentally-efficient measures for meeting the heat demand and/or decoupling the simultaneous
production of power and heat in CHP plants. While direct electrification is one of the measures
mentioned in the EU roadmap for the decarbonization of the heat sector, a study by Connolly et al. [78]
favors DH over other alternatives due to 15% less expenses. Accordingly, in this Section, we examine
LHPs and heat storage systems connected with CHP plants for absorbing the excess power and
converting that to heat. The employment of 300 MW. LHPs (COP (coefficient of performance) = 3) is
examined with 24 h duration of the respective thermal storage, connected to the DH networks.
The results reveal that LHPs can diminish the hours with the extra power higher than 1500 MW from
1080 to 550 h/a, a reduction of 50%. We do not examine the case of individual HPs in this study as
they cannot be fully regulated in periods of excess wind.
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Figure 14. Comparing the frequency and magnitude of excess power before and after
employing 300 MW_. of flexible technologies (conditions for Case I, see Table 3).

5.1.4. Electrical Energy Storage

Electrical energy storage (EES) is the next alternative examined in this study for shifting the excess
power. Since there are not abundant potential sites for pumped hydropower storage in Finland and gas
prices are uncertain, a generic battery is examined in this study as the possible EES (for example NaS
batteries). Based on the trends in the cost of batteries capable in grid-scale applications, an investment costs
of 2500 €/kW, fixed operation and maintenance (O&M) costs of 50 €/kWa, and variable O&M costs of
0.005 €/kWh are obtained from [79]. The main technical assumptions include a maximum
charge/discharge time of 8 h, 75% overall efficiency at the rated depth of discharge, and a lifetime of 15 yr.

The electricity storage unit is simulated with a nominal capacity of 300 MW in charge/discharge.
The hourly analysis depicts that EES can contribute by averting excess power in the critical times, e.g.,
in summertime. The excess power beyond 1500 MW will be recovered by 27%, from 1080 to 800 h/a
by employing EES. In a market-economic scheme, the operation of EES is controlled by the market
prices of electricity, which offers no pure profitability in the Finnish power market [80]. EES has
contradicting effect on the power exchange. In higher level EES capacities, the net export of electricity
declines due to the domestic use of excess power, in addition to more power imports with lower prices.
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5.2. Discussion

The effect of the four mentioned flexibility solutions on the magnitude and periods of excess power is
summarized in Figure 14. LHPs and flexible demand show the highest flexibility to balance the power
oversupply. LHPs benefit from a typical COP of three, which is higher than the average heat-to-power
ratio of the CHP plants. Therefore, by replacing the CHP plants to reduce the excess power, LHPs
boost the heat supply, resulting in even lower demand for the operation of the remaining CHP plants
(and heat-only boilers). Electricity storage shows almost the poorest performance as the power
oversupply occurs at long enough periods that EES cannot be fully discharged and is remained unused.

With respect to the use of combustible fuels in the heating sector, LHP offers the best performance
in abandonment of the heat-only boilers, from 2.5 TWh/a in Case I to 0.8 TWh/a, a 60% recovery.
Other technologies show a marginal improvement in the conservation of combustible fuels in the heat
sector. Among the introduced flexibility measures, LHPs with thermal storage reservoirs have the
highest investment costs among the examined solutions (see Table B1, Appendix B). However,
as LHPs significantly reduce the operational costs, they offer the highest net profitability. Except of
flexible demand, the other two solutions will, however, increase the annual costs of the system
(see details in Figure 15). In this study, the investment cost of flexible demand is not taken into
account. If the energy system would be connected to the external market, the influence of each
flexibility measure on the power exchange could be illustrated as in Figure 16. The results indicate that
LHPs demonstrate the highest balance in the power exchange. This improvement in the power
exchange is the direct effect of the domestic use of excess power, assuming no changes in power
supply/demand from the neighboring countries.

M€/a  Change in yearly costs compared to Case |
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Figure 15. Changes in the annual costs of the Finnish energy system after employing
300 MW:. flexibility (and additional storage if needed) compared to the case without
flexibility (Case 1). The costs are calculated with 5% interest rate and in 2014-euro.
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Figure 16. Effect of 300 MWe. flexibility on power exchange between Finland and the
external electricity market, compared with Case I.

5.3. Sensitivity Analysis

In this Section, we investigate the impact of the power rating of flexibility solutions in balancing the
excess power. The results highlight that EES (with max 8 h charge/discharge) offers the minimum
capability in smoothing the power imbalance in higher capacities (Figure 17). The demand side
management (with 24 h time lag) surpasses LHPs in absorbing excess power with capacities above
600 MWe., while both technologies offer relatively lower flexibility in higher capacities. The results
reveal a saturation point for the LHPs (with one-day long heat storage) as they offer the least efficiency
in higher capacities for smoothing the excess power. These results indicate that each flexibility
measure is limitedly able to utilize the excess power, until the magnitude and period of oversupply is
beyond the capacity of that technology. The short-term flexibility of the examined solutions in
absorbing variable RES-E is further discussed in [81].
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Figure 17. Performance of flexibility solutions in different power ratings in decreasing the
frequency of the hours with power oversupply.
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6. Conclusions

This study examines the case of energy systems with high share of nuclear capacity and medium- to
high-level wind integration plans, by applying hourly analysis and considering the interconnection of
heat and power sectors. The conclusions can be sorted in two divisions:

6.1. General Conclusions

The results suggest a descending parabolic relationship between the maximum possible wind and
the share of nuclear in a power system: nuclear constrains the room for wind by a factor of two.
The results indicate that in nuclear shares over 50% of the annual power demand, the share of wind
hardly crosses 15% (with cross-border transmission capacity equal to 20% of the peak load).
Wind-nuclear compromise charts proposed in this study can illustratively explore the optimal mix of
the two technologies based on different criteria. The results of this analysis demonstrate the importance
of energy system analysis (rather than power system models) in the evaluation of high-RES scenarios.
The heat sector can play role in absorbing the variability of RES-E in the power systems in which the
rest of the fleet is inflexible or expensive to be adjusted (e.g., nuclear plants). Four flexibility solutions
are examined in this study with the installed capacity equal to 10% of the installed wind capacity.
The results suggest that LHPs equipped with heat storage (in CHP-DH systems) are the most efficient
and economical solution in reducing excess power, where the DH infrastructure exists. Demand side
management showed to be the second best solution. The results indicate that if an adequate thermal
energy storage would not support the power-to-heat solutions, reducing excess power can be limited if
it occurs mainly in the summertime (the case for cold climate countries). Therefore, the choice of
flexibility measure highly depends on the available energy infrastructure and the degree of
interdependence between heat and power sectors.

6.2. Conclusions Applicable to the Case Study (Finland)

In achieving energy security and minimizing fossil (and later biomass) fuel consumption, the Finnish
energy system will encounter some contradicting challenges: (1) increasing the share of variable RES
against reducing carbon emissions by nuclear energy; (2) cutting power imports versus maintaining the
economic competitiveness in the domestic power supply. With the ongoing development plans for
nuclear power, the share of RES-E (renewable electricity) in gross final energy consumption declines
continuously as the maximum potential for wind diminishes, assuming constant bioenergy use as 2012
(see Table C1, Appendix C for more details). We explored a second-degree polynomial relationship
between nuclear capacity and maximum wind integration levels. The resulting wind-nuclear compromise
charts can inform the policy makers about the environmental, technical, and economic implications of
different wind-nuclear installation mixes. Finland is able to augment the share of wind by 20% of the
total annual demand under today’s conditions for nuclear, power demand, and flexibility. However,
increasing the share of nuclear to 55% of the annual demand will diminish the maximum penetration
level for wind to less than 10%. We also examined the ramping requirements in high-level
wind-nuclear scenarios, discovering the key role of CHP plants as major load followers in this context.
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The operation of a new NPP (OL3) constrains the room and economic profitability for wind, from a
system perspective. While without OL3 wind energy offers net profits (in integration levels up to 20%
of the total power demand), any wind penetration level after the operation of OL3 will increase the
total costs of the national energy system. This is due to the fact that a major part of fossil fuel
consumption and power imports will be alleviated by OL3, resulting in less opportunities for wind.
Finland will experience a period of excess power production at the peak of its nuclear transition era,
if the wind development plans for the 2020s eventuate (i.e., 4000 MW installed wind capacity).
Based on the examined assumptions, the magnitude of this excess power can be over 5 GW in some
hours of the year (without considering the choice of power export). The planned revenues from
wind-nuclear policy will be realized if the transmission capacity could be fully exploited by Finland
for power exports. However, the uncertainty in the possibility of power exports at the event of domestic
power oversupply should not be neglected, calling for the assessment of internal flexibility solutions.

We examined four alternative solutions for absorbing the excess power, by assuming the Finnish
power system as a closed system. If coupled with heat storage systems, LHPs connected to DH
networks demonstrate the most efficient way in reducing the power oversupply (though not capable in
alleviating it). LHPs may improve the overall costs of the energy system, as they replace the fuel
consumption in CHP and boiler plants by maintaining the respective heat demand. Since the
extra power occurs mainly in the summertime, this will be a burden in large-scale deployment of
power-to-heat options in the energy system. Flexible demand showed the second best performance,
with relatively minor additional costs to the system. All the four examined technologies offer a limited
flexibility, indicating the need for flexibility solutions with a longer time span. The flexible demand
option favors all other technologies in capacities higher than 25% of the corresponding installed
wind capacity.

The separate study of a country connected to the external power markets may underestimate the
impact of power exchange in power system planning. On the other hand, energy transitions in the other
countries connected to the market may complicate the analysis of future RES scenarios. The situation
in the neighboring countries may be similar in periods of power oversupply, resulting in low or
negative prices. This may lead to further efforts for increasing the flexibility of the energy system and
longer-term energy storage systems for the domestic use of the excess power. The future work may
incorporate a robust uncertainty analysis in the study of future scenarios, and more versatile
flexibility alternatives in offsetting the excess power. The unit commitment requirements in high-level
wind integration are other areas for further improvement.
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Nomenclature

CHP Combined heat and power

DH District heating

FV1 Fennovoima nuclear power plant (Hanhikivi 1)

HDD Heating degree days

HP Heat pump

LHP Large-scale heat pump

NPP Nuclear power plant

OL3 Olkiluoto 3 (nuclear power plant)

PEC Primary energy consumption

RES Renewable energy source

RES-E Renewable-based electricity

VTT Technical Research Center of Finland
Appendix

A. Uncertainty Analysis for Higher Wind Integrations
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Figure Al. The recorded monthly averages of wind production in Finland 1992-2011,
adopted with permission from [37].
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B. Input Data

Table B1. Costs and lifetime of different technologies used in this study based on [58—61],
otherwise mentioned.

Cost Fixed
Lifetime
Cost of Different Unit per unit O&M Costs
Technologies Million Year % of Installation Note
Euro Costs
Hydropower plant MW 1.5 50 0.5
An approximated average
Condensing power plant MW 1.3 35 4 for coal, gas and
biomass plants
Nuclear power plant MW 5 50 1 -
Wind (onshore) MW 1.55 25 2.7
X [7,59,65,66]
Wind (offshore) MW 1.95 30 3
Heat-only boilers MWg, 0.2 40 0.5 Mainly oil and gas plants
Small-scale CHP unit MW, 1.1 20 5 -
Large CHP plant MW, 1.3 35 35 -
Large-scale HP MW, 3.5 30 1 -
Thermal storage GWh 3 25 1 -
Electricity storage (EES) MW 2.5 15 3 NaS battery [79]
Households level and small-scale distributed generation
Boiler MWy, 0.2 20 1 -
Electric boiler MW, 0.6 25 0.1 -
HP MW, 7 15 1 -

Table B2. Fuel costs (excluding taxes) for the reference scenario based on [63,82].

I.Tufal and Unit Cost per unit Note
Emission Costs ©
Coal GJ 4 Simulated and input together based on their reported shares
Peat GJ 4.2 (6.9 €/GJ for heat production)
Natural gas GJ 10.3 (13.05 €/GJ in heat production)
Fuel oil GJ 12.8 average of heavy and light oil
Diesel GJ 16.4 -
Forest wood chips GJ 5.5 based on the mixed used (dry biomass)

Wood pellets GJ 12.5 -
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Figure B1. Modeling aggregated hourly DH demand for the whole country in 2012.

C. Optimal Wind Integration Levels in Different Nuclear Capacities

Wind-Nuclear Compromise Chart (2)
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Table C1. The technical, economic, and emission-related implications in different nuclear
capacities and the respective maximum possible wind integration, compared to 2012.

Power Nuclear Max Wind Max Max Net Change ®

Max Change in
Demand Capacity Capacity RES ¢ Carbon-free Power in CO:
Different RES-E ¢ Total Costs "
(peak load) (share ) (share ®) in PEC Power ¢ Imports Emissions
Scenarios
TWh/a
GW (-) GW () - - - TWh/a - M¢€/a
(GW)
No more
85 (14) 2.78 (28%) 7.6 (19%) 35% 51% 77% 53 -13% -5
NPP
OL3 plant 85 (14) 4.38 (39%) 6.4 (16%) 32% 48% 88% -32 -22% =35
OL3 +FV1
85 (14) 5.58 (47%) 4.6 (11.5%) 29% 43% 95% -84 -26% 6
(Case 1)
OL3 +FV1
98 (15.7) 5.58 (44%) 7.1 (15%) 30% 42% 86% 0.5 -18% 630

(Case IT)

Notes: # Share of nuclear production (TWh/a) in total domestic power production. ® Share of maximum
possible wind production (TWh/a) in total power demand (with no major flexibility solutions). ¢ Assuming
constant biomass use and hydropower availability as today. ¢ Share of renewable-based electricity in gross
power consumption. ¢ Share of decarbonized power production in domestic power production (it was 59% in
2012). T After maximum wind integration in each scenario (power export with negative sign). & Relative
change in total carbon emissions from energy and transport, compared to 2012 (in optimal mix of nuclear and
max wind). The values are corrected to include the equivalent emissions related to the cross-border power
exchange. ' Relative change in the yearly cost of the Finnish energy system, compared to 2012 (in optimal

mix of nuclear and max wind) (interest rate 5%).
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