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A B S T R A C T

This paper studies the effects of policy actions on the energy systems in Norway and Sweden, including a nuclear
shutdown, a cancelation of restricted hydropower and an expansion of export capacity to Europe. This study
apply a stochastic TIMES model that considers the short-term uncertainty in electricity supply and value the
flexibility of hydro reservoirs. It is the first time this approach is used to quantify the effects of these policy
actions on cost-optimal investments and operations. To consider the uncertainty of the energy market, we
analyse the policy actions under four different price developments for biomass, fossil fuels and electricity. The
results demonstrate that our stochastic approach provides different model decisions compared to the traditional
deterministic approach. Further, we show that the future role of the large hydro reservoirs in Norway and
Sweden depends both on the adopted policy actions and on future energy prices, and that the policy actions have
a significant impact on the development of the energy system. This insight is valuable when considering the
development and management of the hydro reservoirs. It is also valuable for other European countries so that
they can evaluate the interplay of the hydro reservoirs with other energy storage options.

1. Introduction

Insights from energy system investment models contribute to a
cost-effective development of the system and illustrate the long-term
impact of energy and environmental related policies. For Norway and
Sweden, it is essential to use tools that consider the flexible hydro
production in the light of the increased share of intermittent renewable
electricity generation in Europe. Although Norway and Sweden are two
relatively small countries, the energy-related decisions in these coun-
tries can have a significant impact on the European energy system.
Norway and Sweden have about 70% of the European hydro reservoir
capacity, at 82 TWh and 34 TWh respectively (Nord Pool Spot, 2014),
and are highly interconnected to northern Europe. However, the
contribution of the hydro flexibility is uncertain in both the short and
long term since it relies on the climate dependent hydro inflow and on
the future development of the energy system.

This paper use a stochastic TIMES model (the Integrated MARKAL-
EFOM System) (Loulou, 2008; Loulou and Labriet, 2008; Loulou et al.,
2005a, 2005b, 2005c), with an explicit modelling of the short-term
uncertainty related to electricity supply, to study the effects of
important energy and environmental policy actions on the energy

systems in Norway and Sweden from a social welfare perspective. The
policy actions include a nuclear shutdown, a cancellation of restricted
hydropower and an expansion of export capacity to Europe. For
comparison, we also include a benchmark case, with no political action
taken on these issues. Further, we analyse these policies under four
different assumptions on price development on biomass, fossil fuels
and electricity outside Norway and Sweden. Consequently, we can
indicate the key impact of the policies under different market assump-
tions.

The first contribution of this paper is analysis of the impact of the
selected policy actions on the energy sector in Norway and Sweden. For
the various policy actions and energy price assumptions, we present
investments and operation in the energy sector towards 2050, includ-
ing the handling of flexible hydro reservoirs, development of renewable
electricity generation, heating technologies in buildings and the inter-
action with the European electricity market. This insight is valuable for
decision makers in Norway and Sweden in order to design policy
instruments that give optimal investments, from a macroeconomic
perspective. As the policy actions influence the future interaction with
the European electricity market, their implications are also interesting
for decision makers located outside the borders of Norway and Sweden.
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For northern Europe, the possible contribution and role of the flexible
hydro reservoirs in Norway and Sweden should be evaluated together
with alternative back-up technologies and other energy storage options
for an optimal integration of intermittent electricity generation.

The second contribution of this paper is the applied stochastic
methodology, which provides investment decisions that take into
account a range of operational situations that can occur. We include
a stochastic representation of the short-term uncertainty of hydro-
power, wind power and electricity trade prices outside Norway and
Sweden in order to consider the uncertainty of intermittent electricity
supply. Here, the stochastic electricity trade prices represent the short-
term uncertainty of the market equilibrium in the countries with
interconnection to Norway and Sweden. Our analysis shows that a
stochastic modelling approach, with a more realistic representation of
electricity sector, provides different investment strategies compared to
a deterministic representation of the intermittent electricity supply.

The policy on a nuclear shutdown is included as the future of
nuclear power is uncertain due to the political agenda of some parties
(Qvist and Brook, 2015). The taxation of the nuclear capacity and
subsidised renewable electricity generation are current policy instru-
ments that reduce the profitability of nuclear power. The Swedish tax
on nuclear capacity, which is justified to cover future decommission
costs, was increased to 14770 SEK per MW and month (corresponding
to EUR 1507 with 9.8 SEK/ EUR), by 1 August 2015
(Regeringskansliet, 2015). After this tax increase, it was agreed to shut
down the two oldest reactors at Ringhals and the two oldest reactors at
Oskarshamn from 2015 to 2020 (Fortum, 2015; Vattenfall, 2015) in
October 2015. This resulted in a 25% reduction in the Swedish nuclear
capacity to 6.7 GW (Svensk Energi, 2015). Consequently, further
taxation can result in no nuclear power generation in Sweden. A
possible absence of the Swedish base load nuclear power supply can
influence the available hydropower flexibility to Europe. For example, if
the nuclear capacity is replaced by wind power, the hydro reservoirs
can be used to a larger degree as back-up capacity within Norway and
Sweden in periods with poor wind conditions.

We include the environmental policy on an expansion of the
Norwegian hydro potential because the development of a large part
of the potential new hydro plants in Norway is restricted by the
Protection Plan for Watercourses. The protection was adopted by the
Parliament from 1987 to 1995 (NVE, 2015c), and is reasoned by the
environmental impact of landscape and biodiversity. A cancelation of
the restrictions can cause intervention in untouched natural areas and
increases the new hydro potential from 31 TWh to 80 TWh (NVE,
2015b). Although, a cancelation of the restriction has not been on the
political agenda, it is relevant with increased focus on a sustainable
development. For an overall assessment, this restriction should be
evaluated against the environmental impact of other electricity gen-
eration technologies, such as wind power and fossil fuelled plants. Also,
the value of the flexible hydro plants can significantly increase with
more intermittent electricity generation since the additional flexible
hydro capacity can give increased profits for Norway and Sweden.

Electricity exchange with other European countries is a prerequisite
for best utilisation of the hydro reservoirs with regard to profit.
Building new export capacity from Norway and Sweden to Europe is
being debated. This includes the capacity expansion projects, “NSN
Link” between Norway and the United Kingdom (Statnett, 2015b)
and”NordLink” between Norway and Germany (Statnett, 2015a). To
expand or not, is both an energy policy decision and a matter of
environmental concern. The Norwegian debate on expanding the
export capacity to Europe is mainly based on the effect on domestic
electricity prices and on the influence on the domestic power grid (Mo
Industripark AS, 2015; Stavrum, 2015). If additional trade capacity
increases the electricity prices, it can threaten the competiveness of the
power intensive industry. Also, more cables out of the country can
require domestic grid reinforcements in untouched natural areas. On
the other hand, more export capacity can increase the value of the

hydro flexibility and result in additional profits for the hydro plant and
public transmission owners.

Energy models are commonly used to evaluate the cost-optimal
adaption of policies that deals with environmental considerations and
the transition to a sustainable energy system in Europe. For models
with focus on Norway and Sweden, it is mainly the modelling tool
Multi-area Power-market Simulator (EMPS) (Warland et al., 2008;
Wolfgang et al., 2009), BALMOREL (Ravn, 2001, 2011) and TIMES
that is used. A selection of related literature that applies these
modelling tools is presented below. A generic description of long-term
energy models are given in Section 2.1.

For the Nordic countries (Norway, Sweden, Denmark, Finland and
Iceland), the adaption of the power system towards 2050, given the 2
degree scenario in ETP 2016 (IEA, 2016a), is analysed by a
BALMOREL model in IEA (2016b). Here, the climate scenario is
achieved with inter alia an extensive development of wind power,
increased transmission capacity to other European countries and more
district heat production from heat pumps. A key finding is that the
Nordic region is capable of integrating a large share of intermittent
electricity generation due to the flexible hydro production and the
integrated electricity market. This study also addresses the uncertainty
of the future Swedish nuclear capacity, and presents the impact of a
nuclear phase-out by 2030. Their results show that a decommissioning
of nuclear power in Sweden increases the investments in wind power
and natural gas power plants, decreases the Nordic electricity produc-
tion and decreases the electricity export.

The influence of various policy routes on the development of the
low-carbon power technologies in the European energy system, is
analysed with a TIMES model in Simoes et al. (2016). This study
concludes that a decarbonisation of the electricity sector in the
European Union is achievable with an increased share of renewable
electricity generation, nuclear and carbon capture and storage. Further,
this paper demonstrates that the investments in renewable electricity
generation technologies decreases with a higher social acceptance of
nuclear power plants and increases with a higher number of available
sites for renewable production. The uncertain role of nuclear power,
related to costs and public acceptance, is also addressed in Fais et al.
(2016), that uses a TIMES model to study the impact of technology
uncertainty in the decarbonisation of the United Kingdom. A conclu-
sion from this study is that a replacement of nuclear capacity with other
low-carbon electricity options does not increase the electricity genera-
tion cost significantly.

The economic impact of the interconnector between Norway and
United Kingdom is analysed with EMPS in Doorman and Frøystad
(2013). A conclusion from this work is that this interconnector is in
general profitable from a social welfare perspective. Using the same
framework, Kjetsa and Mo (2015) shows that the profitability of
interconnections from Norway to Germany and the United Kingdom,
and the value of the hydro flexibility, increases with uncertain fuel
prices.

The outline of the paper is as follows: Section 2 sets the context of
the analysis by describing long-term energy models and the energy
systems in Norway and Sweden. Section 3 is devoted to the applied
methodology, including a description of the TIMES model and the
stochastic model approach. Section 4 describes the combination of
policy actions and energy price assumptions that is used for further
analyses. Finally, the results are presented in Section 5, and the
conclusions and policy implications are given in Section 6.

2. Background

The purpose of this section is to set the context for our analyses.
First, we categorise various long-term energy models to justify the use
of TIMES in this study. Thereafter, we give a brief description of the
energy systems in Norway and Sweden with focus on the electricity
sector, as this sector is most sensitive for the policy actions.

P. Seljom, A. Tomasgard Energy Policy 106 (2017) 85–102

86



2.1. Long-term energy models

There are numerous different long-term energy models, with
various characteristics, and several studies are dedicated to categorise
and compare these models, including (Bhattacharyya and Timilsina,
2010; Connolly et al., 2010; Després et al., 2015; Pfenninger et al.,
2014). Long-term models of the energy sector are split between
bottom-up models, with a technical description of supply and demand,
and top-down models, with a description of macro-economic relation-
ships. This section presents various properties of bottom-up models
related to sectoral coverage, investment strategy and short-term
uncertainty.

2.1.1. Sectoral coverage
Bottom-up models can be categorised by its sectoral coverage.

While some models only cover a sub-system of the energy sector, as the
electricity sector, other models covers multiple energy sectors, hereby
denoted energy system models. The advantage with a wider sectoral
coverage is that this approach can capture the interaction between the
various sectors. Energy system models can thus quantify the impact of
policy actions on the optimal use of electricity in all energy sectors as
the final electricity consumption is a model result and not a model
input. Commonly used energy system modelling tools includes TIMES/
MARKAL, BALMOREL, MESSAGE (IIASA, 2012), OSeMOSYS
(Howells et al., 2011), PRIMES (NTUA, 2016) and POLES (Enerdata,
2016). Note that TIMES is the successor and the enhanced version of
MARKAL. Among these energy system models, BALMOREL is devel-
oped to cover the electricity and Combined Heat and Power (CHP)
sector whereas the other models can cover all energy sectors including
electricity, buildings, transport and industry.

Electricity sector models, with an exogenous electricity demand,
often have a higher detail level of the power sector compared to energy
system models. For example, the power sector modelling tool PLEXOS
(Energy Exemplar, 2016) enables a high time resolution and includes
integer properties like ramping, start-up costs and minimum up time
that is normally neglected in long-term energy models. Another
electricity model is EMPS, a detailed operation model of electricity
markets with stochastic hydro inflow. This model is inter alia used for
hydropower scheduling and electricity price forecasting in the Nordic
power market.

According to Després et al. (2015), no current energy system model
has the necessary temporal resolution to represent the constraints
related to an integration of intermittent electricity generation, and
long-term energy system models would benefit from a more accurate
representation of the electricity sector. Consequently, understanding
the impact of the simplified electricity sector will improve the insights
provided by energy system models. In Deane et al. (2012), the model
decisions from a deterministic Irish TIMES model is evaluated with
results from a PLEXOS model to evaluate the appropriateness of the
electric generation capacity. Deane et al. (2012) show that the TIMES
model provides a reliable electricity generation but undervalues flexible
elements and underestimates wind curtailment.

2.1.2. Investment strategy
The investment strategy of bottom-up models can be split between

a myopic and a perfect foresight approach. With a myopic approach,
the investment decisions are only based on the prices and demand of
the investment period. Consequently, these investments suppose that
the market conditions remains unchanged throughout the lifetime of
the investment. This is on the other hand not the case for a perfect
foresight approach, where investments are made with full knowledge of
the future evolvement of the energy system. As policy action can
influence the energy market in both the short-term and long-term, a
perfect foresight approach is a suitable tool to analyse the cost-optimal
adaption of policies over a longer time horizon.

Among the energy system models, the investment algorithm in

BALMOREL and POLES are myopic, PRIMES apply perfect foresight
over a limited time horizon, e.g. ten years, whereas MESSAGE,
OSeMOSYS and TIMES have a perfect foresight investment strategy.
Also, the investment algorithm to the electricity model EMPS is myopic
(Jaehnert et al., 2013).

2.1.3. Representation of short-term uncertainty
The short-term uncertainty in energy models can be represented by

a deterministic or a stochastic approach. Short-term uncertainty is
characterised by conditions that are periodically recurring, as hydro
inflow, wind speed, temperatures and fluctuations energy prices. A
stochastic approach provides cost-optimal investment decisions that
are valid for a range of representative operational situations that can
appear, given the presence of short-term uncertainty. This is opposed
to a deterministic approach, where the investments are based on only
one operational scenario. Consequently, given the unpredictable char-
acteristics of renewable electricity generation, a stochastic approach
gives a more realistic representation of the intermittent electricity
generation than a deterministic approach.

As we know, TIMES is the only energy system model that has an
established methodology to represent short-term uncertainty by sto-
chastic programming. It is also an option to model the uncertainty
related to technology costs and carbon price in MESSAGE stochasti-
cally (Krey and Riahi, 2009). Stochastic modelling of short-term
uncertainty in TIMES is introduced in Loulou and Lehtila (2012), is
documented and applied in a user guide in Nijs and Poncelet (2016), is
used to model the intermittent characteristics of wind power in
Denmark (Seljom and Tomasgard, 2015) and is applied to evaluate
the impact of Zero Energy Buildings in the Scandinavian energy system
in Seljom et al. (2017). Note that the majority of the TIMES literature,
including (Daly et al., 2014; Fais et al., 2016; IEA, 2013, 2016a;
Kannan and Turton, 2012; Krook Riekkola et al., 2011; Lind et al.,
2013; Rosenberg et al., 2013; Shi et al., 2016; Vaillancourt et al., 2014;
Zhang et al., 2016), represent the short-term uncertainty by a
deterministic approach. This implies that the results obtained from
these models do not directly take into account the uncertainty of
intermittent electricity generation and value flexibility different than a
stochastic approach. As demonstrated in Seljom and Tomasgard
(2015), the deterministic modelling approach can influence the model
result. This study concludes that the method used to represent the
unpredictable characteristics of wind power in investment models can
significantly affect the model results.

There are however studies, focusing only on the electricity sector,
that have incorporated a stochastic modelling of intermittent renew-
ables in investment models. For example (Nagl et al., 2013) apply
stochastic modelling of wind power and Photovoltaic Power (PV) in a
combined investment and dispatch optimisation model of the
European electricity market. Their results demonstrate that intermit-
tent renewables are significantly overvalued, flexible energy technolo-
gies are underestimated and that the total system cost is significantly
underestimated in deterministic electricity models. Other work in-
cludes (Munoz et al., 2014; Nagl et al., 2013; Skar et al., 2014a, 2014b;
Spiecker et al., 2013; Sun et al., 2008).

2.2. The energy system in Norway and Sweden

Norway and Sweden are the countries with the largest national
electricity generation from hydropower in Europe, where the hydro
share in the electricity generation mix was 96% for Norway and 41% for
Sweden in 2013 (Eurostat, 2015). Further, the nuclear power plants
located in south-eastern Sweden; Forsmark, Oscarshamn and Ringhals,
contributed to 42% of the Swedish electricity generation (Eurostat,
2015). The remaining electricity generation is primarily wind power
and CHP.

The electricity market in the two countries is highly integrated with
each other and the European electricity market. Externally, Norway is
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currently connected to Denmark, Finland, the Netherlands and Russia
while Sweden is connected to Denmark, Finland, Germany and Poland
with a capacity expansion to Lithuania under construction. The two
countries are a part of the Nord Pool Spot power market, where
Norway is divided in five electricity price areas, NO1-NO5, and Sweden
is split in four electricity price areas, SE1-SE4. For a given hour, the
electricity price is identical within each price area, while the electricity
price can be different for the various price areas due to bottlenecks in
the transmission grid. Historically, the geographical boundaries of the
price areas have changed to improve the congestion management, and
in this paper we use the area definition according to 2013-12-02
(Statnett, 2013; Svensk Energi, 2012).

A map of the Nord Pool price areas in Norway and Sweden, with
hydro production- and hydro storage capacities is illustrated in Fig. 1.
The hydro production capacities are provided by the Norwegian
Resource and Water Directorate (NVE) for Norway, and are available
in (Svensk Energi, 2014) for Sweden. The hydro storage capacities are
provided by Nord Pool. The hydro production capacity is about double
the size in Norway at 30.2 GW compared to Sweden at 16.2 GW, and
the national hydro storage capacity is 82.2 TWh and 33.7 TWh
respectively. In Norway, the price area located in the south, with
European transmission capacity Denmark and the Netherlands, NO2,
has the highest production- and storage capacity at 10.7 GW and
32.7 TWh. The situation in Sweden is that the price area located in the
middle of the country, SE2, with electricity exchange to price areas in
Norway and Sweden, has the highest hydro production and storage

capacity at 8.0 GW and 15.7 TWh respectively.
As of 2014-01-01, the expected Norwegian annual hydro produc-

tion is 131.4 TWh and the new potential, excluding potential that is
restricted due to nature conservation, is 31.5 TWh (NVE, 2015a). The
expected hydro production in Sweden is 65.5 TWh (Svensk Energi,
2014), and according to Statens energimyndighet (2014), the potential
for new hydro capacity in Sweden is in upgrading existing plants, with
an estimate of 2.6 TWh. Since the hydro production both depends on
the climate dependent hydro inflow and the operation of the hydro
reservoirs, the expected production differs from the actual production.
For example in 2014, the actual hydro production was higher than the
expected value, with 136.0 TWh in Norway and 65.8 TWh in Sweden.
Based on historical inflow and reservoir storage levels provided by
(Nord Pool Spot, 2016), we derive the historical hydro production in
Norway and Sweden, split by season, as presented in Fig. 2. Here the
production ranges from 155 TWh in 1996 to 228 TWh in 2000, and is
largest in winter and smallest in summer for most years.

Both the hydro inflow and the expectation of the electricity market,
within and outside Norway and Sweden, are drivers for the flexible
hydro production. This implies that the hydro production varies with
the domestic electricity consumption and the electricity trade to
Europe. Table 1 shows the annual electricity balance for Norway and
Sweden jointly, from 2010 to 2014 with the respective hydro inflow and
hydro production. Among these years, the net electricity trade ranges
from 8 TWh import in 2010 - 38 TWh export in 2012, and the
electricity consumption, including losses, ranges from 260 TWh in

Fig. 1. Map of Norway and Sweden, divided by price area, with indication of hydro production and storage capacity.
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2014 to 277 TWh in 2010. Here, the hydro production, electricity
generation and net electricity export to Europe is highest in 2012.

3. Methodology

This section is split in two. First, we give an overview of the model
structure and assumptions of our TIMES model. Thereafter, we present
the applied stochastic modelling approach, including the scenario
generation of the uncertain parameters.

3.1. TIMES model structure and assumptions

TIMES is a bottom-up modelling framework, providing a detailed
techno-economic description of resources, energy carriers, conversion
technologies and energy demand from a social welfare perspective. It is
mainly used for medium and long-term analysis on global, national and
regional levels, including the Energy Technology Perspectives (IEA,
2016a). The model minimises the total discounted cost of the energy
system to meet the demand for energy services for the analysed model
horizon. The energy system cost includes investments in both supply
and demand technologies, expenses related to operation of capacity,
fuel costs, income from electricity export and cost of electricity import
from external countries.

The model periods are every fifth year within the time horizon from
2010 to 2050. Further, each model period is divided into 48 time-slices,
with a representative day with 12 two-hour steps in four seasons. The
time-slice structure is chosen to capture the seasonal and diurnal
characteristics of energy supply and demand. Winter is defined as
December, January and February, spring is defined as March, April,
May, summer is June, July and August and autumn is September,
October and November. The model is regionally divided into the Nord
Pool price areas, with five regions in Norway and four regions in
Sweden, as illustrated in Fig. 1. The perfect foresight investment
decisions are made in each model period, and operational decisions
are made at a time-slice level. The operational decisions include activity
level of each capacity type, fuel consumption and electricity trade. The
annual discount rate is set to 4%, as used in Norwegian Government
(2013). Further, we exclude current policy instruments, as taxes and
subsidies, long-term climate goals and CO2 price to obtain a true cost-

optimal solution.
The future heat, transport and non-substitutable electricity demand

is input to the model, and is based on the reference energy projections
in Rosenberg and Espegren (2014) for Norway and from (Statens
Energimyndighet, 2013; Statens Energymyndighet, 2012) for Sweden.
The heat demand is divided into six different categories for Norway:
commercial, single family house, multi-family house, metal industry,
pulp and paper, and other industry, and into four different categories
for Sweden; buildings, district heating (DH), forest industry and other
industry. With the explicit modelling of the DH demand in Sweden, we
do not capture the competition between DH and other heating options,
for example if it is profitable to expand the DH grid to replace the
natural gas grid. The maximum natural gas use is limited to the
capacity of the natural gas grid, where we assume the current capacity
is maintained towards 2050. The heat load profiles in the building
sector are based on the methodology described in Lindberg and
Doorman (2013).

The characterisation of energy technologies, as cost data and
efficiencies, are input to the model and are primarily based on Lind
and Rosenberg (2013), NVE (2015a). The model input on cost data of
electricity generation technologies, indicating the range of investment,
is given in Table 2. The model includes a set of technologies used to
transform energy sources to final demand. This includes conversion
processes such as electricity and heat production technologies, and
demand technologies such as boilers and vehicles. It is optional to use
electricity in heat and transport technologies and consequently the
total electricity consumption is a model decision.

The transmission capacity within and outside the model region is a
model input that is based on Nord Pool statistics. There are no
investment options in new capacity besides the two capacity expansion
projects to Europe between Norway and the United Kingdom, “NSN”,
and the electricity trade between Norway and Germany,”Nordlink”.
The on-going project from Sweden to Lithuania, “NordBalt”, is a model
input. The electricity trade is modelled in a simplified manner, without
considering Kirchhoff's circuit laws, and the same capacity is used in
both directions for Alternating Current cables. The electricity prices in
the model regions in Norway and Sweden are endogenous, as they are
the dual values of the electricity balance equation, while the electricity
prices in the countries with trading capacity to Norway and Sweden is a
model input. Further, we assume these electricity trade prices to be
independent of the traded quantities to Norway and Sweden.

We model two types of hydro plants, Reservoir plants and Run-of-
the-river (ROR) plants, by constraining the hydro production, and we
do not explicitly model the hydro inflow and operation of the
reservoirs. The plants are further divided into five different types;
existing plants and four new plant options with different investment
costs. The capacity for the existing plants is a model input whereas the
capacity for the new plant options requires endogenous investments.
For the ROR plants, the electricity generation is limited to a seasonal
availability factor, a ratio of the seasonal hydro production over the

Fig. 2. Electricity generation from hydropower by season, 1995 – 2014.

Table 1
Annual electricity balance for Norway and Sweden from 2010 to 2014, with the
respective hydro inflow and hydro production (Nord Pool Spot, 2016; Statistics Norway,
2016; Statistics Sweden, 2016).

Year 2010 2011 2012 2013 2014

Hydro inflow TWh 164 230 211 189 200
Hydro production TWh 187 191 222 191 202
Electricity generation TWh 269 276 310 283 292
Electricity consumption TWh 277 265 273 268 260
Net electricity export TWh −8 10 38 15 31

Table 2
Cost data for electricity generation technologies.

Investment cost Annual fixed O
&M cost

Variable O &
M cost

Lifetime

Technology MEUR/ GW MEUR/ GW kEUR/ GWh Years

Reservoir
hydro

1525 – 2563 15 – 25 40

ROR hydro 1635 – 3160 15 – 25 40
Wind power 1320 – 1611 – 19 20
Biomass CHP 1500 – 1902 33 – 84 25
Natural gas

CHP
1188 – 1125 10 – 29 25

Waste CHP 2638 29 25
PV in 2015 2250 3 25
PV in 2050 1500 3 25
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maximum theoretical seasonal production. Further, we assume the
electricity generation from ROR to be identical for all daily periods
within a season, and consequently these plants are assigned no
production flexibility. As opposed to the ROR plants, the Reservoir
plants are flexible between the time-slices of the model. The annual
electricity generation from the Reservoir plants is constrained by an
annual capacity factor, the annual production over the maximum
theoretical production over a year. In addition, we constrain the
seasonal electricity generation from the Reservoir plants to a maximum
and a minimum production level according to historical observations.

The wind power is modelled by seven technology types with
different costs and wind speed characteristics. This includes the
existing capacity and six new onshore wind types.

The nuclear power is modelled as a base load plants by setting the
electricity generation identically for all daily periods within each
season. Further, the nuclear electricity generation is constrained by a
maximum number of operational hours in each model period, ranging
from 6745 h to 7796 h for the different plants. We do not take into
account the cost of nuclear fuel and fuel handling of the nuclear plants.
The reason for this assumption is that the nuclear power production
can be a political decision, due to energy security, employment and
high decommission costs, rather than a cost-optimal decision. For the
same reason, the nuclear capacity is a model input and not a model
decision.

3.2. Stochastic modelling approach

We apply a two-stage stochastic programming approach, where the
uncertain parameters are represented by a discrete set of possible
realisations, called scenarios (Kall and Wallace, 1994). This implies
that the model decisions are split into two groups; first stage and
second stage variables. The approach is designed such that the first-
stage variables are made before knowing the outcome of the uncertain
parameters whereas the second-stage variables are made for a best
adaption of each scenario.

In our case, the first-stage decisions are investments in new
capacity and the second-stage decisions are operational decisions.
Consequently, the investments are identical for all scenarios, whereas
the operational decisions are scenario dependent. To consider the
different operational situations in the optimisation, our TIMES model
minimises the investment costs and the average of the operational costs
for all scenarios. This gives investment decisions that recognise the
expected operational cost, and that are feasible for all the model
specified realisations of the uncertain parameters. Note that the
investment and operational model decisions are made simultaneously
for all model periods, with operational decisions that are contingent on
the realisations of short-term uncertainty. Hence, the investments
consider the expected operational effects with the average taken over
the scenarios. Further, we apply a multi-horizon model structure, with
no dependency on the operational decisions between the model periods
(Kaut et al., 2014). This simplification gives a significant reduction in
model size, as it includes no learning effect over time from observing
operational scenarios. This is done both because it simplifies computa-
tions, and because it provides a better approximation of real world
decision processes. If such learning effects were included in the
operational scenarios, it would be similar to assuming perfect foresight
in the operations over the model life.

Historical data are used as a basis to sample 21 stochastic scenarios
representing short-term uncertainty, with equal probabilities. The
scenarios represent realistic outcomes of the uncertain parameters;
hydro production, wind production and electricity trade prices. The
number of scenarios is primarily chosen to ensure manageable
computational time, even though a higher number of scenarios can
increase the quality of the model results (Kaut and Wallace, 2007). Our
scenario generation method is designed to explicitly capture the
regional and time-slice correlation of the uncertain parameters. This

is elaborated in the sections below, where we describe the scenario
generation of each uncertain parameter. Due to limited access to
historical data, the uncertain parameters are modelled as independent
(more data would be needed to estimate correlations). Consequently,
we do not capture the correlation between hydro production and wind
production in Norway and Sweden with the European electricity prices.
This is not unrealistic, as the energy systems in Norway and Sweden
are relatively small compared to the rest of Europe, hence the
electricity generation in these countries has a limited influence on
the European electricity prices. Another model assumption is that the
uncertain parameters are modelled as independent between long-term
model periods. This implies for example that there is no dependency
between the wind conditions in 2030 and wind conditions in 2035.

3.2.1. Hydro production scenarios
The basis for the hydro scenarios are seasonal availability factors

from 1995 to 2014, in all model regions and for both Reservoir and
ROR hydro plants. The availability data are derived by seasonal
production data on a national level from 1995 to 2014 for Norway
and Sweden, as illustrated in Fig. 2. First, this national production data
is divided into that belonging Nord Pool model regions. For Norway,
the distribution is based on regional hydro inflow series from 1995 to
2014 (NVE, 2014), and for Sweden the distribution is based on
expected production of the Swedish price regions. Second, the seasonal
production data is divided into production from Reservoir and ROR
plants, by assuming the ROR production is proportional with the hydro
inflow. Third, we derive the seasonal availability factor, for both plant
types, by dividing the seasonal production with the installed capacity.

For each model period, a scenario is generated by a random sample
of a historical year between 1995 and 2014. Thereafter we use the
corresponding availability factors of each season for the ROR plants
and the corresponding annual availability factors for the Reservoir
plants as a model input in all regions. This approach is designed to
ensure the correlation between model regions, seasons and hydro plant
types. To confirm that the hydro scenarios are representative with
regard to the statistical mean, we have controlled that the average of all
scenarios over all model periods is in accordance with the historical
data.

With four seasons, a scenario consists of four stochastic parameters
for ROR plants and one stochastic parameter for Reservoir plants for
each region and model period. To illustrate the characteristics of the
hydro scenarios, we depict the maximum, minimum, median of the 21
scenarios on availability factors in NO5 for 2020 in Fig. 3. Here, for
ROR hydro, the median seasonal availability is largest in summer with
0.77, smallest in winter with 0.39 and the spread of the availability
factor is greatest for autumn ranging from 0.22 to 0.46. For the
Reservoir hydro, the median availability factor is 0.56 and ranges from
0.48 to 0.66.

Fig. 3. Hydro scenario characteristics for NO2 2020; Minimum, Median and Maximum
of seasonal and annual availability factors for ROR and Reservoir hydro.
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3.2.2. Wind production scenarios
The basis for the wind scenarios is hourly availability factors, which

is a measurement of the hourly wind power production over to the
installed capacity, for all model regions from 2012 to 2014. First,
historical availability factors are derived by dividing hourly production
data by the installed capacity in each model region. Second, every
second hour from the data set is selected to adjust to the time-slice
structure of the model with 12 two-hour daily steps.

For each model period, the input scenarios are generated by a
random sample of 21 days within each season. Thereafter, the
corresponding hourly availability factors of the sampled day are used
as a model input for all model regions. Finally, the scenarios are
adjusted such that the expected value of all scenarios equals our
assumed annual availability factor for each wind turbine type. Note
that the correlation between the daily periods is taken into account
since a scenario consists of chronological wind availability data, and
that the regional correlation is explicitly captured as the same day is
used for all regions.

With four seasons and 12 two-hour periods, a scenario consists of
48 stochastic wind parameters for each region, wind turbine type and
model period. Fig. 4 illustrate the characteristics of the model input on
wind availability factors, for a wind turbine with an expected annual
availability factor at 0.33, for winter 2030 in SE3, by showing the 25/75
quantile, minimum, maximum and median of the daily realisations in
the 21 stochastic scenarios. The figure shows that the wind availability
is highly stochastic, and for this model input, the availability factor
ranges from 0.01 at 16:00 to 0.89 at 16:00.

3.2.3. Electricity trade price scenarios
The basis for the electricity trade price scenarios is four hourly

electricity price series in the countries with trading capacity to Norway
and Sweden, for all model periods; see Section 4.2 for a further
description of these price series. In each model period, a scenario is
created by a random sample of a day within each season. Thereafter,
every second hour of the corresponding hourly prices, in all trading
regions, is used as a model input. This methodology ensures the
correlation of the electricity trade price between the daily periods and
European countries.

4. Model cases

This section presents the model input, and in particular the
combinations of policy actions and energy price developments that
we study. We analyse 16 different model cases, as four different policy
actions are evaluated separately under four different assumptions on
the price development on biomass, fossil fuels and electricity outside
Norway and Sweden. We emphasise that the model cases and
stochastic scenarios are two different types of model input. While the
stochastic scenarios describe the short-term uncertainty of electricity
supply, the model cases represent different long-term realisation of

policy actions and energy prices.

4.1. Policy actions

Table 3 summarises the policy action related to nuclear power,
hydropower and transmission capacity to Europe. The first policy,
named REF, involves no new policy action; the nuclear power produc-
tion is continued, large parts of the Norwegian hydro potential are
restricted and it is possible to invest in new export capacity to Europe.

The second policy assumes a gradual shutdown of nuclear power in
Sweden by 2030, and is denoted NNU. The nuclear capacity is a model
input, and for the policy actions except NNU, we consider the adopted
shutdown of the oldest reactors in Ringhals and Oscarshamn, and
assume that the remaining capacity, at 6.7 GW, is maintained towards
2050. In the nuclear shutdown policy, NNU, we assume a gradual
decommissioning of all reactors by 2030 with a capacity drop to
5.5 GW in 2020 and 3.4 GW by 2025.

The third policy, denoted HYD, involves an expansion of the
Norwegian hydropower potential. This policy choice assumes a cance-
lation on the restricted hydro potential, increasing the Norwegian
hydropower potential from 31 TWh to 80 TWh. We assume the
restricted potential has the same characteristic as the existing plant
stock in regards to costs, regional location and share of flexible plants.

The fourth policy, LTD, implies limited electricity trade and
supposes a ban on new export capacity to the European electricity
market out of Norway and Sweden. This policy does not allow for any
new electricity transmission capacity out of the region, and prohibits
the capacity expansion projects, “NSN Link” between Norway and the
United Kingdom and”NordLink” between Norway and Germany.

4.2. Energy price assumptions

The four price assumptions, P1 – P4, have different assumptions
with regard to long-term energy prices and electricity price variability,
and are summarised in Table 4. This is done in order to capture a range
of possible realisations of the future energy market as future energy
prices are highly uncertain as it inter alia depends on demand, market
design, degree of market power, support schemes and future develop-
ment of resources and technology. In addition, more intermittent
production can give higher electricity price variability.

The first two assumptions, P1 and P2, are based on an increase in

Fig. 4. Wind scenario characteristics for SE3 winter 2030; 25/75 Quantile, Minimum,
Median and Maximum of daily wind availability factors.

Table 3
Overview of policy actions.

Policy choice Description

REF REFerence No policy action
NNU No NUclear Nuclear shutdown in Sweden by 2030
HYD HYDro Cancelation of the restricted Norwegian hydro

potential
LTD Limited TraDe No new export capacity to Europe

Table 4
Summary of the energy price assumptions.

Price assumption Description

P1 Increased annual energy prices towards 2050
2014 electricity price variation

P2 Increased annual energy prices towards 2050
Higher electricity price variation

P3 Constant annual energy prices towards 2050
2014 electricity price variation

P4 Constant annual energy prices towards 2050
Higher variance in electricity prices
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the long-term energy prices in accordance with (Energinetdk, 2015)
that is indicated in Table 5. These energy prices are based on forward
prices and energy prices from the New Policy Scenario in the World
Energy Outlook. The last assumptions, P3 and P4, assume constant
energy prices towards 2050 where the energy prices of 2015 in Table 5
are used as a model input for all future model periods.

Further, the price assumptions P1 and P3 use electricity price
variability according to the historical variations observed in 2014. The
variations are based on hourly electricity prices of 2014 in Denmark,
Germany, the Netherlands, Finland, Lithuania, Poland and the United
Kingdom. As the 2014 prices reflect the current share of intermittent
electricity supply in Europe, we also include price assumptions with
higher electricity price variations. The other two price assumptions, P2
and P4, assume a gradual increase in the price variability towards 2030
that is designed by taking the square of the hourly electricity prices in
2014 adjusted to the annual price. To illustrate the model input on
electricity prices, the 25/75 quantiles, median, minimum and max-
imum value of the daily German price realisations in summer 2030 are
plotted in Fig. 5 for all energy price assumptions. Here, the electricity
price varies with the price assumption, time of the day and stochastic
scenario. For example at 10:00, the electricity prices range from 43
EUR/ MWh to 116 EUR/ MWh for P2 and from 30 EUR/ MWh to 53
EUR/ MWh for P3 among the stochastic scenarios.

5. Results and discussion

This section presents the main results with focus on the impact of
policy actions, the impact of the energy price assumptions and the
value of a stochastic modelling approach. If not specified, we report the
expected value of the operational model decisions, an average of the
realisation of the 21 stochastic scenarios.

5.1. Impact of policy actions

The key impacts of the analysed policy actions are the same for the
four price assumptions. For example, compared to the no policy case, a
nuclear shutdown increases the investments in renewable electricity
generation in Norway and Sweden, and this effect is observed for all the
various energy price assumptions. However, the quantity of the optimal
investments varies with the model input on future energy prices. For
example in 2030, a nuclear shutdown increases the wind capacity by
4.0 GW for price assumption P1, and by 5.3 GW for price assumption
P2. Further in this section, we present results for all policy actions with

P1 in 2030. Appendix A includes figures depicting the corresponding
results for all model cases in 2030 and 2050.

The expected net electricity export from Norway and Sweden is
plotted against the expected electricity generation in Fig. 6, where the
corresponding electricity generation capacity, split by type, is depicted
in Fig. 7. Compared to the reference policy (REF), the alternatives
nuclear shutdown (NNU), and no new electricity export (LTD), result
in lower export and generation whereas an increase in hydro potential
(HYD), with permission to build more hydropower, gives higher export
and production. The policy actions primarily affect the competition
between electricity and biomass supply whereas the fossil fuel con-
sumption is less affected. This is because these policies mostly have an
impact on the electricity and building sectors, where the fossil fuel
consumption is limited. Fig. 8 illustrates how the expected biomass and
electricity consumption in Norway and Sweden varies with the policy
actions. Here, the consumption includes the utilisation of biomass and
electricity in all parts of the energy sector, including consumption for
industry, electricity generation, transport, district heating production
and building heat. Compared to REF, NNU results in lower electricity
consumption and higher biomass consumption whereas the other
strategies, HYD and LTD, have higher electricity and lower biomass
consumption. Note that the difference between REF and NNU is
significantly larger for the other energy price assumptions (See
Appendix A).

A nuclear shutdown in Sweden increases the electricity price level
in both Norway and Sweden, as the nuclear electricity supply is partly
replaced with more costly production technologies and substituted by
other energy carriers. The greatest price increase is in the Swedish
Nord pool price area SE3, where the nuclear reactors are located, with
an annual electricity price increase of 21%. The price impact is lower
for the other price areas, and is for example 3% in the Norwegian price
area with the highest population, NO1. A consequence of the increased
price level is higher investments in wind capacity and a decrease in
domestic electricity consumption. Jointly, this results in a decreased
total electricity generation and a lower electricity export. Compared to
REF, NNU lowers the electricity generation by 26 TWh, from 311 TWh
to 286 TWh, has 23 TWh lower net electricity export, 3 TWh lower
electricity consumption and 6.8 GW more wind power capacity. A large
part, 3.5 GW, of the additional wind power capacity is located in SE3,
whereas the remaining wind investments are spread throughout other
price areas in Norway and Sweden.

As opposed to the nuclear shutdown policy, an expansion of the
Norwegian hydro potential lowers the electricity price level in Norway
and Sweden and increases the net electricity export. The price impact is
larger in Norway than in Sweden, with for example an annual
electricity price decrease of 26% in NO1 and 4% in SE3. The lower
prices are caused by the new potential that gives additional investments
in remunerative Reservoir hydro plants. This lowers the investments in
other types of electricity generation capacity and increases the elec-
tricity consumption. The increased electricity consumption is both
caused by a substitution of technologies with lower efficiencies, from
heat pumps to direct electric heating, as well as fuel substitution from
biomass to electricity to meet the heat demand in buildings. Compared
to REF, HYD has 20 TWh higher electricity generation, 7 TWh higher
net electricity export, 11 TWh higher electricity consumption, 0.6 GW
less CHP, 1.2 GW less wind, 0.8 GW less ROR hydro and 7.3 GW more
Reservoir hydro. The Norwegian price area with transmission capacity
to Europe, NO2, has the majority of the additional Reservoir hydro
investments with 3.4 GW. The reduced CHP capacity decreases the
share of district heat supplied by CHP plants, from 82% for REF to 76%
for HYD.

The model invests in new electricity export capacity to Germany
and the United Kingdom from Norway when it is an option in a model
case. Consequently, restricting these expansion projects in LTD,
increases the energy system cost and affects the model decisions. A
lower export capacity to Europe limits the utilisation of electricity

Table 5
Overview of energy price assumptions in 2015, 2030, 2040 and 2050 for P1 and P2.

2015 2030 2040 2050

Fossil fuels
Coal EUR/ MWh 8 13 14 14
Natural gas EUR/ MWh 22 35 36 36
Oil EUR/ MWh 37 69 72 72

Biomass
Pellets EUR/ MWh 28 − 43 31 − 46 31 – 47 31 – 47
Straw EUR/ MWh 22 26 27 27
Chips EUR/ MWh 21 − 32 24 − 37 25 – 38 25 − 38
Biogas EUR/ MWh 30 − 45 31 − 47 33 – 49 33 − 49

Electricity
Denmark West (DK1) EUR/ MWh 32 63 64 64
Denmark East (DK2) EUR/ MWh 34 63 64 64
Finland (FI) EUR/ MWh 31 57 58 58
Germany(DE) EUR/ MWh 35 62 64 64
Lithuania (LI) EUR/ MWh 35 62 64 64
Poland (PO) EUR/ MWh 35 62 64 64
The Netherlands (NL) EUR/ MWh 45 65 65 65
United Kingdom (UK) EUR/ MWh 68 75 72 72
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generation and reduces the back-up opportunities for non-flexible
electricity generation. This results in a lower annual price level and
higher variability of the hourly electricity prices in both Norway and
Sweden. For example, the annual price is decreased by 12% in N01 and
3% in SE3 with a corresponding increase in the standard deviation of
the hourly price at 84% and 47% respectively. Further, this policy
reduces the investments in all types of electricity generation capacity

besides the flexible hydro plants, and increases the domestic electricity
consumption. Similar to HYD, the increased electricity consumption is
caused by a substitution of technologies with lower efficiencies and by
fuel substitution from biomass to electricity. Compared to REF, LTD
has 7 TWh lower electricity generation, 7 TWh higher electricity
consumption, 15 TWh lower net electricity export, 0.2 GW less CHP,
0.6 GW less wind and 0.7 GW less ROR hydro.

5.2. Impact of energy price assumptions

The main impact of the different price assumptions is identical for
all policy actions. For example, the biomass consumption is highest
with price assumption, P1, for all policy actions. If not otherwise
specified, this section discusses the results in 2030 for the various
energy price assumptions and the reference policy action, REF.
Nevertheless, the core conclusions presented in this section, are valid
for all four policy actions. Appendix B gives figures for the correspond-
ing results for all model cases in 2030 and 2050.

For Norway and Sweden, it is beneficial with high variability in the
European electricity market and no future increase in the energy prices.
Larger variations in the European electricity prices increases the value
of the flexible hydro reservoirs since the hydro flexibility enables the
possibility to export when the electricity prices are high, and import

Fig. 5. Electricity price scenario characteristics for Germany summer 2030; 25/75 Quantile, Minimum, Median and Maximum daily price realisations for all price assumptions.

Fig. 6. Expected net electricity export versus expected electricity generation in 2030 for
all policy actions and energy price assumption P1.

Fig. 7. Electricity capacity in 2030 for all policy actions and energy price assumption P1.

Fig. 8. Expected biomass consumption versus expected electricity consumption in 2030
for all policy actions and energy price assumption P1.
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when the electricity prices are low. This indicates that it is valuable for
Norway and Sweden to take an active part in the future European
electricity market design as this ensures adequate utilisation of the
flexible hydro reservoirs. This is confirmed by the energy system cost
for the four price assumptions relative to P1 that is shown in Fig. 9.
Here the energy system cost represents the minimum energy system
cost, accumulated for the time horizon from 2010 to 2050, to meet the
specified energy demand in Norway and Sweden. With increasing
energy prices, a higher electricity price variation, reduces the energy
system cost by EUR 18 billion when comparing the system cost of P1
and the system cost of P2. Similar, for constant energy prices, the
energy system cost is decreased by EUR 14 billion when comparing P3
with P4. Compared to increasing energy prices, constant energy prices
result in lower fuel prices, less income related to electricity export and
less costs related to electricity import. Together, constant energy prices
are more cost-optimal for the energy systems in Norway and Sweden,
and the difference in energy system cost is EUR 35 billion between P3
and P1, and EUR 31 billion between P4 and P2.

The European energy market is a core driver for the optimal
investment in electricity capacity in Norway and Sweden. This is
illustrated in Fig. 10, where the electricity generation capacity, split
by type, for all energy price assumptions is depicted. Note that the y-
axis starts at 45 GW to better illustrate the differences between the
non-hydro technologies. Here, the investments are higher with in-
creasing energy prices compared to constant prices. For example, the
total electricity capacity is 68.2 GW for P1 and 62.0 GW for P3. Higher
electricity prices favour development of new plants and the export of
electricity, while lower electricity prices favour the import of electricity.
In addition, the variability of the European electricity prices makes an
impact on optimal investments, particularity in wind power. The wind
capacity ranges from 1.4 GW for P1 to 0.1 GW for P4. Consequently,

price-independent support schemes for new renewable capacity can
give sub-optimal investments.

The electricity generation in Norway and Sweden remains domi-
nated by hydropower for all price assumptions, and it is optimal to
expand a larger share of the Reservoir and ROR hydro potential. This is
conditioned by our assumption that the existing hydro capacity
remains available throughout the model horizon. New investments in
ROR capacity depend more on the energy price development than the
Reservoir capacity. The new built Reservoir capacity ranges from
1.5 GW for P4 to 2.1 GW for P1, corresponding to 64% and 91% of
the new capacity potential/ the maximum invested capacity respec-
tively. Similarly, the investments in ROR capacity range from 1.4 GW
for P4 to 4.7 GW for P1, corresponding to 26% and 86% of the new
potential respectively. Along with hydro, CHP has a considerably share
of the electricity generation for all price assumptions. The CHP capacity
ranges from 5.6 GW with P4 to 7.1 GW with P1, where the fuel
consumption is primarily biomass and waste. Here, the share of heat
supplied by CHP plants, of the district heat demand, ranges from 82%
with P1 to 65% with P4.

In addition to influencing the investments in new electricity
capacity, the energy price assumptions affect the domestic use of
electricity and consequently also the electricity trade to Europe.
Fig. 11 depicts the net electricity export from Norway and Sweden,
with indication of the expected electricity trade and the range for the
possible realisations. The expected value is the average of the net
export over all the stochastic short-term scenario outcomes, and the
minimum and maximum values represent the value of the extreme
scenarios. The spread of the net export is significant and is primarily
caused by annual variations in the hydro production. It is clear that the
export depends on the price assumptions, where the expected net
electricity export ranges from 5 TWh in P4 to 52 TWh in P1. For P4,
the net electricity trade ranges from 35 TWh import to 41 TWh export
over the outcomes of the short-term scenarios. Further, the results
indicate that the net export from Norway and Sweden is higher with
increased energy prices, compared to constant energy prices, and
decreases with higher electricity price variability.

5.3. Impact of using a stochastic model

This section compares investment decisions obtained from stochas-
tic and deterministic models, and presents the value of applying a
stochastic approach. The two model types are similar, except for the
representation of the stochastic parameters, where the average value of
the uncertain parameters is used as a model input in the deterministic
approach. This implies that the stochastic model, with a more realistic
representation of the energy sector, has higher computational complex-
ity than its deterministic equivalent. As the modelling approach
primarily affects the electricity and building sectors, we focus on these
sectors below.

In the electricity sector, the deterministic model has higher invest-
ments in intermittent renewable electricity generation for all model
cases in 2030 and 2050, while there is no similar general trend for the

Fig. 9. Energy system cost, relative energy price assumption P1, for all energy price
assumptions and the reference policy, REF.

Fig. 10. Electricity capacity for all energy price assumptions in 2030 for the reference
policy, REF.

Fig. 11. Net electricity export for all energy price assumptions in 2030 for the reference
policy, REF, indicating maximum, minimum and expected value.
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flexible production technologies. This is caused by stochastic model-
ling, unlike the deterministic approach, explicitly models a range of
operational situations which can occur. This includes for example
periods with poor wind conditions, low hydro inflow and high
European electricity prices, and periods with excess power supply in
Norway and Sweden and limited export opportunities. Fig. 12 depicts
the difference in investments in electricity generation capacity between
the deterministic and stochastic approaches in 2030 for all model
cases, split by capacity type. The corresponding results for 2050 are
illustrated in Appendix C. Here, the difference in electricity generation
capacity ranges from −0.6 GW for the increased hydro potential policy,
HYD, and energy price assumption P3 to 4.3 GW for HYD and energy
price assumption P2. Compared to the stochastic approach, the
deterministic approach has 0.8 GW lower Reservoir hydro capacity
and 0.2 GW higher ROR capacity for HYD and P3, whereas for HYD
and P2, the CHP, Reservoir and ROR capacity is 0.3, 2.5 and 1.6 GW
higher for the deterministic model respectively. Although, the differ-
ence in electricity generation capacity between the two approaches is
relative small compared to the total installed capacity, it has a
significant impact on the model results for some model cases. For
example for energy price assumption P1 in 2030, the deterministic
results have 253%, 50%, 483% and 268% more wind capacity
compared to a stochastic approach for the reference policy (REF), the
nuclear shut down policy (NNU), HYD and for the limited trade policy
(LTD) respectively.

The electricity generation capacity influences the cost-optimal

electricity trade capacity from Norway and Sweden. As the determi-
nistic approach models an average value of the uncertain parameters, it
value the flexibility related to electricity trade capacity differently than
the stochastic approach. While the stochastic model expands the export
capacity for all model cases, there are no investments in new export
capacity to Germany in the deterministic model for REF, NNU and
HYD with energy price assumption P3.

In the building sector, the deterministic approach invests in less
heat capacity, in particular low-efficient electricity-based heating,
compared to a stochastic approach. This can be explained by the fact
that the stochastic approach, with scenario dependent electricity prices,
invests in additional low-cost electricity-based heating, to meet the
heat demand in periods with low electricity prices. Furthermore, the
influence of the modelling approach on investments in heat pumps, gas
and biomass technologies depend on policy actions, price assumption
and model period. This is illustrated in Fig. 13 which depicts the
difference in heat capacity in the building sector between the determi-
nistic and stochastic approaches in 2030, split by technology, for all
model cases. The corresponding results for 2050 are illustrated in
Appendix C. Note that the DH capacity is excluded as it is exogenously
given. Here, the technology group named Electricity includes both
electric boilers and direct electric heating. In 2030, the total capacity
difference ranges from 0.0 GW for NNU and P3 to −2.5 GW for NNU
and P2. Although the total capacity is indifferent for NNU and P3, the
deterministic approach has 0.4 GW lower investments in Electricity
capacity and 0.1 GW and 0.3 GW higher investments in heat pump and

Fig. 12. Difference in electricity capacity between a deterministic and stochastic approach in 2030 for all model cases.
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gas capacity respectively. Similarly, the Electricity capacity is 3.5 GW
lower and the heat pump and biomass capacity is 0.9 GW and 0.1 GW
higher for respectively for NNU and P2.

The Value of the Stochastic Solution (VSS) (Higle, 2005) is a tool to
quantify the benefit of using a more complex stochastic model
compared to a deterministic approach. The first step to calculate VSS
is to find the investment decisions from the deterministic model.
Second, the stochastic model is solved with the fixed investments from
the deterministic model. Finally, the VSS is the difference in optimal
objective function value between this stochastic model, with fixed
deterministic investment decisions, and the objective function of the
original stochastic model. The VSS is presented for all model cases in
Table 6. Here, the VSS ranges from EUR 0.1 billion for LTD and P3 to
EUR 3.0 billion for HYD and P1.

6. Conclusions and policy implications

We use a TIMES model with a stochastic representation of the
short-term uncertainty of electricity supply to study the effects of
various policy actions on the energy system in Norway and Sweden
from a social welfare perspective. Our stochastic approach provides

cost-optimal investments in the energy system that considers a set of
operational situations and explicitly value flexibility. We observe that a
deterministic approach gives more wind power capacity, less inter-
connection capacity to Europe and lower investments in low-efficient
electric heating in buildings compared to a stochastic approach. Below,
we present the core insights obtained from our stochastic model.

Implementation of energy and environmental policy actions influ-
ence cost-optimal investments and affect the flexibility of the electricity
supply in Norway and Sweden. A nuclear shut-down in Sweden causes
a larger share of intermittent generation in the electricity sector, a
cancelation of the restricted hydropower in Norway gives additional
investments in flexible hydro plants, and no new export capacity to
Europe restricts the utilisation and back-up opportunities of inter-
mittent electricity generation. Consequently, the future role of the
flexible hydro reservoirs in Norway and Sweden, to integrate inter-
mittent renewables in northern Europe, depends on the adopted policy
measures.

In addition to policy actions, the European energy market is a core
driver for optimal investment in electricity generation capacity in
Norway and Sweden. A higher European electricity price level increases
the development of new capacity and electricity export, whereas lower
electricity prices give more electricity import. Also, higher fluctuations
in the European electricity prices reduce investments in electricity
generation capacity, due to inflexibility in the energy system. High
fluctuations in the European electricity price, is however beneficial for
Norway and Sweden. This is because the hydro flexibility enables the
possibility to export when the electricity prices are high, and import
when the electricity prices are low. The development of the energy
system also affects the cost-optimal electricity trade from Norway and
Sweden to other European countries. A key finding is that it is

Fig. 13. Difference in heat capacity between a deterministic and stochastic approach in 2030 for all model cases.

Table 6
The Value of Stochastic Solution for all model cases, billion EUR.

Model case P1 P2 P3 P4

REF 1.3 1.9 0.2 1.1
NNU 1.2 1.8 0.4 1.1
HYD 3.0 2.8 0.6 1.4
LTD 2.0 1.9 0.1 0.7
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profitable to expand the export capacity to Europe for all analysed
policy actions and energy price assumptions.

Based on the gained insights, we suggest that policy actions in
Norway and Sweden, on nuclear power, hydro resources and electricity
trade capacity should be evaluated in the light of their effects on the
interaction with the European electricity market. In order to do so, an
underlying analysis of the energy system should take into account the
short-term uncertainty of renewable electricity generation.
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Appendix A

See Figs A.1–A.16.

Fig. A.1. Expected net electricity export versus expected electricity generation in 2030
for all policy actions and energy price assumption P1.

Fig. A.2. Expected net electricity export versus expected electricity generation in 2050
for all policy actions and energy price assumption P1.

Fig. A.3. Expected net electricity export versus expected electricity generation in 2030
for all policy actions and energy price assumption P2.

Fig. A.4. Expected net electricity export versus expected electricity generation in 2050
for all policy actions and energy price assumption P2.

Fig. A.5. Expected net electricity export versus expected electricity generation in 2030
for all policy actions and energy price assumption P3.

Fig. A.6. Expected net electricity export versus expected electricity generation in 2050
for all policy actions and energy price assumption P3.
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Fig. A.7. Expected net electricity export versus expected electricity generation in 2030
for all policy actions and energy price assumption P4.

Fig. A.8. Expected net electricity export versus expected electricity generation in 2050
for all policy actions and energy price assumption P4.

Fig. A.9. Expected biomass consumption versus expected electricity consumption in
2030 for all policy actions and energy price assumption P1.

Fig. A.10. Expected biomass consumption versus expected electricity consumption in
2050 for all policy actions and energy price assumption P1.

Fig. A.11. Expected biomass consumption versus expected electricity consumption in
2030 for all policy actions and energy price assumption P2.

Fig. A.12. Expected biomass consumption versus expected electricity consumption in
2050 for all policy actions and energy price assumption P2.

Fig. A.13. Expected biomass consumption versus expected electricity consumption in
2030 for all policy actions and energy price assumption P3.

Fig. A.14. Expected biomass consumption versus expected electricity consumption in
2050 for all policy actions and energy price assumption P3.
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Appendix B

See Figs B.1–B.3.

Fig. A.15. Expected biomass consumption versus expected electricity consumption in
2030 for all policy actions and energy price assumption P4.

Fig. A.16. Expected biomass consumption versus expected electricity consumption in
2050 for all policy actions and energy price assumption P4.

Fig. B.1. Energy system cost, relative energy price assumption P1 and REF, for all energy price assumptions and policy actions.

Fig. B.2. Electricity capacity for all energy price assumptions and policy actions in 2030 and 2050.
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Appendix C

See Figs C.1 and C.2.

Fig. B.3. Net electricity export for all energy price assumptions and policy actions in 2030 and 2050, indicating maximum, minimum and expected value.

Fig. C.1. Difference in electricity capacity between a deterministic and stochastic approach in 2050 for all model cases.
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