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FOREWORD

Foreword

Since 2012, NEA work on the system costs of low-carbon electricity systems with different shares of
nuclear energy and variable renewables such as wind and solar PV has changed the way in which energy
policy decisions are approached regarding the generation mix. It has made it possible to reassess the
value of continuous baseload provision, to analyse its interplay with renewable generation and flexibility
resources and to account for the costs of transmission and distributions grids in different scenarios.
State-of-the-art modelling capabilities, the most recent cost and performance indicators and a deep
understanding of the faultlines of policy debates have thus combined to make a concrete contribution to
better energy policymaking.

When in early 2024 the Swedish government expressed interest in undertaking a system cost study
of Sweden, the NEA immediately understood both the challenge and the opportunity. Sweden is a large
country with four different price zones, closely integrated with its Scandinavian neighbours and other
European countries, strongly committed to carbon-free energy supply and facing a strong increase in
electricity demand.

A system cost study of Sweden thus required a careful deepening of previous analyses. However,
it also offered the opportunity to study the complementary roles of nuclear energy, with which
Sweden has decades-long experience, and renewables, in particular onshore wind, when optimising its
generation system under the quadruple constraints of zero carbon emissions, a doubling of its electricity
consumption, the continuing integration of the Swedish electricity system with its Scandinavian and
European neighbours, and a high level of security of supply. Indeed, the 2024 National Energy and Climate
Plan sets goals for reaching net zero greenhouse gas emissions by 2045 and for electricity generation to
be fossil-free by 2040, while electricity demand is expected to double.

This report approached this challenge by developing a Base Case 2050 scenario that, based on
consensus assumptions, provides a realistic view of how Sweden’s ambitious targets can be achieved
in a cost-efficient manner. It contains 13 GW of nuclear capacity and 30 GW of onshore wind capacity.
Of the nuclear capacity, 10 GW would be new build, while three of Sweden’s current six reactors would
continue to run under long-term operations (LTO). Base Case 2050 is complemented by 20 sensitivity
scenarios considering changes in generation costs, nuclear technology (including increased construction
risk), renewables (including good and bad weather years), demand, trade and interconnections, flexibility,
and residual carbon emissions. These sensitivity scenarios broaden and deepen the overall picture of the
Swedish electricity and energy system but do not change it fundamentally.

The policy conclusions of this report offer lessons that are both specific to Sweden and more generally
applicable. Sweden’s position at the heart of the Nord Pool electricity market and its dense net of
interconnections with the countries of the Baltic Sea and Germany, combined with good hydroelectric
resources, provide it with a high level of flexibility, allowing to integrate significant amounts of onshore
wind generation alongside nuclear baseload. The optimal amounts may vary according to assumptions,
but undoubtedly Sweden will need sizeable amounts of both onshore wind and nuclear capacity.

Itis well known that nuclear construction requires considerable lead time. Even in the most optimistic
case, preparations for nuclear construction - whether large-scale Generation III+ reactors or SMRs — will
need to start now. In terms of energy systems planning, the 25 years until 2050 are short. Sweden’s
new energy law (Government Bill 2024/25:15) sets an appropriate framework to insure the financial and
operational risks associated with nuclear construction. It is now for the domestic and international
nuclear industry to generate the necessary momentum and proceed with nuclear new build.
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And yet, even the most diligent scenario planning and the most robust domestic policy framework
will not be able to control the future. This NEA report also shows that in tightly meshed European
electricity systems, factors outside national policymaking such as difficult-to-predict weather evolutions
or energy policy changes in neighbouring countries, from Norway to Finland, from Poland to Germany,
can assume significant importance. International co-ordination and co-operation in international fora
that include the Nuclear Energy Agency will continue to be vital.

One of the lessons emerging from this work about optimising the capacity mix of Sweden’s electricity
system is that NEA system cost studies will increasingly need to take a regional approach. At the level
of national policymaking, however, the present NEA report confirms that Sweden is advancing on a very
robust trajectory that draws on the complementary strengths of nuclear energy and onshore wind and
that promises to achieve by 2050 a highly electrified, carbon-free energy sector in the most cost-efficient
manner.

We appreciate the very strong co-operation from the government of Sweden, particularly the
Swedish Energy Agency, that made this detailed and objective analysis possible. This report will add
to the growing body of knowledge regarding the impacts of various energy policies and the alternatives
governments have available to meet national goals.

William D. Magwood, IV,
NEA Director-General
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EXECUTIVE SUMMARY

Executive summary

Introduction

This OECD Nuclear Energy Agency (NEA) study on the system costs of the electricity and energy
systems of Sweden in 2050, undertaken in collaboration with the Swedish Energy Agency (SEA),
provides structured background information and sets out the impacts of different energy policy choices
to facilitate energy policy discussions and decision making. In doing so, it integrates the quadruple
constraints of zero carbon emissions, a strong increase in the demand for electricity, the continuing
integration of the Swedish electricity system with its Scandinavian and European neighbours and a high
level of security of supply.

Since 2012, the NEA has undertaken innovative work on the system costs of low-carbon electricity
systems. Following the clarification of conceptual foundations (NEA, 2012, 2019 and 2024), the NEA has
begun to embark, in collaboration with member countries, on a series of in-depth studies of the total
system costs and least-cost capacity configurations of the electricity and energy systems of individual
countries. An important asset in this work is POSY2, the NEA’s state-of-the-art mixed integer linear
programming (MILP) model.

When in early 2024 the Swedish government expressed interest in undertaking a system cost study of
Sweden, the NEA immediately understood both the challenge and the opportunity connected with this
project. Sweden is a large country with four different price zones, closely integrated with its Scandinavian
neighbours and other European countries, strongly committed to carbon-free energy supply and facing a
strong increase in electricity demand. A system cost study of Sweden thus required a careful deepening
of previous analyses, in particular regarding interactions between internal price zones and electricity
trading with other countries and the wider European electricity system. However, it also offered the
opportunity to study the complementary roles of nuclear energy, with which Sweden has decades-long
experience, and renewables such as onshore wind when optimising generation systems under strict
carbon constraints with potential lessons also for other countries (see also the five policy lessons below).

This system cost study of Sweden has benefitted greatly from the guidance of an ad hoc Scientific
Advisory Council (SAC) composed of national and international experts, invited by the NEA and the SEA,
coming from diverse backgrounds (academia, international organisation, transmission network operator
and private sector). The NEA and SEA have discussed and validated the most important hypotheses
required for systematic modelling, including but not limited to technology costs, with the members of
the SAC until reaching consensus.

In this report, Chapter 1 summarises energy policy discussions in Sweden to date; Chapter 2 provides
an overview of the Swedish electricity system, as well as current modelling efforts that constitute the
context of this report; Chapter 3 outlines the NEA system cost approach and the key assumptions behind
the modelling of the Swedish electricity and energy systems with the POSY2 model; Chapter 4 gives the
results of this modelling efforts; and Chapter 5 presents a number of summary conclusions.

Sweden’s energy policy landscape

Almost uniquely, in Sweden, energy policy is subordinated to climate policy. Its climate strategy reflects
its self-image as a climate leader, as shown by its long-standing use of carbon taxation. Introduced in
1991 as part of a wider tax reform, the carbon tax was designed both to curb greenhouse gas emissions
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and to accelerate a transition away from fossil fuels, particularly in heating and industry. Today, it
remains one of the highest carbon taxes in the world, with USD 145 per tonne of CO,. While the electricity
sector is covered by the European Union Emissions Trading System (EU ETS) and is therefore exempt
from the carbon tax, this does not reduce the tax’s significance as a signal of Sweden’s enduring interest
in achieving carbon reductions. Its success is often cited internationally, as the tax has contributed to
significant emissions reductions while Sweden’s economy continued to grow. It also helped cement a
political and social consensus around fossil-free electricity.

Sweden’s carbon and energy policy framework is both ambitious, with an overall remarkably well-
defined strategy, and marked by increasing uncertainty. The targets are clear and legally binding,
the reliance on fossil-free electricity is a consistent thread, and nuclear power has regained political
legitimacy. Yet, policy debate has again intensified in recent years. Meeting climate goals while in a
context of growing demand will require rapid expansion of generation capacity, significant grid upgrades,
permitting reforms, and careful co-ordination between policy commitments, industrial strategy and
public acceptance. The level of public financial involvement and risk-sharing will also be a determining
factor.

Sweden’s electricity system is thus on the brink of a significant transformation. Its climate and energy
strategy builds on system strengths while preparing for structural change. The country has legally
committed to reaching net zero greenhouse gas emissions by 2045, targeting at least an 85% reduction
compared to 1990 levels, excluding emissions from land use changes. The updated National Energy and
Climate Plan sets a goal for electricity generation to be fully fossil-free by 2040, replacing the previous
target of 100% renewable electricity by 2040 (Ministry of Climate and Enterprise, 2024). In 2023, the share
of fossil-free electricity in total generation reached 99% (SEA, 2025).

Electrification is a key vector in Sweden’s 2024 National Energy and Climate Plan to reduce greenhouse
gas emissions. The plan emphasises the need to increase electricity use in both the transport and
industrial sectors, with a clear focus on ensuring that this electricity is supplied by carbon-neutral
sources. In transport, the government targets a 70% reduction in emissions by 2030, mainly through
shifting to electric vehicles. In industry, rising electricity demand is expected, particularly from sectors
like iron, steel and electrofuel production, driven by the production of hydrogen through electrolysis as
part of broader decarbonisation efforts.

Based on the results of NEA’s analysis, meeting the projected increase in electricity demand can be
achieved by applying a combination of nuclear power and onshore wind. In the NEA model, offshore wind
is included but, based on current assumptions, it does not emerge as a competitive option. Its role in the
Swedish electricity system ultimately depends on assumptions of relative costs and the meteorological
conditions in Sweden and its main trading partners. If these costs prove to be lower, the prospects
for offshore wind as a viable option in the Swedish electricity system will increase. Nuclear power is
considered crucial to support electrification, with recent legislation providing a sound regulatory and
financial framework for nuclear new build. Onshore wind is also expected to contribute a growing share
of low-carbon generation, but its variable output introduces additional challenges for system balancing.
The manner in which nuclear and onshore wind interact within the overall system will determine the
level of operational flexibility required and the scale of future grid investments.

Flexibility will remain a key feature of the evolving system. Hydropower and cross-border
interconnections will remain essential for balancing supply and demand. As renewable penetration
increases and industrial electrification progresses, hydrogen may also play an increasing role in
balancing and flexibility.

These structural changes will have significant implications for regional dynamics and electricity
prices. Northern Sweden, where electricity-intensive industries are concentrated, is expected to see
particularly strong demand growth, while southern population centres will continue to drive residential
and commercial consumption. Expansion of generation and domestic transmission capacity in the
north must be carefully co-ordinated with international interconnections to avoid eroding the low-cost
electricity advantage that has historically supported Sweden’s industrial competitiveness.
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The Swedish electricity system and ndings of other studies

Sweden is a high-income OECD economy with a population of more than 10 million and a long-standing
emphasis on low-carbon development. Electricity plays a central role in the energy system, reflecting
widespread electrification as well as a policy framework that includes one of the world’s earliest and
highest carbon taxes. Electricity generation reached 163 TWh in 2023 and is primarily composed of low-
carbon sources, with hydropower, nuclear and wind accounting for roughly 90% of total production.
Domestic electricity demand has remained relatively steady since the 1990s and amounted to 135 TWh
in 2023, the remainder of Sweden’s generation being exported. More than half of domestic consumption
is used in the residential and commercial sectors, with industry accounting for around 35%.

Given the intense policy discussions under way, Sweden has in recent years invested in several
comprehensive studies to provide decision makers with further information on the Swedish electricity
and energy systems, its performance and possible trajectories. These studies, prepared by the SEA,
Svenska kraftnat, Quantified Carbon, Qvist Consulting and ENTSO-E, also provide a useful backdrop for
the present effort.

Each study explores the future of Sweden’s electricity system through different modelling lenses,
yet they share several common features. All anticipate substantial growth in electricity demand, often
showing a doubling or tripling by 2050, driven primarily by industrial electrification (especially hydrogen-
based steel and chemicals), hydrogen production and transport electrification. Their results show
continued reliance on nuclear power for predictable baseload (where not explicitly excluded), increasing
contributions from onshore wind, and operational flexibility provided by hydropower, interconnections
and controllable industrial loads.

Alongside demand growth, the studies converge on highlighting several recurring flashpoints that will
determine the future of the Swedish electricity system: the balance between nuclear and onshore wind,
the uncertain role of hydrogen, the need for flexibility and increased transmission capacity and, finally, the
risk that Sweden may shift from being a net exporter to a potential importer. In 2023, exports amounted
to 28 TWh per year; however, future scenarios are showing considerably less exports. Depending on
assumptions, some scenarios see Sweden as having reduced exports, having a neutral electricity trade
balance or even becoming a net importer. This tendency is also corroborated by the present report.

The analysis is necessarily bounded by assumptions regarding neighbouring systems, which in
this report are based on the Ten-Year Network Development Plan (TYNDP) of the European Network of
Transmission System Operators for Electricity (ENTSO-E). Under TYNDP assumptions for the capacity in
neighbouring countries, Sweden’s role as a net exporter diminishes significantly. If, however, capacity
developments in neighbouring systems were to fall short of these assumptions, Swedish generation
could again be called upon to supply a larger share of regional demand. This case was explored in
scenario B.5.d. with slightly reduced capacity availability in neighbouring countries and results in
substantially higher Swedish exports, reaching around 20 TWh, much closer to today’s figures.

The risk of import dependency is thus a recurring concern, as it is considered a potential risk to price
stability and the security of electricity supply. Especially, in high-demand, renewables-only, or slow nuclear-
buildout scenarios, Sweden could become a net importer, particularly during periods when electricity
consumption is high. Several studies also show that in plausible futures, Sweden’s imports could exceed
exports for extended periods, especially if generation expansion does not keep pace with electrification.

All studies agree that hydroelectric power will remain a stable backbone of the system, and that
future capacity buildouts will rely on onshore wind and nuclear power (except under the exogenous
assumption of an all-renewable scenario). Offshore wind generally only appears in rare scenarios where
nuclear capacity is constrained or assumed to be significantly more expensive. However, most studies
suggest that while it is a technically viable option, it tends to be less economically attractive compared
with other generation sources.

While these studies vary in scope and level of detail, a number of common concerns emerge. A broad
technology portfolio is often recommended, combining onshore wind with new nuclear, investing in
grid and transmission upgrades (with hydrogen pipelines as a possible complement), prioritising system
flexibility and adequacy, reducing permitting barriers and accelerating project timelines.

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026
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By and large, the findings of the present NEA study converge well with those of other recent studies,
although certain assumptions and, in particular, the overall approach - relying on a central Base Case
combined with 20 sensitivity scenarios — remain unique. A key difference is that NEA cost figures
represent currently reported costs, whereas most other studies report estimated costs for future years
(usually 2050). The underlying assumption of the NEA study, however, is that when it comes to technology
costs, present costs are, if not the best, the most transparent predictors of future costs. This choice
actually leads to overnight construction cost assumptions for nuclear energy in 2050 that are slightly
higher than those used by other modelling efforts (see also discussion in Chapter 2).

Modelling Sweden’s electricity and energy system with the NEA's POSY2 model

The system costs approach is applied to the Swedish electricity system using POSY2, the latest iteration
of the power system model developed by the NEA. POSY2 performs multi-vector, multi-node capacity
expansion and dispatch.

The Swedish power system is modelled in detail, with four bidding zones. These zones, along with
both internal and external electricity interconnections, can be seen below in Figure ES.1.

Figure ES.1. Map of Swedish bidding zones and electricity interconnections (MW)
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In particular, the following components are represented:
e Electricity consumption, including new industrial demand, electric vehicles.

e Electricity generation technologies including hydro run-of-river and reservoir, nuclear energy,
onshore and offshore wind, solar photovoltaic (PV), cogeneration and hydrogen closed-cycle gas
turbines (CCGTSs).

e Battery storage.

e Multiple demand response levers (voluntary and involuntary load shedding, load shifting).
e Transmission grid.

e Hydrogen consumption, storage, electrolysis.

All these components are modelled with a rich description of technological constraints and detailed
cost categories (as a global international organisation, the NEA expresses all cost figures in USD?).
The neighbouring countries of Sweden also are explicitly modelled to improve the representation
of interconnection. Electricity demand from them is modelled as a single term of final consumption
includinglosses, taken from ENTSO-E’s Ten-Year Network Development Plan Scenarios Report. Elements relative
to transmission constraints and costs are integrated into the model. In all, almost 300 components are
modelled, distributed across 17 power nodes and 13 hydrogen nodes.

Before modelling scenarios for 2050, the model was validated against historical results for the
year 2023. The hypotheses for costs and other impactful parameters, as well as structuring modelling
assumptions, were discussed with the Scientific Advisory Council (SAC).

Results of the study: Base Case 2050 and sensitivity scenarios

Thanks to the existing generation mix, as seen in Figure ES.2, relying primarily on nuclear energy,
onshore wind and hydroelectric power, Sweden’s electricity generation is already largely decarbonised,
with carbon emissions of about 20 gCO,/kW. Hydroelectric power also provides a considerable amount
of flexibility, which compensates for the intermittency of onshore wind. Significant interconnection
capacity with the low carbon mixes of Norway and Finland provides further flexibility and thus limits
the need for carbon-emitting but flexible gas-fired power generation.

Figure ES.2. Generation mix (2023)

TWh

Nuclear 46.62
Hydro - Reservoir |G 44.75
Onshore wind NG 34.08
Hydro - Run-of-river 21.29
CHP 13.00
Solar PV 3.10

1. All monetary values are expressed in USD. As discussions and modelling were conducted in USD throughout the project,
exchange rate assumptions did not affect the analysis. For reference, the average annual exchange rate in 2024 was approximately:
1USD =0.92 EUR and 1 USD =10.5 SEK.
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The most important challenge that the Swedish electricity system is facing is to develop the
capacity needed to satisfy a large increase in electricity demand, in particular due to new industrial
demand in Sweden’s two northern price zones. While the precise increase in demand remains to be
seen, there is broad consensus that it will be considerable. In its Base Case 2050 scenario, this report
assumes total nationwide demand of 264 TWh, a 95% increase from 2023 levels, but also studies a
high-demand scenario with 349 TWh and a low demand scenario of 224 TWh. All scenarios need to be
compared to Sweden’s electricity demand of 135 TWh in the reference year 2023 in order to appreciate
the challenge.

Figure ES.3. Swedish electricity consumption according to the Swedish Energy Agency (SEA)

e Historical e |ower electrification e Higher electrification

400
350
300

250

TWh

200

150

100

50
1990 2020 2025 2030 2035 2040 2045 2050

Increasing demand, coupled with the imperative to develop large amounts of new generating capacity
at least cost, will also impact Sweden’s electricity trade balance. With one exception, the NEA scenarios
converge on the result that its surplus of 28 TWh of next exports in 2023 will be reduced to a much
smaller amount of net exports or even a net zero trade balance. This is also a function of the ambitious
plans to develop new low-carbon capacity in countries neighbouring Sweden. Developments in this
dimension should therefore be closely watched.

Table ES.1 presents once more the key answers under consensus assumption, carefully vetted by the
Scientific Advisory Committee (SAC) of this study, to the question “what is the optimal capacity mix for
the Swedish capacity generation mix under the assumption that electricity demand will almost double to
reach 264 TWh?” There is widespread consensus that a substantial part of the Swedish capacity mix will
not change considerably between 2023 and 2050. This regards 16.23 GW of existing hydroelectric capacity,
of which 11.21 GW belong to flexible hydroelectric reservoirs and 2.81 GW of biomass-fired cogeneration.
In addition, it was assumed that 8.72 GW of solar PV capacity will be exogenously determined. Similarly
to other modelling efforts, the POSY2 results show that additions to Sweden’s future optimal capacity
mix will be provided primarily by nuclear energy and onshore wind. Indeed, Base Case 2050 shows
13 GW of nuclear capacity, consisting of large-scale Generation III+ reactors (compared to 7 GW in 2023),
and 30.26 GW of onshore wind capacity (compared to 20 GW in 2023).

A natural question in this context is whether offshore wind, with its attractive load factors, should
also be part of the optimal solution. That is not the case, according to the results obtained in this study,
which used a carefully discussed assumption for the overnight costs of offshore wind of USD 3 000 per kW.
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Offshore wind in Sweden has three substitutes that during the hourly, daily and seasonal workings of the
electricity system establish lower cost constellations. The most important among those is onshore wind
with a capital cost of USD 1 500 per kW. The key to the relative economic superiority of onshore wind over
offshore wind not only consists in lower capital costs but also in Sweden’s good flexibility endowment.

Table ES.1. Base Case 2050 - Key data points

Base Case 2050 Hydro ; Hydro.— Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|tyz
Reservoir Run-of-river wind provision

(Cgv‘f)dty 11.21 5.01 13.00 30.28 8.72 2.81 330
(GTev'\;Egati"“ 4475 21.29 103.36 83.17 8.74 6.48 7.05
'(DLTSCS/S!\El\]Nh) 7583 (LTsr:JC/eNsnEvzh) 77:35 (uPsr:;/eN?\E\fh) 77:98 J:Sf@ifm 76.60
D we MRS o jmemes o Snemel gy

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The second substitute for offshore wind is nuclear energy with a capital cost of USD 7 000 per kW but
producing around-the-clock energy, including hours when neither onshore nor offshore wind, whose
load profiles are correlated, are available. The third option is electricity imports from neighbouring
countries, in particular Norway, which plans an extension of its already existing offshore wind parks
with even more favourable conditions. Should any of these parameters change, there might be an
opening for offshore wind to enter Sweden’s optimal capacity mix. For the time being, this is not the
case. By identifying nuclear energy and onshore wind as the two decisive options for satisfying future
capacity needs, the NEA study also situates itself plainly in the cohort of other recent studies of the
Swedish electricity system.

Capacity cost assumptions are, of course, a key determinant in any system cost study. They have
thus been particularly carefully discussed. The overnight construction cost of nuclear new build plays
a special role here. First, there exists only a small set of recently completed reactors in OECD member
countries from which to draw conclusions. Second, available estimates are spread over a wide range
and are sometimes provided by stakeholder groups with distinct views on the matter. Mindful of this
challenge, the NEA and the SAC accompanying this report have decided to err on the side of caution,
as indicated, with an overnight construction cost of USD 7 000 per kW. This is slightly higher than the
mean of available estimates. It is, however, somewhat lower that the estimates provided in well-regarded
publications provided, for instance, by the Energy Information Administration (EIA) of the US Department
of Energy (DOE) or the Electric Power Research Institute (EPRI). Furthermore, this study models in
sensitivity scenarios B.1.a., B.1.b and B.2.c alternative assumptions of nuclear overnight construction
costs, which provide additional insights. No assumption of nuclear capital cost will ever satisfy all
stakeholders. However, the assumption regarding the overnight costs of new nuclear construction can
be considered a solid starting point for further discussion.

An important result in this context is the existence of a broad range of nuclear energy and onshore
wind capacity combinations around the optimum indicated in Table ES.1, over which total system
costs do not vary very much. Between 8 GW and 19 GW of nuclear energy capacity, which would imply
onshore wind capacity between 55 GW and 10 GW, total annual system costs evolve in a narrow band of
USD 300 million above the least-cost optimum of total annual system costs of USD 18.16 billion.
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In Figure ES.4, the shaded box shows the range of nuclear and onshore wind capacities for which total
system costs remain within 1% of the minimum, closely corresponding to the 7-20 GW nuclear range and
illustrating the interval of near-optimal system configurations.

Figure ES.4. The limited impact of changes in nuclear capacity
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Base Case 2050 is complemented by 20 sensitivity scenarios grouped in seven sets: generation costs,
nuclear sensitivity scenarios (including increased construction risk), renewables (including good and
bad weather years), demand, trade and interconnections, flexibility, and residual carbon emissions.
These sensitivity scenarios broaden and deepen the overall picture of the Swedish electricity and energy
system but do not change it fundamentally (see Table ES.2). However, they facilitate energy policy debate
in two complementary ways:

e First, by considering different values for structural parameters such as cost, capacity factors or
flexibility, the sensitivity scenarios make it possible to evaluate the respective strengths of these
parameters in driving results. While the qualitative direction of change remains quite intuitive, the
quantitative impact in the context of the Swedish energy system is not and can produce surprises.
This also allows policymaking to focus on those parameters that really do make a difference in
terms of total system costs.

e Second, the sensitivity studies can be read in a different manner by focusing on a preferred result
and then deducting backwards to determine the conditions required to achieve it. Sometimes, the
most impactful factors are outside the reach of national energy policymaking. While driven by
meteorology, good wind or hydroelectric resources can make alarge difference. So can developments
in neighbouring countries. Refining and discussing consensus assumptions, as well as preparing for
a range of different outcomes, can thus become important elements of policymaking.
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Table ES.2. Overview of Base Case 2050 and sensitivity scenarios

Scenario Nuclear Onshore wind | Net exports | Total system costs
capacity (GW) | capacity (GW) (TWh) (USD billion)

A. Base Case 2050
B.1.a. High-cost nuclear and low-cost onshore wind
B.1.b. Low-cost nuclear and high-cost onshore wind

B.2.a. 80-year long-term operations of nuclear power plants

B.2.b. Including medium-sized light-water SMRs
B.2.c. High nuclear construction risk

B.3.a. Favourable conditions for onshore wind

B.3.b. Reduced hydroelectric generation

B.3.c. 20 GW of exogenously imposed offshore wind
B.4.a. Demand: Higher electrification scenario

B.4.b. Demand: Low demand growth

B.5.a. Increased internal interconnection capacity
B.5.b. High trade 1 (increased external interconnections)
B.5.c. High trade 2 (frictionless trading)

B.5.d. Reduced capacity in Sweden’s neighbours
B.6.a.1. High costs for flexibility provision

B.6.a.2. Low costs for flexibility provision

B.6.b. Reduced storage capacity for hydrogen

B.6.c. Load shifting opition

B.6.d. High flexibility of nuclear reactors

B.7. Positive CO, emissions (10 gCO,/kWH)
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Figure ES.5. Overview of Base Case 2050 and sensitivity cases
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Five conclusions for energy policymaking

The combined results of Base Case 2050 and the 20 complementary and judiciously chosen sensitivity
scenarios provide a comprehensive picture of the Swedish electricity and energy sectors and its key
determinants, while pursuing the challenge of furnishing sufficient low-carbon capacity to cover
substantially increasing electricity demand. The results allow for five broad policy conclusions:

e Policy conclusion 1: While it is possible to disagree on the precise nature of the optimal capacity
mix in 2050, it is incontrovertible that both nuclear energy, including long-term operations and
new build, and onshore wind will play the leading roles in any future least-cost capacity mix, when
considering a large increase in electrical demand. Across the scenarios examined, nuclear capacity
falls between around 8 GW and 19 GW, which would imply onshore wind capacity between 55 GW
and 10 GW (see also Figure ES.4). Inside those intervals, total annual system costs remain very close
to the least-cost case, differing by no more than about USD 300 million from the minimum annual
cost of USD 18.16 billion.

With regards to hydropower, Sweden’s largest resource of low-carbon energy, capacity has been
held constant at current levels given the assumption that possibilities for economically viable
hydro capacity have largely been exhausted. Among the sensitivity analyses considered, variations
in capital cost assumptions for nuclear energy and wind have the largest influence on where the
system settles. Other sensitivities affect system outcomes but do not materially alter the capacity
ranges of nuclear and onshore wind in the overall mix.

e Policy conclusion 2: Flexibility provision (electrolysers, storage, load shedding and shifting,
hydrogen storage capacity, interconnections) and its cost will be a key determinant of the optimal
shares of nuclear energy and onshore wind. Sensitivity cases explore the implications of having
either better or worse economic conditions for flexibility provision and, other things being equal,
cheaper flexibility (or larger capacity) reduces the costs of integrating variable renewable energies
such as onshore wind and increases its economic attractiveness compared to nuclear energy. Vice
versa, reduced availability of flexibility — whether for reasons of cost or capacity limits - makes the
integration of variable generation more difficult and increases the attractiveness of dispatchable
nuclear capacity.

e Policy conclusion 3: Regarding the deployment of new generation capacity, the time until 2050 is
short. In particular, nuclear new build with a construction time of seven years will need to start
soon in order to be able to contribute to increasing demand. In case of delay, demand will most
likely be covered primarily by onshore wind with a construction time of two years. While onshore
wind can be deployed more quickly, its inherent variability may create challenges of stability
and energy security, and reliance on imports will also increase. There is a large range of viable
nuclear and onshore wind options for optimal system costs, but delays in the commencement of
construction will reduce the choices available. There is a wide range of viable nuclear and onshore
wind options for achieving least-cost system outcomes, but delays in project initiation reduce the
choices available. This also highlights the importance of stable policy and investment conditions:
early project initiation, predictable regulatory frameworks, and supportive financing help ensure
that complex, multi-year projects proceed smoothly.

e Policy conclusion 4: Sweden’s new energy law (Government Bill 2024/25:150) sets an appropriate
framework to insure the financial and operational risks associated with nuclear construction.
Tail risks - rare, but high impact events - can otherwise threaten project viability and would
also deter private investors. The new energy law addresses these risks by enabling state support
through concessional loans and long-term contracts for difference, which share financial exposure
between the government and project developers. It thus enables the realisation of a future least-
cost generation mix that ensures the security of energy supplies while satisfying strongly rising
demand.
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e Policy conclusion 5: Factors outside of Sweden’s national policymaking such as climate and weather
or developments in neighbouring countries can assume significant importance. Most European
countries are simultaneously pursuing expanded low-carbon electricity generation and greater
energy security. These shared objectives imply that neighbouring systems are likely to face rising
domestic demand, and this can reduce the reliability of imports or exports to Sweden, as well as
create transmission bottlenecks, and have consequences on prices and investment signals. Not
all determining factors are thus under the control of Swedish policymakers. Being aware of these
known unknowns, forming broadly shared expectations and aiming for a robust capacity mix will
be part of successful electricity and energy system planning.

All five conclusions will require validation through experience, further work and policy discussion.
The purpose of this study is to provide a clear and structured basis for that process, enabling subsequent
assessment and decision making to rest on a more solid and transparent foundation.
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SWEDEN'’S ENERGY AND ENERGY POLICY LANDSCAPE AND CARBON EMISSION OBJECTIVES

Chapter 1. Sweden’s energy and energy policy
landscape and carbon emission objectives

1.1. Introduction

Sweden has long defined itself as a frontrunner in low-emissions energy, with an electricity system that
consistently ranks among the cleanest in Europe. Decades of investment in hydropower and nuclear
energy have created a foundation of reliable, low-carbon generation that continues to serve the country
today. This foundation has enabled Sweden to implement one of the world’s highest carbon taxes while
maintaining reliable, low-emissions supply and a long-standing status as a net exporter of electricity.
For many policymakers, this is a point of national pride and a cornerstone of Sweden’s global identity.

Despite Sweden’s already low-emissions electricity system, reaching their 2045 net zero target will
require a fundamental transformation of the wider energy system. A key part of this shift involves
replacing fossil fuel use in sectors such as heavy industry and transport, which in turn, increases the
need for hydrogen production with electricity, creating an unprecedented need for new generation. As
these sectors electrify, demand for the power system is expected to increase substantially, with scenarios
developed by the Swedish Energy Agency (SEA) suggesting that electricity use could more than double by
2050 - a dramatic break from the stability of demand over the past two decades. These projections reflect
both the scale of planned industrial expansion and the ambition to rely more heavily on electricity, while
also raising the question of the feasibility of such a course, and whether this rapid change is realistic.

Against this backdrop, Sweden faces strategic choices about its future energy mix, and this report
focuses on the two principal options for large-scale new generation: nuclear energy, a technology
with which Sweden has a long historical experience, and onshore wind, for which Sweden has ample
space, reasonably good meteorological conditions and growing practical experience. Each has different
implications for the structure and operation of the power system as decisions about their respective
roles will influence future electricity prices, system flexibility and infrastructure needs. Nuclear energy
promises stable baseload generation that can provide long-term emissions reductions, but it requires long
lead times, along with major capital commitments and political continuity. Nuclear energy also produces
radioactive waste; while this has long been a concern, Sweden has now determined a sustainable long-
term storage solution, which is in the process of being implemented.? Wind power, by contrast can be
deployed more quickly and offers scalability, but its variability poses challenges for balancing the grid
and its expansion carries local environmental trade-offs. For Sweden, finding the right balance between
these technologies will shape not just the structure of the power system, but also energy prices, trade
relationships and the country’s role in a decarbonising Europe.

At the same time, Sweden’s geography and market structure introduce additional complexity. The
national power system is divided into four price zones with very different supply and demand structures.
Large-scale hydro resources are concentrated in the north, while nuclear power plants and the highest
levels of consumption are located in the south. This configuration creates structural strain on the
transmission network due to capacity limitations and contributes to persistent price differences between
zones. Such differences may raise sensitivities among regional stakeholders, particularly regarding the
allocation of low-cost resources and access to supply. Policymakers therefore face a strategic choice
of whether to address regional price disparities by expanding domestic transmission, promoting new
generation near demand centres, or by deepening cross-border integration.

2. If uranium mining were to expand domestically in the future, this could introduce additional local environmental considerations.
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To assist Swedish policymakers in making their decisions, the NEA has been asked by the Swedish
Energy Agency on behalf of the Swedish government to undertake the modelling of a number of different
net zero scenarios in a 2050 timeframe with a view to establishing their respective total system costs.
This report summarises the results of this modelling effort, focused on the impacts of various hypotheses
on the shares of nuclear and onshore wind capacity in addition to system costs.

The report is structured as follows:

e Chapter 1 includes a description of current policies in the Swedish energy sector, as well as some of
the challenges and policies that influence its future direction. It will cover national decarbonisation
targets, the regulatory framework and key issues such as regional price disparities, grid congestion
and the balance between generation and demand.

e Chapter 2 presents an overview of the Swedish electricity sector, as well as a review of previous
studies of the Swedish electricity and energy systems and an introduction to the topic of system
costs.

e Chapter 3 outlines the NEA system costs modelling methodology, the inputs used for the NEA
system cost modelling and the scenarios developed for this work. It will also describe the challenges
and methodology used for modelling the Swedish electricity sector with POSY.

e Chapter 4 provides the final results of the POSY system costs model, the Base Case 2050 and a broad
range of sensitivity scenarios, as well as a discussion of the results and impact of each scenario.

e Chapter 5 offers final conclusions and a discussion of the POSY model results.

1.2. Current and historical policy framework

Sweden’s energy and climate policy has long been anchored by ambitious targets and broad political
agreement on the importance of reducing emissions. The Climate Policy Framework, adopted in 2017,
established a legally binding commitment to reach net zero greenhouse gas emissions by 2045, with at least
an 85% reduction compared to 1990 levels, and to achieve negative emissions thereafter. Interim targets
for 2030 and 2040 provide milestones to monitor progress, and the framework is reinforced by the Climate
Act, which requires the government to report annually on progress and to present updated climate policy
action plans every four years (Ministry of Climate and Enterprise, 2024). These structures have created
stability in long-term objectives, but the means of achieving them have been far less settled, particularly
when it comes to the role of nuclear power and the scale of investment required to transform the system.

Nuclear power in Sweden began as a deliberate state-led project to build energy independence in the
post-war period. Sweden began nuclear research in 1947 with AB Atomenergi, built its first research reactor
in 1954, and completed its first commercial reactor in 1962, which began operation in 1964. Between 1964
and 1985, 13 reactors entered service — 12 for electricity generation and 1 for combined heat and power
(IAEA, 2002). Its nuclear power plants and supply chain established Sweden as an industry leader among
OECD countries. Six reactors remain in operation today at Forsmark (3), Oskarshamn (1) and Ringhals (2).

Throughout the sixties and seventies, nuclear power generally enjoyed public support that matched
the original political ambitions. However, this changed in 1979 following the Three Mile Island accident
in the United States. In its aftermath, Sweden held a referendum in 1980 that set a 2010 deadline for
phasing out nuclear power, although the vote and its interpretation were widely regarded as ambiguous
and flawed. The Chernobyl disaster in 1986 further eroded public confidence, reinforcing scepticism
towards nuclear energy. In the following years, restrictive policies further limited nuclear energy’s role:
in 1990, a nuclear production tax was introduced, later doubled in 2006, increasing costs by roughly one-
third per reactor and contributing to the closure of at least two units (WNN, 2015).

Yet during the 1990s, attitudes started to gradually shift again, with public trust and support for
nuclear power beginning to recover. Concerns over rising electricity costs and job losses prompted major
trade unions and industrial stakeholders to campaign for maintaining nuclear capacity. These pressures,
coupled with growing recognition of nuclear energy’s role in ensuring a stable, low-carbon system, led
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the government to reverse the phase-out policy in 2009. From 2011, new reactors could be built at existing
sites, marking a decisive policy turn. In 2023, parliament replaced the “100% renewable” electricity target
with a “100% fossil-free” goal, explicitly recognising nuclear power as a legitimate pathway to achieving
net zero and opening the door to potential expansion beyond current sites (Sokolowski and Nuclear
Training and Safety Centre, 1994; Wikdahl, 2025).

In recent years, public opinion of nuclear power has continued to grow more favourable, with surveys
showing 59% of the population in favour of building new nuclear power if needed, while a further 25%
want to continue using the existing reactors, but not to construct any new ones (Analysgruppen, n.d.).

These swings matter, as they show that trust can fluctuate and suggest that policy stability can be
fragile. Nuclear expansion requires a multi-decade horizon for permitting financing, construction and
public approval. Encouragingly, growing support now aligns with governmental moves. Nuclear energy
is seen as a legitimate pathway towards net zero. Yet questions remain: is the current consensus deep
enough to withstand future shocks? Will local opposition derail new site development even as national
opinion supports it? And can Sweden navigate these uncertainties without repeating past policy reversals?

Almost uniquely, in Sweden, energy policy is subordinated to climate policy. Its climate strategy
reflects its self-image as a climate leader, as shown by its long-standing use of carbon taxation.
Introduced in 1991 as part of a wider tax reform, the carbon tax was designed both to curb greenhouse
gas emissions and to accelerate a transition away from fossil fuels, particularly in heating and industry.
At the time, Sweden relied heavily on imported oil, and policymakers sought to reduce this dependency
while aligning economic growth with environmental goals. The tax started relatively modestly but was
deliberately designed to escalate over time, giving businesses and households a financial incentive to
shift towards cleaner alternatives. Today, it remains one of the highest carbon taxes in the world, at over
USD 145 per tonne of CO, (Regeringskansliet, 2018).

Its success is often cited internationally, as the tax has contributed to significant emissions reductions
while Sweden’s economy continued to grow, a narrative that has become central to the country’s identity
as a climate frontrunner. It also helped cement a political and social consensus around fossil-free
electricity by reinforcing the logic that Sweden’s future lay in leveraging its existing hydro and nuclear
base while investing in new low-carbon generation. At the same time, the high level of the tax has
sparked recurring debates about competitiveness and fairness, especially for energy-intensive industries
and lower-income households.

The policy debate has further intensified in recent years. The Climate Policy Framework not only
sets legally binding net zero ambitions but also signals a commitment to electrifying transport, heavy
industry and hydrogen production. Meeting these goals will require rapid expansion of generation
capacity, significant grid upgrades, permitting reforms and careful co-ordination between industrial
strategy and public acceptance. The scale of change envisioned has sparked discussions about energy
sovereignty, competitiveness and the resilience of long-term political consensus in the face of rising
electricity demand. These questions define the policy context also for this report.

The planned investment push is not only about keeping the lights on at home. It is increasingly framed
as a question of industrial competitiveness in a decarbonising Europe. Sweden’s steel and chemical
industries are advanced in pursuing hydrogen-based production, but their success depends on abundant
fossil-free electricity delivered at internationally competitive prices (SEA, 2023). At the same time, Sweden’s
long-standing role as a net exporter of electricity is under pressure. Policymakers must now confront the
possibility of becoming an importer of Norwegian hydropower or continental electricity at times of stress,
raising questions about energy sovereignty and resilience in a deeply interconnected regional market.

Taken together, Sweden’s carbon and energy policy framework is both ambitious, with an overall
remarkably well-defined strategy, and marked by increasing uncertainty. The targets are clear and legally
binding, the reliance on fossil-free electricity is a consistent thread, and nuclear power has regained
political legitimacy. Yet history shows how fragile this consensus can be, and the scale of investment
required in generation, transmission and new technologies will test political resolve, regulatory capacity
and public patience. As the policy trajectory is considered, the key questions are not only whether
Sweden can meet its goals, but whether the chosen pathways can deliver stability, competitiveness and
sustained public support over the decades-long horizon now required.
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1.3. Rising demand and capacity expansion needs

Sweden’s electricity system is entering a new phase. For decades, a combination of hydropower, nuclear
energy and growing wind generation has provided reliable, low-carbon supply, making the country
both self-sufficient and a regular net exporter to its Nordic and European neighbours. This stability is
now being tested by structural shifts in energy use as electrification of transport and industry, and the
planned build-out of hydrogen production, are set to reshape the country’s power needs.

This projected surge in demand needs to be reconciles with national and European policy objectives,
as the Swedish government has set a target of reaching net zero greenhouse gas emissions by 2045,
underpinned by deep electrification across the economy. The policy framework is technology-neutral
in principle, but it signals a renewed openness to nuclear power alongside continued expansion of wind
generation. This marks a departure from earlier strategies that placed greater emphasis on phasing out
nuclear energy and relying more heavily on renewable sources. However, it also highlights a concern:
How much electricity will really be needed and how fast can it be delivered? Under current demand
projections for electrification scenarios, electricity demand could indeed more than double due to
electrification and hydrogen.

The Swedish Energy Agency’s 2023 scenarios illustrate the scale of the challenge in detail. Demand
in 2050 is projected to reach 264 TWh in the base case (called “Lower electrification case”) and to exceed
349 TWh in the higher electrification scenario, more than two-and-a-half times today’s level. In the base
case, demand is expected to rise by an average of 4.8 TWh per year, with peak annual increases of around
7.2 TWh between 2025 and 2050. By comparison, Sweden’s fastest historical growth occurred between
1970 and 1990, when annual increases averaged just under 4 TWh. If the new projections prove accurate,
Sweden will have to sustain growth rates significantly above anything in its past experience. This raises
an unavoidable question: Is such a steep trajectory realistic in a country where electricity use has been
flat for more than two decades? Overly optimistic scenarios risk encouraging overbuilding and stranded
assets, while underestimating demand risks supply shortfalls that could undermine climate goals and
industrial competitiveness. Policymakers face a balancing act: deciding how much risk to take on either
side of the forecast.

The lion’s share of new electricity demand of approximately 82 TWh is set to come from the electrification
of industry, either through direct means or through using electrolysis-produced hydrogen. Industry already
represents a large share of Sweden’s final energy consumption at 36% (IEA Sweden), with iron and steel
manufacturing alone consuming an estimated 14% of total industrial energy use (Jernkontoret, n.d.).
However, while hydrogen production will certainly increase, estimating its precise future level is fraught
with uncertainty. There are no historic trends that can be safely extrapolated. Demand for hydrogen will
rather depend on structural shifts in the production of key industries (iron and steel, refining, pulp and
paper) or on the development of new industries such as battery production. Its overall demand, its cost of
production, the capacity to store and transport it, and whether electrolysers are co-located with industrial
consumers or built closer to renewable generation sites will all shape Sweden’s system costs.

Meeting this projected demand increase will not be possible without major new investments
in capacity. Currently the largest resources of primary energy that make up Sweden’s total energy
supply are bioenergy (28.9%), nuclear energy (26.7%), hydropower (12.0%), oil imports (18.8%) and wind
(approximately 8%) of total final energy supply. Oil remains one of the largest energy sources, weighing
on Sweden’s commercial balance, and highlights the importance of advancing domestic, low-carbon
alternatives (IEA, n.d.). Domestically, nuclear energy, hydropower and biofuels constitute the country’s
main sources of energy production, forming the foundation of Sweden’s low-emission supply. Looking
ahead, options for expanding existing resources are constrained. Expanding bioenergy use for electricity
production is not a viable pathway as it conflicts with Sweden’s environmental goals of preserving
pristine forest for non-industrial purposes (OECD, 2025). While hydropower remains a significant
part of the energy mix, further expansion faces constraints as most suitable sites have already been
developed, and strict environmental regulations limit new projects to protect biodiversity and freshwater
ecosystems. Importantly the flexibility this hydropower provides could also support additional wind
power generation. While this growth alleviates some future demand growth, it falls short of predictions.
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With two of the top three domestic energy sources unavailable, that leaves only nuclear and wind
energy as the most viable domestic resources to meet demand while maintaining Sweden’s status as a
net exporter. Nuclear energy offers firm, long-term capacity that can stabilise the system and reduce
long-term emissions, but it requires decades of commitment and stable policy frameworks. Wind can
be built faster and has strong support among some constituencies for its renewable credentials, yet its
variability places greater pressure on grids, balancing services and interconnections. Framing the debate
as nuclear versus wind risks oversimplifying, but it highlights the trade-offs Sweden must confront,
with system stability and capital-intensive development on one side, and rapid deployment paired
with increasing balancing and infrastructure needs on the other. However, all scenarios in this study
consistently show that a least-cost low carbon system in Sweden will contain significant shares of both
nuclear and onshore wind energy. The somewhat lower plant-level costs of intermittent onshore wind are
offset at the margin by the round-the-clock availability of nuclear power. Specific assumptions, e.g. on
cost, will move the equilibrium point, but only highly unlikely extreme assumptions would lead to the
complete suppression of one or the other technology.

Sweden’s historic position as a net exporter adds another layer of complexity. For much of the past two
decades, exports have been a symbol of both energy security and climate leadership. Yet rising domestic
demand may reduce export capacity, and in some scenarios, Sweden could become a net importer,
particularly due to Norwegian hydropower. While the NEA modelling indicates Sweden becomes neutral
in terms of imports and exports in most scenarios, this would nevertheless constitute a shift from decades
of significant net exports. Would this shift be politically acceptable in a country that has long seen itself
as a low-carbon energy leader, and what would it mean for perceptions of independence and resilience?
The reality is that ambitions for tripling electricity demand and maintaining climate leadership are
bold but not without risk. Plans to significantly expand electricity supply while maintaining climate
leadership imply large-scale changes to Sweden’s energy system. Additional generation could support
growth in green industrial exports and expand electricity use in industry and transport. Achieving this
will require decisions on the balance between nuclear and wind, potential changes in trade balances, and
the scale and timing of infrastructure development.

This is where the legacy of nuclear policy reversals becomes directly relevant. Decades of on-again,
off-again decisions have muffled investment, shuttered plants earlier than technically necessary, and
create questions about supply chain capability. The benefits that come from steady, predictable nuclear
development were lost. For Sweden today, the lesson is clear: Long-term consistency matters and the
cycle of ambition and retreat that has characterised past energy policy must be avoided.

The objective of the NEA modelling effort is thus to determine the required amounts of nuclear and
wind energy capacity that would be needed in a least-cost 2050 net zero scenario given the projected
rise in electricity demand. To capture the uncertainty, the study includes sensitivity cases that vary
generation costs, nuclear facility operating timeframes, and small modular reactor (SMR) deployment,
while also testing different demand trajectories and flexibility options such as hydrogen storage, load
shifting, nuclear flexibility, and trade with neighbouring systems. Together, these cases provide insight
into how robust different pathways are under changing assumptions about technology, economics and

policy.

1.4. Infrastructure constraints and market pressures

As indicated, Sweden’s electricity market is divided into four bidding zones, SE1 to SE4, reflecting regional
imbalances between generation and demand. This structure makes price disparities visible and since
2020 the differences have become striking. Electricity prices have risen sharply across the country, but
the increase has been uneven. In 2022, the average day-ahead price in the southern SE4 zone reached
USD 0.17 per kWh (2024 USD), compared with just USD 0.07 per kWh in northern SE1. A decade earlier,
prices across all zones were nearly identical, averaging around USD 0.03 per kWh, and even in 2020
they remained relatively steady, ranging from USD 0.016-0.03 per kWh. The result is that the price gap
between northern and southern Sweden has expanded from just a few cents to nearly ten cents per
kWh, representing a substantial increase in regional divergence. This surge is largely linked to the 2022
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energy crisis triggered by the war in Ukraine. In an electricity grid with sufficient transmission capacity,
prices across bidding zones would tend to align more closely, and such disparities would be minimal. The
persistence of such large gaps indicates that transmission constraints are not only a technical bottleneck
but also a political challenge, as decisions about where to invest, whether in strengthening north-
south transmission links or in building new capacity closer to demand, could have major distributive
implications (Holmberg and Tangerés, 2023).

The geographic mismatch between demand and generation illustrates this dilemma. Sweden’s major
hydro and wind resources are concentrated in the north and centre, while population density and a large
share of industrial demand sit in the south. By 2022, the energy-intensive industrial sector accounted
for nearly one-third of Sweden’s total electricity use — more than 46 TWh. Approximately 70% of that
industrial consumption was concentrated in the two southern electricity regions, SE3 and SE4 (SKGS,
n.d.). Yet by 2025, the northern SE1 region alone is projected to see an increase of nearly 45 TWh in
industrial electricity demand, driven by hydrogen-based industrial projects, compared with just 0.3 TWh
in SE4. (SKGS, 2024)

This shift raises the intriguing possibility of reversing the current congestion pattern. Today, limited
transmission capacity between the hydro- and wind-rich north and the higher-demand south drives
persistent price gaps. In the future, rising industrial demand in the north could mean that congestion
is due to transmission that runs from south to north instead, particularly if new generation is added
mainly in the south. These dynamics bring a political dimension to investment decisions. Policymakers
and grid planners face a choice: Should Sweden prioritise heavy investment in north-south transmission
to equalise prices, or focus on building additional generation closer to demand centres, particularly
hydrogen-intensive industrial zones? Both paths have redistributive consequences and to help avoid
this, the already large interconnections between price zones may need to be furthered strengthened.

This price volatility poses additional risks for long-term investment in both nuclear and wind energy
projects. Nuclear projects depend on predictable revenues and confidence that electricity prices will
remain stable enough to recover heavy upfront investment. Wind developers face risks in zones with
sustained volatility, unless backed by hedging instruments or power purchase agreements. Increasing
autocorrelation, i.e. a concentration of generation during low price hours, as wind capacity increases
could further depress revenues, compounding other structural and market challenges that affect the pace
and scale of new development. If congestion persists, these conditions may deter the very investments
that Sweden’s net zero plans rely on. In both cases, the interaction between price signals, technology cost
trajectories, and grid expansion will determine the optimal mix.

Ultimately, Sweden’s north-south imbalance is not just a technical constraint but a political challenge
that will shape the credibility of its net zero strategy. Decisions on whether to prioritise new transmission
corridors, build generation capacity closer to demand, or invest in hydrogen infrastructure cannot be
taken in isolation. Each pathway redistributes costs and benefits between regions, raising questions
of fairness as well as efficiency. If southern consumers continue to face persistently higher prices, or if
northern industrial projects are delayed by inadequate grid capacity, the political consensus behind the
transition could fissure. The wider issue is whether Sweden can maintain public and regional support for
its energy strategy while pursuing the scale of change required. In this respect, grid planning is not only
supply and demand but about sustaining confidence that the burdens and benefits of decarbonisation are
shared equitably across the country.

1.5. Research questions answered by this work

This NEA report in collaboration with the SEA aims at informing energy policy debates on how Sweden
can best meet a growing electricity demand while keeping costs low and ensuring a reliable power supply
with zero carbon emissions. The main research question is how the national electricity mix can evolve
to support increasing consumption in a way that balances affordability, security and climate objectives.

Contrary to many countries, Sweden’s electricity supply, with 40 g/CO,, is already admirably low in
emissions. Due to hydroelectric reservoirs and close interconnections with its neighbour, it also disposes
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of considerable flexibility resources. A review of the options available to meet growing electricity demand
rather quickly indicated that the two pillars of any expansion of the Swedish generation system will be
nuclear energy and onshore wind. The question thus becomes what their optimal shares will be, as both
provide unique strong and weak points. Nuclear energy’s ability to provide continuous 24/7 baseload
electricity is offset by comparatively high overnight costs. The comparatively favourable overnight costs
of onshore wind are offset by its intermittency.

In this situation, different assumptions concerning a number of key parameters applied in the POSY2
model that is underlying this report shape final outcomes and, in particular, the relative shares of nuclear
and onshore wind energy in an optimising least cost scenario. Differences in assumptions can reflect
different worldviews by different stakeholder groups or, of course, genuine uncertainties concerning
technical or meteorological performance. To address these different appreciations and uncertainties,
sensitivity scenarios were developed that cover a broad range of possible futures. This includes, other than
cost or infrastructure development issues such as slower project delivery in nuclear new build, higher
financing costs or limited flexibility resources. Altogether, this report explores in addition to a Base Case
2050, sensitivity scenarios that are grouped in seven distinct sets, which are briefly discussed below:

e overnight costs of nuclear and onshore wind,;

e nuclear sensitivity scenarios;

e renewable sensitivity scenarios;

e higher electrification case;

e trade and interconnection sensitivity scenarios;
o flexibility sensitivity scenarios;

e scenarios with modest amounts positive carbon emissions.

Overnight costs of nuclear and onshore wind

It is sometimes maintained that the plant-level generation costs, often expressed as levelised costs of
energy (LCOE), are of secondary importance in determining optimal generation mixes and overall system
costs. This is only partially true. While load profiles have an important influence, particularly if they are
intermittent, plant-level costs also remain important. For low carbon-technologies such as nuclear, wind
and solar PV energy, over 80% of lifetime costs are constituted by overnight costs. Variations in overnight
costs can thus drive significant differences in the generation mix and system costs and require careful
study.

Nuclear technology: Choices and uncertainty

Hypotheses regarding nuclear technology must be detailed further as they weigh on the optimal capacity
mix in Sweden. First, the question of long-term operation of nuclear energy is studied, as it dramatically
reduces the investment cost. Conversely, the challenges to new build are also studied, with a focus on
construction risk. Finally, intrinsic technological hypotheses are studied including the flexibility of the
large reactors fleet and the introduction of medium-sized SMRs with shorter construction times and
improved flexibility performance.

Renewables: Weather dependency and fast construction

Renewables bear intrinsic uncertainty due to their dependency to climate and weather. Two alternative
climate conditions are analysed, one with improved profile for wind and one with degraded profile for
hydro intake. In addition, due to their low construction time, renewables can be deployed faster than
nuclear energy, which is useful should electricity demand rise in the short term. Two scenarios with
forced capacities of onshore or offshore wind are presented to weight the consequence of moving away
from economic optimisation of the capacity mix.
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Electricity demand in Sweden

Future demand for electricity and hydrogen is subject to high uncertainty. Ambitions are high but do not
always translate into actual transformations. Increasing or decreasing the expected energy consumption
directly impacts the optimal capacity mix, especially if added electricity consumption is due to hydrogen
production or round-the-clock electricity demand from industry.

Trade and interconnection

Both internal and external interconnections play a fundamental role for Sweden’s electric system.
Internally, the deployment of additional transmission capacity between its four price zones has an
impact on both the geographic localisation of generating capacity and the optimal mix. Externally,
increasing the interconnection capacity with neighbouring countries will change the regional dynamics
of electricity. Also, what happens outside of Sweden’s boundaries is possibly the largest source of
uncertainty. Therefore, this report includes a scenario in which neighbouring countries somewhat
reduce their ambitious targets for the deployment of wind and solar PV capacity.

Flexibility

Sweden historically benefits from strong flexibility resources, stemming from the ample hydro
resources in its northern areas and in neighbouring Norway, but also from strong interconnection with
neighbouring countries. At the same time, the strong deployment of renewable capacity, in particular
onshore wind that is expected in Sweden and neighbouring countries, will require additional flexibility
resources. Multiple scenarios therefore analyse the impact of increase or reduction of flexibility levers
including battery storage, electrolysis, demand response, load shifting and nuclear energy modulation.

Carbon emissions

Sweden is committed to reaching net zero carbon emissions for its electricity system by 2045. Such a
stringent constraint generally has a high economic cost, and in many cases allowing even small amounts
of greenhouse gas emissions helps reduce system costs. However, Sweden’s ample flexibility sources
might create an exception to this rule. Scenarios allowing for slight greenhouse gas emissions are studied
to understand the precise economic impact of the carbon constraint in Sweden.

Together, the 20 different sensitivity scenarios of the seven sets indicated above are presented in
Chapter 4 and provide a comprehensive picture of the range of likely outcomes in the Swedish electricity
and energy sector by 2050.
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THE SWEDISH ELECTRICITY SYSTEM AND FINDINGS OF OTHER STUDIES

Chapter 2. The Swedish electricity system
and ndings of other studies

2.1. The Swedish electricity system

Sweden’s electricity sector combines a low-carbon generation mix with strong integration into regional
markets. Sweden has direct connections with neighbouring Scandinavian countries, as well as to Germany,
Poland and Lithuania, and is also linked with other countries through Nord Pool, the common Nordic
power market. Though internal connections are higher than those to other countries, integration is such
that in certain cases one of the four Swedish price or bidding zones can have higher interconnections with
the cross-border region of a neighbouring Scandinavian country than with another the internal price zone.
Together with flexible hydropower, these links provide the Swedish electricity system with great flexibility
to accommodate the variable generation of onshore wind and solar by modulating imports and exports.
In most years, and since 2011, this has historically resulted in Sweden being a net exporter of electricity,
although regional price dynamics can differ significantly across the four bidding zones. These zones, along
with both internal and external interconnections, can be seen in Figure 2.1.

Figure 2.1. Map of Swedish bidding zones and electricity interconnections (MW)
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Sweden stands out in Europe for its high electricity use per capita. According to the International
Energy Agency, Sweden has the third-highest per capita electricity consumption in Europe, roughly
double the EU average, but still only about half that of Norway. This high level of consumption reflects
both the country’s energy-intensive industrial base and the widespread use of electricity for heating
and other end uses. Notably, per capita electricity consumption is projected to increase further as
electrification of industry, transport and heating accelerates in the coming decades (IEA, n.d.).

Domestic electricity demand in Sweden has remained relatively steady since the 1990s, reaching
135 TWh in 2023. More than half of this is used in the residential and commercial sectors, with industry
accounting for around 35%. Electricity demand in Sweden is highly seasonal, with peak loads occurring
in winter months due to the widespread use of electric heating and increased lighting needs. Demand in
also geographically concentrated, with the largest load centres located in the highly populated SE3 and
SE4 zones, while more remote northern zones have comparatively lower load but higher shares of energy
intensive industrial consumption.

Electricity generation in the same year was 163 TWh and dominated by low carbon sources with
hydropower, nuclear energy and wind accounting for roughly 90% of total production. Hydropower is
the largest single source, contributing 41% of generation. Most economically viable hydropower sites
are already developed, meaning additional capacity growth is limited; however, the reservoirs provide
important system flexibility.

Figure 2.2.a. Capacity mix (2023) Figure 2.2.b. Generation mix (2023)
GW TWh

Hydro RES I 5.01 Hydro RES NN 44.75
Hydro ROR 11.21 Hydro ROR 21.29

Nuclear 7.00 Nuclear 46.62

Onshore wind I 16.22 Onshore wind NN 34.08
Solar PV 3.97 Solar PV 3.10
CHP 7.73 CHP 13.00

Figure 2.2.c. Composition of demand (2023)
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Nuclear power supplied 29% of generation, contributing to a stable, high availability baseload.
Wind generation, with around 20% of total output, has become an increasingly important source of
energy, though its variable nature does not provide firm power on its own. The remaining generation
came mostly from combined heat and power linked to industrial processes and district heating. The
difference between generation and demand is accounted for by electricity exports. The breakdown of the
contributions from each technology to capacity and generation as well of the consumption in Sweden in
2023 can be seen in Figures 2.2.a., 2.2.b. and 2.2.c.

While Chapter 1 reported current discussions about Sweden’s future demand and electrification
pathways from a policy perspective, here the focus is on how the current system operates within
its existing structure and the range of possible outcomes identified by existing modelling efforts.
This chapter thus reviews and compares the most recent and influential system studies for Sweden,
discussing their scenario boundaries and insights on generation mixes. Both aspects set the background
for the results presented in Chapter 4 of this report.

The Swedish electricity and energy systems are primarily shaped by geography and industrial
structure. Much of the country’s energy-intensive industry is located in the north, which maintains
a structural electricity surplus, while population density and electricity demand are highest in the
south. This north-south divide influences power flows and market pricing, as Sweden operates four
electricity price zones to help manage the imbalance. Prices are typically lowest in surplus regions like
SE1 (northern Sweden) and highest in demand-heavy areas such as SE4 (southern Sweden). Although the
transmission network provides substantial north-south transfer capacity — 3 300 MW between SE1 and
SE2,7 300 MW between SE2 and SE3, and 6 200 MW between SE3 and SE4 - these corridors can still become
constrained (Holmberg and Tangeras, 2023). In recent years, persistent congestion between bidding zones
has produced sustained price gaps, a challenge that will intensify as industrial electrification accelerates
in the north while urban and residential demand continues to grow in the south.

Managing these north-south dynamics involves technical, economic and political considerations.
Investments in transmission could help reduce price disparities and strengthen integration with
European markets, which would benefit southern consumers who consistently pay higher prices. While
some northern stakeholders have expressed interest in how increased transmission might influence the
flow of low-cost hydro and wind power, these points are generally part of routine planning discussions
rather than a source of strong disagreement. They sit alongside ongoing considerations about whether
Sweden should place more emphasis on locating new generation closer to demand centres or on grid
upgrades that improve connections between surplus and deficit regions.

The system is also characterised by a high degree of operational flexibility, which has long been
a strength in managing variable demand and seasonal shifts. This flexibility comes primarily from
hydroelectric power and interconnections with neighbouring countries. Hydropower, which accounts for
the largest share of generation, can be rapidly adjusted to balance the system. Cross-border transmission
links enable electricity imports and exports, contributing to grid stability and efficient use of resources
across the region. Meanwhile, hydrogen is gaining attention as a future balancing mechanism,
particularly as industrial decarbonisation progresses and more intermittent renewables are added to
the system.

2.1.2. Sweden'’s future electricity system

Sweden’s electricity system is on the brink of significant transformation; its climate and energy strategy
builds on system strengths while preparing for structural change. The country has legally committed
to reaching net zero greenhouse gas emissions by 2045, targeting at least an 85% reduction compared to
1990 levels, excluding emissions from land use changes. The updated National Energy and Climate Plan
sets a goal for electricity generation to be fully fossil-free by 2040, replacing the previous target of 100%
renewable electricity by 2040 (Ministry of Climate and Enterprise, 2024).

Electrification plays a central role in Sweden’s 2024 National Energy and Climate Plan as a primary
strategy to reduce greenhouse gas emissions. The plan emphasises the need to increase electricity use in
both the transport and industrial sectors, with a clear focus on ensuring that this electricity is supplied
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from carbon-neutral sources. In transport, the government targets a 70% reduction in emissions by 2030,
mainly through shifting to electric vehicles and related infrastructure. In industry, rising electricity
demand is expected, particularly from sectors like iron and steel, driven by the production of hydrogen
through electrolysis as part of broader decarbonisation efforts.

Meeting the projected increase in electricity demand will rely on a combination of nuclear power
and additional wind capacity. In the NEA model, offshore wind is considered but based on current
assumptions it does not emerge as a competitive option. Nuclear power is identified as a central measure
to support electrification, with recent legislation allowing construction of new reactors beyond previous
limits, creating the option to build new capacity where it is most needed, and providing a sound financial
framework for investments in nuclear. Onshore wind is anticipated to contribute a growing share of low-
carbon generation, but its variable output introduces additional challenges for system balancing. How
nuclear and wind energy interact within the system will determine the level of operational flexibility
required and the scale of future grid investments. Critical questions remain about siting strategies, how
these pathways will align with industrial load growth, particularly in northern Sweden, and whether
planned system upgrades will enable efficient integration of intermittent generation.

Flexibility will remain a key feature of the evolving system. Hydropower and cross-border
interconnections will remain essential for balancing supply and demand. Additionally, as renewable
penetration increases and industrial electrification progresses, hydrogen may play a larger role in
balancing and flexibility, and battery storage could provide shorter-duration support for managing
variability and relieving local congestion. Together, these flexibility mechanisms will be central to
integrating variable renewable generation while maintaining regional reliability and price stability.

These structural changes will have significant implications for regional dynamics and electricity
prices. Northern Sweden, where electricity-intensive industries are concentrated, is expected to see
particularly strong demand growth, while southern population centres continue to drive residential and
commercial consumption. Expansion of generation and transmission in the north must be carefully
co-ordinated with interconnections to avoid eroding the low-cost electricity advantage that has
historically supported industrial competitiveness. At the same time, increasing exports to higher-priced
neighbouring markets could raise domestic prices, creating a tension between national competitiveness
and regional integration.

2.2. Electricity pricing and market integration

Sweden’s participation in Nord Pool places its electricity sector within a regional power market where
prices are formed through competitive bidding rather than national policy. Nord Pool is one of the world’s
largest electricity markets, covering much of the Nordic and Baltic regions, with links to continental
Europe and the United Kingdom (Nord Pool, n.d.). Participants submit hourly supply and demand bids
to a day-ahead market, and clearing prices are calculated for each bidding zone based on where supply
meets demand. Within Sweden, the four bidding zones (SE1-SE4) experience regular price divergence
when transmission constraints limit the north’s surplus hydropower from reaching population centres
and industrial demand in the south.

This framework introduces several dynamics that are increasingly relevant as electrification
accelerates. Industrial electrification in northern Sweden, particularly hydrogen-based industry, is
expected to reshape price formation in SE1 and SE2. If hydrogen facilities are operated flexibly, they can
act as controllable loads that stabilise local prices by absorbing surplus hydropower and wind output.
If instead hydrogen production runs inflexibly at constant levels, it could drive up local clearing prices,
limit exports to southern Sweden and reduce revenues from selling low-cost power into neighbouring
markets. How this flexibility is managed will have far-reaching effects on regional competitiveness and
system efficiency.

Sweden’s potentially growing reliance on variable onshore wind introduces further complexity. High
wind output can depress local prices, but this effect depends on available flexibility like export capacity;
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without sufficient interconnections, curtailment becomes unavoidable. Conversely, during low-wind
periods, Sweden will lean more heavily on nuclear energy, hydropower and imports, potentially resulting
in price spikes. While these dynamics are understood individually, their interaction with large-scale
hydrogen production, nuclear deployment, and industrial growth could lead to new and unexpected
patterns or price formation and electricity flows, some of which are explored in the different scenarios
presented in Chapter 4.

Integration with continental Europe through expanded interconnections brings additional trade-offs.
Selling surplus low-cost power supports regional decarbonisation and provides revenue streams, but
when neighbouring markets face persistently higher prices, Swedish prices tend to move upward towards
regional averages. This trend could erode Sweden’s long-standing advantage of low-cost electricity if
wholesale prices rise due to external market pressures. Additionally, if internal north-south bottlenecks
persist, price disparities may deepen, shifting industrial competitiveness southward. This issue has
already arisen within Sweden recent debates to connect the southern-most zone, SE4, with the German
power system. While this could have benefitted SE4, allowing for a higher flow of renewable energies,
there was opposition from northern zones concerned about upward price pressure. Germany operates a
single power market zone with a unified price, which can mask regional constraints and create inefficient
price signals. Fearing these dynamics would risk higher electricity prices and an unstable market, the
government ultimately rejected the interconnection proposal (Emanuel, 2024).

A further consequence of deeper continental interconnection could be an increasing reliance on
Norwegian hydropower. During periods of high domestic demand, constrained north-south flows, or
strong export activity, Sweden may increasingly depend on imports from Norway’s extensive hydropower
reservoirs to balance its system - reflecting a gradual shift in how flexibility is sourced across the Nordic
region.

Hydropower, long seen as Sweden’s stabilising force, also faces changing pressures. Reservoirs
increasingly serve as a balancing mechanism for both variable wind output and new industrial loads.
In dry years, or high external demand, hydropower’s flexibility could become constrained. This would
amplify price swings and reduce the buffer Sweden has historically relied on to maintain stability.

These interconnected dynamics suggest that future price formation will depend less on individual
factors than on their interactions. Decisions made today about hydrogen flexibility, nuclear investment,
transmission strategy, and cross-border trading will shape not just average price levels but also volatility,
competitiveness, and Sweden’s role in Europe’s decarbonisation.

Comprehensive system cost models such as the NEA’s POSY2 are particularly suited to exploring
these interactions between the changing structure of the domestic generation system and developments
in other countries linked through increasing interconnection capacity. Drawing on extensive datasets
for the Nordic and European markets, the model captures trade flows, shared balancing resources, and
the effects of interconnection on system costs and price formation. The NEA’s long-standing expertise in
nuclear economics, system modelling and comparative cost assessment ensures consistent treatment of
generation technologies and credible evaluation of future pathways. To strengthen the methodological
soundness and transparency of the analysis, the overall modelling approach was periodically reviewed
by the independent Scientific Advisory Council (SAC), established to provide expert input, assess the
robustness of assumptions and ensure the analytical framework aligns with recognised international
standards.

While all but the most extreme scenarios provide reassurance concerning the security of electricity
supply for Swedish households and industry, even in a context of increasing demand, they can differ
starkly. The key variables that differentiate the scenarios are (a) the relative shares of onshore wind
and nuclear power in the capacity and the generation mix and (b) the ability of Sweden to remain a
strong electricity exporting country. An indispensable condition for an adequate performance of the
system is, of course, the capacity to ensure that any build-out will take place in a timely fashion. The
POSY2 framework allows these factors to be examined together, offering insights into how technology
choices and interconnection strategies shape the resilience and competitiveness of Sweden’s future
power system.
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2.3. Review of prior studies on generation mix impacts

The above-mentioned issues do not allow for easy answers. Given the intense policy discussions
referenced in Chapter 1, Sweden has in recent years invested in many comprehensive and, by and large,
well-made studies to provide decision makers in politics and industry with further information on the
systems, its performance and possible trajectories. A growing body of modelling work now examines
Sweden’s pathway to achieving its 2045 net zero target, exploring not only how this goal can be met but
also the implications of different technology choices, infrastructure constraints and policy decisions.
Among the most important recent studies are:

e Swedish Energy Agency (SEA): Scenarios for Sweden’s Energy System.

e Quantified Carbon for Svenskt Naringsliv: Swedish Power Systems 20503.

e Quist Consulting: Scenario Analysis 2050.

e Svenska kraftnat: Long-Term Market Analysis 2024-2050.

e ENTSO-E: Ten Year Network Development Plan 2024 (TYNDP) Scenarios Report.

Building on these studies, the NEA effort combines complementarily a representation of the Swedish
electricity sector with a coherent view of energy sector developments in neighbouring countries to
produce a wide range of sensitivity scenarios to 2050. These scenarios test seven key parameters: costs,
nuclear performance, renewable performance, electricity demand, trade and interconnections, flexibility
provision, and positive carbon emissions. High-resolution data for Sweden, including hourly demand
profiles, were developed in close collaboration with the SEA, while assumptions for neighbouring
systems draw on the ENTSO-E Ten-Year Network Development Plan (TYNDP). Combining these datasets
within a multi-node model that reflects real network constraints enables new insights into regional
interactions, system adequacy, and trade dynamics. Each of the studies referenced above also provides
its own perspective, contributing to a broader understanding of Sweden’s potential energy futures.

Table 2.1. Swedish system cost modelling reports and characteristics

Agency Agency
2026 2023 2023 2025 2024
2050 2050 2050 2050 2045
POSY2 TIMES-Nordic cGrid GenX cGrid GenX BID3

Sensitivity scenarios 21 1 8 22 0
223 TWh 264TWh 209 TWh

Projected demand 268 TWh 349TWh 290 TWh 300 TWh 265 TWh
354TWh 365 TWh

1. Scenario de nitions differ across studies. In the NEA analysis, there is one main scenario and twenty-one sensitivity scenarios, some
of which may be treated as main cases in other work.

3. Quist Consulting and Quantified Carbon refer to the same organisation, following a rebranding in 2023. Both studies are retained
in this report, as they were produced at different times with different assumptions and analytical frameworks. Each provides
distinct insights that remain useful for understanding Sweden'’s potential pathways.
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Each of the national studies explores the future of Sweden’s electricity system through different
modelling lenses, yet they share several common features. All anticipate substantial growth in electricity
demand, often showing a doubling or tripling by 2050, driven primarily by industrial electrification
(especially hydrogen-based steel and chemicals), hydrogen production and transport electrification.
Their results show continued reliance on nuclear power for predictable baseload (where not explicitly
excluded), increasing contributions from onshore wind, and operational flexibility provided by
hydropower, interconnections and controllable industrial loads. This combination of rising demand and
variable generation highlights the need for flexibility in both, for the domestic Swedish market and the
process of continuing integration with Scandinavian and other European electricity markets. The key
characteristics of these studies can be found in Table 2.1.

Alongside demand growth, the studies converge on highlighting several recurring flashpoints that
will determine the future of the Swedish electricity system: the balance between nuclear and onshore
wind energy, the uncertain role of hydrogen, the need for flexibility and increased transmission capacity,
and, finally, the risk that Sweden may shift from being a net exporter to a potential importer. All studies
still show Sweden as a net electricity exporter in technology-neutral or nuclear-heavy scenarios, albeit
with lower volumes than seen today. Current exports sit around 20-30 TWh per year; however, future
scenarios typically show 5-20 TWh per year, or less, with some scenarios seeing Sweden as energy
neutral or as a net importer (SEA, 2023).

The risk of import dependency is a recurring concern, as it is considered as constituting a potential
risk to price stability and the security of electricity supply. Especially in high-demand, renewables-only
or slow nuclear-buildout scenarios, Sweden could become a net importer, particularly during periods
when electricity consumption is high. Several studies show that in plausible futures, Sweden’s imports
could exceed exports for extended periods, especially if generation expansion does not keep pace with
electrification.

The scenarios by Svenska kraftnét (SVK), the operator of the Swedish transmission system, for
instance, show that Sweden remains a net exporter in moderate-demand cases, but in scenarios with
large expansion of renewable production, the country becomes a net importer, with annual deficits of
up to 13 TWh. Quantified Carbon’s modelling finds Sweden close to balanced or a modest net importer
in most weather years in the base scenario, with only the most nuclear-heavy scenario achieving
net exports. Indeed, their findings show that the lower the share of dispatchable capacity, including
nuclear energy, the higher are net imports. Qvist Consulting’s technology-neutral base case maintains
net exports, but renewables-only scenarios can tip Sweden into net imports, especially in unfavourable
weather years. The Swedish Energy Agency’s scenarios also show Sweden as a net exporter in most cases
but highlight that this depends on the pace of generation buildout, electrification rates and demand
growth.

In the future, as shown also in this study (see Chapter 4), Sweden’s export position becomes less
certain and could shift over time. A comparison of the generation mix across the studies reveals a
high degree of similarity in the broad outlines, but also some significant differences in emphasis and
detail. All studies agree that hydropower will remain a stable backbone of the system, and that onshore
wind will be expanded in the limits of land use and social constraints. Nuclear power is retained or
expanded in all scenarios except those that explicitly exclude it. Most studies also include nuclear
new build in most least-cost cases, except where capital costs are assumed to be very high. Offshore
wind appears in some scenario combinations where nuclear capacity is constrained or assumed to
be significantly more expensive. However, most studies, including the NEA’s analysis, do not show
offshore wind as an economically competitive option given current cost assumptions and expected load
factors, as discussed in Chapter 3. Solar PV contributes a modest but growing share in all scenarios.
The studies that use detailed weather years (Quantified Carbon and Svenska kraftnit) tend to find a
greater need for flexibility and back-up capacity, which is reflected in their generation portfolios and
recommendations for system robustness. An overview of the generation mixes of the reports studied
can be found below in Figure 2.3.
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Figure 2.3. Electricity generation mixes in Swedish system cost scenarios (TWh)
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A key difference in these reports is the scope and level of detail. The SEA’s scenarios are unique in
their broad, system-wide perspective. Rather than focusing solely on the electricity sector, the SEA report
models the entire Swedish energy system, including all major energy carriers (electricity, heat, fuels), all
demand sectors (industry, transport, buildings, services, agriculture), and the interplay between them.
This comprehensive approach allows for detailed examination of how electrification, fuel switching, and
efficiency interact across sectors, and how policy targets for the whole energy system might be achieved.
The SEA’s analysis includes close attention to the evolution of all demand types, sectoral energy use, and
the implications of national policy instruments such as carbon taxation and energy efficiency targets.

By contrast, the other Swedish studies focus more narrowly on the electricity market and power
system. Their models are designed to capture the dynamics of electricity generation, transmission
and consumption, with detailed representations of the power sector’s operational constraints, market
interactions and system costs. While these studies do consider the impact of electrification in industry
and transport, they do so primarily as drivers of electricity demand, rather than as part of a fully
integrated energy system. As a result, their treatment of non-electric energy carriers, sector coupling
and end-use efficiency is less granular than in the SEA’s scenarios.

Another important methodological difference is the treatment of weather variability. Both Quantified
Carbon and Svenska kraftnit employ detailed, multi-year weather datasets in their modelling - Quantified
Carbon uses 33 historical weather years, while Svenska kraftnit uses 35 years. This enables them to stress-
test system adequacy, flexibility and import/export balance under a wide range of real-world conditions,
including extreme events. In contrast, Qvist Consulting’s analysis is based on a single representative
weather year, and the SEA’s scenarios do not focus on weather-driven power system stress.
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A notable finding is the strong convergence in recommendations across Quantified Carbon, Qvist
Consulting and Svenska kraftnédt. All three, within a framework that requires system adequacy and
resilience, recommend a broad technology portfolio, maximising onshore wind within land-use and
social constraints, supporting new nuclear energy capacity where economically justified, investing in
grid and transmission upgrades (with hydrogen pipelines as a possible complement), prioritising system
flexibility and adequacy, reducing permitting barriers and accelerating project timelines, not just least-
cost optimisation. The SEA report, while broader in scope and less focused on the electricity sector, is
consistent with these themes, especially regarding the need for all fossil-free technologies, rapid grid
expansion and the importance of policy stability and social acceptance.

When turning to the financial picture of the above studies, it becomes clear that published cost
estimates vary and warrant review to support meaningful comparison. To enable this comparison,
reported overnight costs were first escalated to 2024 values using annual Swedish inflation rates and
then converted into USD. These steps introduce some uncertainty but nonetheless provide a coherent
comparative basis that supports later modelling. These final results can be seen below in Table 2.2, along
with the assumed construction timeline per technology.

Table 2.2. Swedish system cost modelling technology cost comparison

Nuclear Energy Agency Swedish Energy Agency Quist Consulting Svenskt Naringsliv Svenska Kraftndt

Overnight cost Construction Overnight cost Construction Overnight cost Construction Overnight cost Construction Overnight cost Construction

(USD/kW) (years) (USD/kW) (years) (USD/kW) (years) (USD/kW) (years) (USD/kW) (years)
7000 7 5846 - 4371-6815 5-7 6019 6 6019 6
7800 2 = = 2467-3 936 23 5751 4 5751 4
1500 5 = = 1057-1351 = 1378 1 1378 1
3000 2 - - 2232-3172 - 2374-3210 3 2374 3
800 3 - - 505-634 - 542-924 1 542 1

When comparing cost assumptions across system studies, one of the main differences lies in how
future technology costs are treated. The NEA figures represent costs to build under current conditions,
whereas many other studies report costs for future years. More generally, many reports use projected
costs for 2050, whereas the modelling used in this report applies overnight construction costs expressed
in constant 2024 USD to represent the cost of building technologies in 2050. These values are not forecasts
of actual future costs. Rather, they reflect an assumption that today’s observed costs provide a reasonable
approximation for long-run costs. This methodological choice is particularly relevant for technologies
where future cost reductions are assumed, most notably nuclear power. In many studies, lower future
nuclear costs are justified by expectations of learning from repeated builds and standardisation.
By contrast, the approach taken here does not embed assumed cost declines over time.

While not focused exclusively on Sweden and not structured as a cost-optimisation model, the TYNDP
complements the national studies by extending their insights to a European scale. Compared with the
Swedish analyses, which concentrate on national adequacy and system costs, the TYNDP provides a broader
view of how Sweden’s electricity system interacts with its neighbours within an increasingly integrated
regional market. Its three scenarios — National Trends, Global Ambition and Distributed Energy — model
developments to 2030, 2040 and 2050, all depicting steep growth in electricity demand and a generation
mix dominated by renewables. Like the SEA report, the TYNDP includes all major energy carriers and
demand sectors, linking electrification trends with transport, industry and hydrogen production.
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In terms of final outcomes, TYNDP exhibits both convergence and divergence with the Swedish
national studies. Like Quantified Carbon, Qvist Consulting and Svenska kraftndt, TYNDP emphasises
the need for a diverse technology mix, the expansion of renewable generation and system flexibility
to accommodate variable supply and demand. However, one notable difference is the smaller role
assigned to nuclear power in TYNDP’s scenarios. Whereas the Swedish studies often assume new nuclear
deployment where economically justified, TYNDP relies more heavily on renewables, interconnections
and demand-side flexibility to meet system needs. In particular, the Distributed Energy scenario
explicitly prioritises maximising wind and solar deployment, while also lowering nuclear capacity
and reducing import dependency to support decarbonisation objectives. This heavier weighting of
renewables reflects differences in national policies regarding nuclear power, assumptions about the
operating lifetimes of existing nuclear fleets, and the European-wide aggregation of member states with
varying nuclear strategies. Additionally, TYNDP’s focus on grid development, transmission expansion
and storage capacity tends to shift attention away from baseload generation, privileging technologies
that better align with flexibility and sector-coupling requirements.

The following sections provide a more detailed look at each report, including the number of scenarios
considered, the modelling approach and the strengths and weaknesses of each study.

Swedish Energy Agency’s Scenarios for Sweden’s Energy System

The Swedish Energy Agency’s Scenarios for Sweden’s Energy System 2023 is the broadest in scope, modelling
the entire Swedish energy system with the TIMES-Nordic model. The report’s primary goal is to inform
government and stakeholders about the full energy system’s evolution under different policy and
technology assumptions. It includes all energy carriers and demand sectors, and pays close attention to
sectoral energy use, policy targets and national climate goals. The SEA scenarios are not forecasts, but
explorations of possible futures, and they pay close attention to the evolution of all demand types and
the implications of policy instruments such as carbon taxation and energy efficiency targets. The report
considers two main scenarios, Higher Electrification and Lower Electrification, plus a sensitivity case for
industry. The main strengths of the SEA report are its comprehensive treatment of all energy sectors and
demand types, and its alignment with official policy. Its main weakness is that it is less detailed on the
electricity market and power system operation and does not model weather-driven power system stress
or grid congestion in detail (SEA, 2023).

Qvist Consulting: Scenario analysis 2050

This report takes a technology-centric approach, directly comparing nuclear- and wind-heavy pathways,
and exploring the role of hydrogen as both a new load and a balancing mechanism. The study uses a
detailed power system model, including bidding zones and grid constraints, and integrates assumptions
about technology learning and cost reductions. It considers ten scenarios, with two base cases
(technology neutral and 100% renewable) and the remaining cases varying input parameters. The main
strengths of this report are its detailed modelling of the power system, its focus on technology learning
and cost reductions, and its exploration of the role of hydrogen as a flexible load and balancing resource.
Its main weakness is that it uses only a single representative weather year (2018) and does not consider
the broader energy system or sectoral energy use (QVIST Consulting, 2023).

Quantified carbon for Svenskt Naringsliv: Swedish Power Systems 2050

This report focuses exclusively on the electricity sector, with a sharper focus on industrial competitiveness
and the risks of insufficient generation expansion. The study uses a detailed power system model (GenX
and cGrid), models all Swedish bidding zones and international connections, and tests stress cases with
very rapid demand growth (up to 300 TWh). It considers 7 main scenarios and 22 sensitivity cases and uses
33 years of historical weather data to stress-test system adequacy, flexibility and import/export balance.
The main strengths of this report are its detailed modelling of the power system, its use of multi-year
weather data, and its focus on system robustness and adequacy. Its main weakness is that it does not
consider the broader energy system or sectoral energy use and focuses more on system adequacy than on
the wider transition objectives guiding Sweden’s energy strategy (Quantified Carbon, 2025).
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Svenska kraftnét: Long-term Market Analysis 2024-2050

The report prepared by the national transmission system operator (TSO) is the most detailed on the
power system, grid and market operation. Svenska kraftnat brings a grid operator’s lens, focusing on the
physical ability to move power across the country, system adequacy and interactions with neighbouring
markets. The study uses a detailed power system model (BID3), models all Swedish bidding zones and
international connections, and considers four scenarios: small-scale renewable (SF), roadmaps mixed
(FM), electrification plannable (EP) and electrification renewable (EF). It uses 35 years of historical weather
data to stress-test system adequacy, flexibility and import/export balance. The main strengths of this
report are its detailed modelling of the power system, its use of multi-year weather data, and its focus
on system adequacy, flexibility and market operation. Its main weakness is that it does not consider the
broader energy system or sectoral energy use (SVK, 2024a).

ENTSO-E Ten-Year Network Development Plan (TYNDP)

The ENTSO-E TYNDP provides a European perspective on power system development, assessing future
needs for transmission and storage across interconnected markets. It evaluates system adequacy and
network resilience under several energy transition scenarios aligned with EU climate and energy objectives,
including the Green Deal and Fit-for-55. The 2024 TYNDP examines three main scenarios: National Trends,
Global Ambition and Distributed Energy - for the years 2030, 2040 and 2050. The plan combines data from
national transmission operators to identify where cross-border reinforcements and new infrastructure
are needed to maintain reliability and enable large-scale renewable integration. Its main strengths are its
comprehensive assessment of regional interconnections and consistency with European decarbonisation
strategies, which makes it particularly useful for understanding Sweden’s role within the wider Nordic
and continental power systems. Its main weakness is that its European scope limits the detail available for
national systems, meaning it does not fully capture Sweden-specific factors (ENTSO-E, 2025).
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Chapter 3. Modelling Sweden’s energy system

3.1. The NEA system cost approach

In the NEA system cost approach, the different components of system costs (profile costs, balancing
costs, grid costs and connection costs) are added to the plant-level cost of generation, which is often
expressed by the LCOE. These added costs are referred to as system costs. To distinguish such additional
system costs from the costs of the system as a whole, the latter are often referred to as total system
costs. Total system costs are thus the total economic costs of satisfying a given electricity demand at all
times. These are not externalities or social costs but real monetary costs that somebody needs to pay.

Such an approach is particularly relevant in Sweden where the costs of intermittent renewable
sources such as onshore wind need to be compared with a continuously producing generation source
such as nuclear energy. To put it succinctly: The plant-level LCOE costs of onshore wind are lower than
those of nuclear energy. However, the system costs of nuclear energy are lower than those of onshore
wind. Minimising total system cost then requires finding that optimal point where the costs of onshore
wind (plant-level LCOE plus system costs) equate those of nuclear energy (also, plant-level LCOE and
system costs) at the margin.

System effects are often divided into the following broadly defined categories:

e Profile costs refer to the increase in cost of the electricity system in response to variability
of variable renewable energy (VRE) output. They capture the fact that in most cases it is more
expensive to provide residual load in a system with VRE than in an equivalent system where VRE
is replaced by dispatchable plants. Indeed, additional back-up generation or storage capacities are
necessary to compensate the volatility of the VRE production. Profile costs can also be viewed as
the opportunity cost of not having, in the long term, a cheaper conventional generation mix for a
system’s residual load. The presence of VRE generation generally increases the variability of the
residual load. Profile costs also include the system effects of VRE’s low-capacity credit, or the fact
that generally VRE contribute less to satisfying peak demand compared to dispatchable plants.

e Balancing costs are associated with increased requirements to ensure system stability through the
use of operating reserves due to uncertainty in power generation (e.g. unforeseen plant outages,
line trips or generation forecasting errors).

e Grid costs reflect effects on the transmission and distribution grid due to the location of generation
plants and demand centres. All generation plants technologies can have siting constraints. New
interconnections may need to be built, or the capacity of existing transmission infrastructure
increased, to carry generated electricity to consumers. Additionally, transmission losses tend to
increase when electricity must be moved across sizeable distances.

e Connection costs represent the cost of connecting a power plant to the nearest connection point of
an existing power grid. These costs can be considerable, for instance in the case of offshore wind.

When analysing system costs, it must also always be kept in mind that they are highly country-
and system-dependent. Key determinants are the structure of demand and its correlation with wind
and solar PV generation, the availability of flexible resources in the form of hydro storage, batteries or
demand response, and the level of interconnections with neighbouring systems.
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3.2. The NEA POSY2 model

The power systems modelling of the Swedish electricity system has been performed with POSY2, the
latest iteration of the power system model developed by the NEA.

POSY2, written in the Julia programming language, is a high-level model based on Nosy, a flow
network optimisation model, also developed at the NEA, and relies on the JuMP package to handle linear
optimisation aspects (Bezanson et al,, 2017; Lubin et al., 2023). POSY2 generates a mathematical problem
formulated using a mixed-integer linear programming (MILP) approach, solves this via an external solver,
and retrieves results to produce the optimal snapshot.

Nosy, the underlying framework, is highly modular and allows technology to be modelled with
any desired level of detail. It is capable of handling multi-vector energy systems with multiple carriers
(electricity, hydrogen, heat, commodities, etc.) and is generally used for cost minimisation but can
optimise any metric - such as minimising the capacity of a specific technology while maintaining the
system cost below a predefined threshold.

In the case of this study, POSY2 optimises the total system cost of electricity and hydrogen systems
for a given year, while ensuring balance between supply and demand, under the assumption of provided
technological constraints and policies.

More precisely, for a given year, the following operations are performed simultaneously by the software:

e Capacity expansion: refers to investment decision, i.e. investing in new technologies or additional
capacity of existing technologies.

e Economic dispatch: refers to the hourly decision to modify the power output, or switch on or off
different technologies including generators, electrolysers, batteries, etc.

As a result, based on assumptions for demand, generating technologies, costs and policies, POSY2
generates a snapshot of the least-cost generation mix for a given year, along with hourly profiles of
production and consumption. Its post-processing layer is extensive and automatically generates a
detailed report after the optimisation step.

POSY2 models any number of technologies, each defined by a selection of model archetypes and
behaviours. Each technology, as well as demand and flexibility options, is represented as a “component”,
made of one model archetype, a set of behaviours and a set of joint flows. Model archetypes are simple

” o« ” o«

functions related to flows, such as “dispatchable source”, “source with a profile time series”, “converter”,
“storage”, “sink”, whereas the behaviours further refine component operations. For example, behaviours
can represent capacity (fixed or variable), costs (fixed or variable), unit commitment with uptime and
downtime as well as startup and shutdown durations, ramping, etc. Each component can have any

number of behaviours.

Joint flows are additional input or output flows that can be linked to a component. These flows may be
free (as optimisation variables), fixed or expressed as a function of other flows of the same component.
For example, CO, emissions can be expressed as a function of a generator’s output energy.

These elements are assembled to make components that are fine-tuned to balance modelling accuracy
and computation efficiency.

3.3. Modelling Sweden and other countries

3.3.1. Electricity demand

Swedish electricity demand is modelled as a set of components, representing different sources of
consumption. The model differentiates between four major categories:

e New industrial demand (modelled with a flat profile).
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e Electric vehicles (EV) (represented with peak hour profile during which charging capacity is limited).
e Residual historical consumption.
e Electrolysis for hydrogen production.

New industrial demand includes a shift from fossil fuels as electrification increases, additional
electricity use from existing industries (particularly from the steel industry) and the establishment of
new industries such as electro fuels, battery factories and data centres. The annual demand volume
associated with new industry is based on estimates from SEA and its temporal profile is assumed to be
constant (SEA, 2023).

Electric vehicles are assumed to be a substantial part of the passenger fleet. The EV model is a simple
model with an hourly load profile based on typical summer and winter days, without incorporating an
endogenous response to electricity prices. Annual electricity consumption by EVs is also taken from SEA
estimates (SEA, 2023).

Residual historical consumption is consumption that is assumed to be similar to the consumption
profile of 2023. This component of demand was modelled using exogenous consumption time series from
2023.

Electrolysers are modelled as fully flexible units. Hydrogen demand is represented with a flat profile
and coupled with exogenous storage equivalent to two weeks of consumption. The yearly consumption
of electricity for electrolysis in Sweden is taken from SEA (SEA, 2023).

Grid losses are calculated endogenously for Sweden, assuming 7.5% losses. Off-grid demand is not
modelled.

The breakdown of the electricity demand in the base-case scenario for 2050 is detailed in Table 3.1.

Table 3.1. Breakdown of electricity consumption in 2050 in Sweden

Annual consumption

New demand from industry 22
Electric vehicles 26
Residual historical consumption 136
Electrolysis 58
Grid losses 18
Total 260

Electric demand is exogenous (except to some extent for electrolysis). In particular, the model does
not consider a feedback effect of price on demand level. However, several levers for demand response are
considered, such as voluntary and involuntary demand response; these are detailed in the same section.

In other countries, electricity demand is modelled as a single term of final consumption including
losses, taken from ENTSO-E and ENTSO-G’s Ten-Year Network Development Plan Scenarios Report (ENTSO-E
and ENTSO-G, 2025).

In addition to the core demand categories, the model incorporates several mechanisms that influence
how consumption can adjust over time. These elements include:

e Voluntary demand response: Modelled as a flexible mechanism to reduce demand in each bidding
zone, at a variable cost. It is split in two cost tiers, set at USD 200 and 300 per MWh to represent
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the cost progression of demand response cost with volume. The cost and capacity for Sweden are
detailed in Table 3.2. The total capacity of voluntary demand response for Sweden is approximately
3.3 GW (10.7% of peak demand without electrolysis), with capacity assumptions taken from the
TYNDP. These cost levels and volumes are in line with expert judgement and stakeholder input.
While this mechanism is available for any type of demand, the total capacity is limited.

Table 3.2. Voluntary demand response capacity in Sweden

Capacity (GW)
Zone
USD 200 per MWh USD 300 per MWh

SE1 0 0
SE2 0 0
SE3 1 1
SE4 0.4 0
Total 2 2

e Involuntary demand response: Involuntary demand response represents load shedding at value of
lostload (VOLL) price. It is modelled as infinitely available in all bidding zones, including in Sweden
with a VOLL price of USD 4 000 per MWh. This level is broadly in line with price caps commonly
applied in European electricity markets, which typically range between USD 4 000 and 5 000 per
MWh. The system is expected to have zero or a minimal number of VOLL hours each year.

e Load shifting: This is modelled as the temporal ability to displace electricity demand. It is
characterised by a defined capacity (in GW) per bidding zone, a duration (in hours) or equivalent
energy content, as well as an associated variable cost. While load shifting is not available in the base-
case, it is included in two sensitivity cases to evaluate the impact of different types of loads shifting.

e Hydrogen demand: Hydrogen is assumed to be consumed by industry, with a flat consumption
profile across all sectors, i.e. the same consumption at every hour. The hydrogen consumption for
Sweden is based on SEA scenarios. For other countries, hydrogen demand is derived from the Ten-
Year Network Development Plan (TYNDP) 2024 - National Trends+ (NT+) scenario for 2040. In particular,
the model assumes a demand for only electrolytic hydrogen, which can only be supplied through
electrolysis. Other sources of hydrogen production or trade are not neglected but simply excluded
from the modelling process - meaning both production and import, as well as demand and export
are exogenously forced.

3.3.2. Modelling technologies

The scenarios modelling 2050 do not assume greenfield capacity expansion in Sweden. The capacity mix
is endogenous, with limits. Minimum capacities are set for certain technologies, either reflecting existing
assets that will remain operational in the snapshot (e.g. nuclear plants that have not yet been retired) or
representing planning decisions to maintain or increase capacity (e.g. wind capacity will not go below the
2024 capacity). Capacity assumptions for Sweden are indicated in Table 3.3.

In other countries, the capacity mix is fully exogenous, with only dispatch - including charging, and
electrolysis - modelled endogenously. This approach was not chosen to co-optimise the European Grid,
but to analyse the options available to Sweden given the choices made by surrounding countries.*

4. The decisions made by other countries do have an influence on the optimal mix in Sweden, and there is a large amount of
uncertainty in the assumptions of new capacity in other countries. A dedicated sensitivity case with different capacity levels in
other countries addresses this question.
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The hypotheses made for each technology are detailed below:

e Nuclear energy: In the base-case, the operations of 3 GW of nuclear reactors is assumed to be
extended, with the rest of the current fleet retired. The system has the possibility to build new
capacity of large light-water reactors of 1 GW and medium-sized SMRs of 300 MW.

Table 3.3. Assumptions relative to capacity in Sweden

Technology Mm(((:savr\Jle)laty Can expand

Nuclear new build 0.0 X
Nuclear LTO 3.0
SMR 300 MW 0.0 X
Onshore wind 18.0 X
Offshore wind 0.0 X
Solar photovoltaic (PV) 8.7 X
Hydro - Run-of-river 5.0
Hydro - Reservoir 11.2
CHP 2.8
Battery storage 0.6 X

e Onshore wind: At a minimum, the current onshore wind capacity is maintained, with the system
retaining the option to deploy more. There is no upper capacity limit for the expansion of onshore
wind, including considerations related to land availability®.

e Offshore wind: The system is free to deploy new capacity®.

e Solar PV: A capacity increase linked to electricity consumption is assumed, to account for additional
near-term electricity demand that cannot wait for new nuclear construction. This sets a minimum,
but the system is free to deploy additional capacity.

e Hydro: The current hydro capacity is maintained.”

e Combined heat and power (CHP): A complete switch to biomass fuel with net zero emission is
assumed; only on-grid capacity is explicitly modelled.

e Battery storage: The system is free to deploy new capacity. At the end of 2024, there was
approximately 600 MW of battery capacity in Sweden (Svenska kraftnat, 2024). However, this
battery capacity is reserved for balancing purposes and does not contribute to the dispatch.® The
same assumption was made in the modelling for this study.

5. The same approach as for PV to link minimum capacity to demand could have been applied; however, the model generally
endogenously deploys additional onshore wind capacity. A dedicated sensitivity case is defined to study the impact of exogenously
defined onshore wind capacity.

6. There actually are approx. 0.2 GW of offshore wind capacity, that were neglected for simplifying purposes.

1. The relative share of hydro run-of-river and reservoir can vary from other sources. For the present report, values derived from
Skaansar, E. et al. (2022) were used, along with matching time series of water intake.

8. More explanations in the grid section of this Chapter.
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Other technologies can also be deployed in some specific sensitivity studies:

e Open cycle gas turbines (OCGTSs) and closed cycle gas turbines (CCGT): Can be deployed in the non-
zero CO, emissions scenarios. The current small capacity of gas turbines (~1 GW) is assumed to be
retired by 2050.

e CCGT with carbon capture and storage (CCS): Can be deployed in the non-zero CO, emission scenarios.

For consistency, results from the TYNDP 2024 exercise were used, specifically the National Trends+
(NT+) scenario, which is based on European targets and was generated with data from European TSOs.
This scenario aligns with national energy and climate policies and was only modelled for 2030 and 2040
(ENTSO-E, 2025). In the current study, to model the capacity in other countries, the NT+ 2040 results are
used as a reasonable estimate for 2050.

In the current study, the dispatch in other countries was co-optimised with Sweden. The following
provides further detail on the modelling assumptions and constraints for each technology.

Hydrogen supply and storage

As most scenarios modelled assume net zero CO, emissions for Sweden, electrolysis is assumed to be the
only method to generate hydrogen. In particular, there is no differentiation between proton membrane
exchange (PEM) and alkaline electrolysis, and hydrogen trade between Sweden and other countries is
not explicitly included.

However, for both Sweden and other countries, hydrogen storage is considered. In the base-case,
an exogenous storage capacity equivalent to two weeks of hydrogen consumption is modelled. This
provides ample flexibility to the system, partly to compensate for the flat profile representing hydrogen
consumption by industry.

In total, 16 hydrogen nodes are modelled, each one connected to hydrogen storage, hydrogen demand
and on-grid electrolysers.

Nuclear energy

In Sweden, nuclear energy is historically operated in must-run mode, meaning that modulation capabilities
are not used: Reactors do not ramp to follow demand or price signals. This behaviour was enforced for
the 2050 nuclear modelling in Sweden, coupled with a sensitivity analysis allowing nuclear modulation.

In the present study, nuclear energy is modelled using a unit commitment approach, associated with
startup and shutdown durations of 12 hours and minimum downtime of 48 hours.

In addition to these standard constraints, nuclear refuelling was also modelled. Nuclear reactors
need to be refuelled at the end of each operating campaign, which is generally every year and a half,
depending on the fuel characteristics. This non-trivial operation takes multiple weeks, during which
the reactor is unavailable for electricity generation. Reactor operators carefully plan the scheduling of
reactor shutdowns for refuelling, taking into consideration periods of lower demand and ensuring not
all reactors are refuelled simultaneously. For this analysis, it is assumed the system can optimise the
refuelling schedule. In particular:

e Each nuclear reactor must stop operation for refuelling once per year.
e The shutdown date for refuelling of each reactor is optimised.

o Refuelling takes 30 days: The startup will occur at least 30 days after the shutdown, but the reactor
can stay shut down for a longer period if economically optimal.

The nuclear fleet in Sweden is composed of six reactors with an approximate combined capacity of
7 GW. In this study, it is assumed that 3 GW of nuclear reactors can undergo long-term operation (LTO) -
extending their operating time periods from 60 to 80 years. From a modelling perspective, this implies
capacity can be maintained in the fleet at a fraction of the cost of new build investment, corresponding
to the LTO cost.
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Waste management costs are endogenised as variable costs.

Two types of nuclear reactors are available for new build: large nuclear reactors of 1 000 MW and
medium-sized small modular reactors (SMRs) of 300 MW. The cost assumptions include a higher
overnight cost for SMRs, coupled with a lower construction duration.

Hydroelectricity

Hydroelectricity behaviour is inherently difficult to accurately capture and model: the modelling of
complex and branching water flow cascades linking an array of reservoirs and run-of-river facilities is
a research area in itself. As an economic model, POSY2 does not aim to capture the behaviour of each
hydro facility but instead attempts to represent the hydro system in a simplified way that approximates
the aggregate behaviour of all facilities. This approach does not guarantee that each individual facility
is accurately reflected.

Animportant remark is that summing multiple reservoirs or run-of-river plants into a single equivalent
unit may not always be the best estimate for the system. In the present study, the characteristics of
hydro facilities in Sweden and Norway are modelled using aggregated models taken from the Norwegian
Water Resources and Energy Directorate (NVE) (Skaansar et al., n.d.). In each bidding zone, the capacity
is split between an equivalent reservoir and an equivalent run-of-river facility.

Reservoir hydro is modelled with exogenous time series for intake and with dispatchable output.
No specific constraint on the water level was applied, except that it must remain positive and inferior to
the maximum level.

Run-of-river hydro is modelled using exogenous time series. For Sweden, based on modelling work
(N'VE), it was considered that 32% of hydro yearly production is run-of-river and 68% is reservoir.

In other bidding zones, TYNDP 2024 data were used to model hydro run-of-river, reservoir and pumped
storage. When available, pumped storage is modelled as endogenous for both pumping and generation.

Onshore wind

Onshore wind is modelled as an intermittent energy source associated with hourly capacity factor time
series. Each bidding zone is associated with its own capacity factor time series. Data are taken from the
PECD 4.1 database (Copernicus Climate Change Service, 2024, wind turbine class 32° grade A resource,
Pan-European Onshore Zone aggregation). As for other intermittent energy sources, to maximise
compatibility for TYNDP 2024 assumptions, the same weather year (2009) as the TYNDP 2024 NT+ scenario
was used for the base-case (a sensitivity case models climate year 2008). The annual average of capacity
factors in Sweden is displayed in Figure 3.1.

Offshore wind

Like onshore, offshore wind is modelled as an intermittent energy source with an hourly capacity factor
time series. Data are taken from the PECD 4.1 database (ERA5 reanalysis, wind turbine class 22%°, Pan-
European Offshore Zone aggregation). Each bidding zone is associated with its own capacity factor,
which is a capacity-weighted average of the surrounding offshore zones. As for other intermittent energy
sources, 2009 was used for the base case (a sensitivity case models climate year 2008).

9. In the PECD database, onshore wind turbine category 32 corresponds to specific power 199 W/m2 and hub height 150 m.
10. In the PECD database, offshore wind turbine category 22 corresponds to specific power 370 W/m2 and hub height 155 m.
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Figure 3.1. Average capacity factors in Sweden for year 2009
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Solar photovoltaic is modelled as an intermittent energy source associated with hourly capacity factor
time series. Each bidding zone is associated with its own capacity factor time series. Data are taken
from the PECD 4.1 database (Copernicus Climate Change Service, 2024, Pan-European Onshore Zone
aggregation). As for other intermittent energy sources, 2009 was used for the base-case (a sensitivity
case models climate year 2008).

Battery storage

Energy storage systems (ESS) are expected to become a substantial part of the capacity mix in several
countries, as shown in the TYNDP 2024 scenarios. Battery storage has multiple purposes, including
providing flexibility to the system and contributing to load balancing.

The capacity of battery storage in Sweden dedicated to flexibility is modelled endogenously, with
systems assumed to have a four-hour storage duration.

The capacity of battery storage in Sweden dedicated to load balancing was calculated ex post,
according to a method detailed in the section of this Chapter dedicated to the grid.

Fossil fuel plants

Coal plants, open cycle gas turbines (OCGT), closed cycle gas turbines (CCGT) and CCGT with carbon
capture and storage (CCS) are modelled. They are absent from the base-case Swedish capacity mix due
to the net zero CO, constraint; however, they still are present in other countries or in non-zero CO,
scenarios for Sweden. Their CO, emissions are tracked and associated with a CO, price. Oil plants were
not modelled. CHP are still in the capacity mix; however, full transition to biomass is assumed.

Biomass

It is assumed that biomass is primarily associated with combined heat and process (CHP) plants. For
this reason, their functioning is driven by heat demand instead of electricity demand and their output
is modelled using an exogenous time series. This is an approximation; however, given the low share of
biomass in the total European electricity mix (~1%) in the modelled scenarios, the impact is expected to
be limited.
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Biofuels

Biofuel plants are modelled as dispatchable plants with limited resources supply and relatively low CO,
emissions that can be used for peaking purposes. Biofuel plants are not considered for Sweden in the
current study but they are modelled for some of the other countries according to TYNDP 2024 NT+2040
scenario data, although the capacity is very low.

Hydrogen CCGT

Hydrogen fuelled CCGTs are also included in the model. For Sweden, hydrogen as a fuel was explicitly
represented, and CCGTs can consume a flow from this vector to generate electricity. In this way, the
hydrogen price is fully endogenised for Sweden.

In other countries, hydrogen supply for CCGTs was considered independent from electrolysis targets
and a high price was assumed for this resource, leading to a marginal cost that is slightly inferior to the
price of voluntary demand response.

Curtailment

In systems with high shares of intermittent energy, production curtailment is generally unavoidable due
to supply and demand mismatch. In the present model, curtailment is modelled as free and systemic. In
particular, the model does not evaluate which generator is curtailed.

3.3.3. Technology costs

All technologies costs were defined using past NEA references, including The Costs of Decarbonisation:
System Costs with High Shares of Nuclear and Renewables (NEA, 2019) and Achieving Net Zero Carbon Emissions
in Switzerland in 2050 (NEA, 2022) as well as expert advice from the members of the Scientific Advisory
Council of the project. Cost assumptions are detailed in Table 3.4, expressed in 2024 USD.

Table 3.4. Technology cost assumptions*

Overnight ~ Fixed0&M  Various 0&M Fuel Waste mgt. Decom._ Copnection Construction ~ Operation
(USD/kW)  (USD/kW/y) ~ (USD/MWh)  (USD/MWh) USD/MWh (% of overnight) (% of investment) (years) (years)

New nuclear build 7000 100 7 23 15% 0% 7 60
Nuclear LTO 650 100 7 23 15% of NB 5% 2 +20
SMR 300 MW 7800 100 7 23 15% 5% 5 60
Onshore wind 1500 39 5% 10% 2 25
Offshore wind 3000 ] 5% 30% 3 25
Solar PV 800 25 5% 10% 1 30
Hydro — Run-of-river 3600 50 5% 0% 5 80
Hydro — Reservoir 3700 24 5% 0% 5 80
Hydro — Pump storage 3200 24 5% 0% 5 80
Gas — 0CGT 800 14 5 100 5% 5% 2 40
Gas — (CGT 1000 31 4 67 5% 5% 2 40
Gas — CCGT w/ CCUS 3000 70 5 83 5% 5% 2 40
H, CCGT 1000 31 4 Endogenous 5% 5% 2 40
Biomass CHP 3000 20 4 5% 5% 2 40
?:E:;‘::)"”age 850 25 5% 1 15
tfe“(’ttrzrl';zs 1500 60 Endogenous 5% 1 2
Demand response 200-300

Load shedding 4000

* For low-temperature electrolysis, the costs are relative to input electricity (as opposed to hydrogen).
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For nuclear energy, the overnight construction cost (OCC) reflects engineering, procurement and
construction costs, with discount rate and construction time explicitly considered in the cost formulation.
Financing risk is not reflected in OCC assumption but is explored separately in sensitivity scenario B.2.c
(High nuclear construction risk), where higher risk is represented through adjusted financing parameters
in the model’s investment calculations.

3.3.4. Capacity factors

The capacity factors of all electricity generating technologies in Sweden are detailed in Table 3.5.
Capacity factors for wind and PV are taken from the TYNDP 2024 data; for CHP they are taken from data
transmitted by SEA. For hydro, the capacity factors are taken from Skaansar et al. (2022) ; in particular
hydro run-of-river generation is modelled as exogenous - hence a fixed capacity factor; the fixed capacity
factor of reservoir is linked to the annual water intake and the modelling constraint to use exactly as
much energy as was received — spillover aside. The capacity factor of nuclear energy is related to fuel
reloading operations.

Table 3.5. Capacity factors assumptions for Sweden

Capacity factor (%)

Technology

SE1 SE2 SE3 SE4

New nuclear build <90.8%

Nuclear LTO <90.8%

SMR 300 MW <95.8%

Offshore wind 43.0% 41.5% 46.6% 47.4%
Onshore wind 30.4% 32.1% 31.4% 32.5%
Solar PV 6.5% 10.7% 11.3% 12.0%
Hydro - Run-of-river 1.6% 48.9% 58.5% 22.9%
Hydro - Reservoir <40.4% <49.2% <58.5% -
Gas - OCGT < 100%

Gas - CCGT <100%

Gas - CCGT w/ CCUS < 100%

H, CCGT < 100%

Biomass CHP 33.1% 28.9% 26.0% 26.0%

3.3.5. Grid

The NEA model represents the Swedish transmission grid, while the distribution grid is omitted due
to the high complexity of its modelling. The four different bidding zones (north to south: SE1 to SE4)
are modelled, which reflects the structure used by the Swedish TSO (see Figure 2.1). Transmission
capacity between these regions is aggregated and simplified as one asymmetric interconnection between
neighbouring regions. The values for the interconnectors’ capacity within Sweden in 2050 was derived
from Svenska kraftnit’s Long Term Market Analysis (SVK, 2024a) and are shown below in Table 3.6. It
should be noted that the Swedish grid is currently being expanded. In particular, the values include
significant capacity expansion between the bidding zones SE2 and SE3 from the programme NordSyd.
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Table 3.6. Interconnection capacity between bidding zones in Sweden

Capacity (GW)

From /to
> SE2 > SE3 > SE4

SE2 > 33 - 10.5
SE3 > 10.5 - 6.2
seo> |

The availability factors converting net transfer capacity (NTC) into available transfer capacity (ATC)
were derived from historical values, with some insight from Svenska kraftnat (SVK) regarding possible
increase due to shift to flow-based algorithms for dispatch as well as future grid reinforcement.

Imports and exports of electricity play a significant role in the power system. In the NEA’s previous
system cost study for Switzerland, the exchanges with other countries used a simplified model based
on exogenous time series for market day-ahead electricity prices. While this method allows significant
reduction of computation time and provides some anchoring to the modelled system, it also has two
major drawbacks:

e Availability of price time series: Predicting costs decades ahead is a very difficult and uncertain
exercise. Such time series are generally not available.

e Elasticity of electricity price: When modelling price time series as exogenous, price elasticity
regarding exchanged volume is neglected. Not modelling this phenomenon overestimates the
exchanges.

As POSY?2 is capable of modelling multiple zones, multiple countries were included so as to better
reflect their impact on Sweden’s power system. The general strategy was to include the first-degree
neighbours of Sweden (having direct exchanges with Sweden) as well as second-degree neighbours
(having exchanges with Sweden’s neighbours). The following countries were modelled, associated with
the matching bidding zones:

e Sweden (SE1, SE2, SE3, SE4).

e Belgium (BE).

e Denmark (DK1, DK2).

e Estonia, Latvia, Lithuania (modelled together as one bidding zone).
e Finland (FI).

e France (FR, without Corsica).

e Germany (DE).

e Netherlands (NL).

e Norway (NO1+2+5 modelled together, NO3, NO4).
e Poland (PL).

e United Kingdom (UK, without Northern Ireland).

In total, 17 bidding zones for electricity are modelled. Exchanges with other countries, including
revenue from selling electricity, expenses for purchasing electricity, and congestion rent, are modelled
using commercial flows. Physical flows are not modelled.
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The capacity of interconnectors involving Sweden was taken from Svenska kraftnit, with some
additional insight from the SEA. The capacity of interconnectors not involving Sweden was taken from
TYNDP 2024. The available transfer capacity (ATC) factors of the interconnectors were assumed to be very
high, with 100% availability for interconnectors between bidding zones of the same country, and 90%
availability for interconnectors between bidding zones of different countries.

Grid losses are calculated endogenously for Sweden, assuming 7.5% losses, as a function of
consumption and are exogenous for other countries, where they are included in the final consumption.

Grid costs represent the expenses associated with integrating generation and demand within the
power system, reflecting the physical and operational requirements of maintaining a reliable and
efficient network as electricity production and consumption evolve. In this study, grid costs are divided
into three categories:

e grid connection costs;
e grid reinforcement costs;
e load balancing costs.

Grid connection costs are endogenised by the model and allocated to individual technologies. Each
technology is assigned a specific connection cost, expressed as a percentage of its total investment cost™.
These costs are incorporated directly into the system optimisation, ensuring that the model accounts
for the economic implications of connecting new generation or demand to the transmission network. In
particular, the optimisation of the system takes connection into account (NEA, 2019).

Conversely, grid reinforcement costs, or costs associated with investments and operational
expenditures to strengthen or expand the transmission network, are modelled ex-post.

Following data made available by Svenska kraftnit, the following lines are expected to be added
between 2023 and 2050 (SVK, 2024a):

e Four 400 kV lines between SE2 and SE3, each approximately 450 km in length.

e One 400 kV line between SE1 and FI, approximately 300 km, with half of the cost allocated to
Sweden.

The overnight cost of 400 kV lines is derived from data made publicly available by Svenska kraftnét:
SEK 16 billion for two lines, which gives an approximate overnight cost of USD 1.65 million per km,
scaled to length (SVK, 2024b). This cost was annualised considering a construction time of 5 years and
an operating time period of 50 years.

Operational expenditures (OPEX) of transmission grids are often assumed equal to 2% of the overnight
cost. With this coefficient applied, a total cost of USD 130 000 per km/y, or USD 254 million per year is
obtained for the investment in the lines mentioned above (Gorman, Mills and Wiser, 2019).

This cost is the same for all scenarios, except for two sensitivity cases that assume stronger grid
expansion in Sweden and other countries. This cost does not reflect the full costs of the Swedish grid, but
the additional costs related to reinforcing the grid between 2023 and 2050. It is also important to note that
as the grid reinforcement is exogenous, it has an impact on the scenario results obtained by the model:
the capacity of VRE (and, consequently, of nuclear) optimised by the model is linked to this assumption.

Load balancing costs are calculated ex post and represent the operational expenditures (CAPEX and
OPEX of associated technologies) required to maintain system stability in real time. For the present study,
these costs are divided into two main components: costs related to frequency containment reserves
(FCR) and frequency restoration reserves (FRR).

11. Connection costs are heavily dependent on the location of the new capacity, and its distance from the grid. However, such level
of detail is beyond the scope of the present study. In particular, the location is not modelled beyond the bidding zone. Therefore, the
simplifying assumption was made to use one coefficient per technology, regardless of location.
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Frequency containment reserves are the first line of defence in maintaining system frequency
stability. They are automatic reserves activated within seconds after a frequency deviation occurs. Here,
FCRs are assigned using the general N-1 principle, which assumes the tripping of a large transmission
line or the largest generating unit. Both cases are assumed to be roughly equivalent to 1.5 GW. Although
different technologies can contribute to providing FCR, such as battery storage or OCGTs, to simplify the
analysis, it is assumed that all the FCR is provided by dedicated battery storage.

Frequency restoration reserves operate on a longer timescale than FCRs and are used to restore
system frequency after the initial stabilisation. FRR includes both automatic (aFRR) and manual (mFRR)
activation, depending on response time and control mechanism. Calculating FRR requirements is a
delicate exercise and requires detailed modelling, including uncertainty analysis of consumption and
VRE generation, reliability of interconnection with neighbouring countries, and analysis of dispatch
algorithm impacts (e.g. flow-based).

The FRR requirements for different system configurations were derived from Svenska kraftnét data
(SVK, 2024). A linear regression model was created to express the FRR margin (in GW) as a function of the
deployed capacity of onshore wind, offshore wind and solar PV, based on these data. This estimator was
then applied to provide a rough estimate of FRR capacity required by each scenario modelled by POSY2.

Given that the capacity of these technologies depends on the scenario, the FRR capacity is different
for each scenario. As for FCR, multiple technologies can compete to provide the FRR service. Historically,
hydro was used in Sweden to provide mFRR, but this has a non-zero operation cost to the plant owner.
This situation is likely to evolve as battery systems are able to provide this service cost effectively.
Consequently, as for FCR, all FRR services are assumed to be fulfilled by new battery storage capacity.

In all cases, the cost of reserves is evaluated as the cost of deploying the required battery capacity.
In addition to the above components, there are aspects of grid costs not considered. This includes:
e Existing grid costs: Costs related to maintenance of the existing Swedish grid.

e Distribution costs: Costs related to the distribution grid.

Such costs are difficult to evaluate, require extensive data and modelling efforts, and are considered
as out of scope for the current study. This exclusion, however, does not imply that they are negligible.

In addition to grid costs, exchanging electricity between bidding zones also incurs transaction costs
related to managing the associated processes. In the present study, electricity exchanges between
bidding zones are associated with transaction costs that are modelled as a fee proportional to the
exchange volume. For an exchange between bidding zones in the same country, the transaction cost is
assumed to be USD 2.50 per MWh. For an exchange between different countries, the transaction cost for
trading is set to USD 5 per MWh.

Such transaction costs can reflect the risks of doing business abroad (for international trades) and
asymmetries of information between traders, which can be considered limited in the highly integrated
Nord Pool market. The two principal reasons, however, for imposing them in this context are (a) the
existence of long-term contracts in a market that is modelled as an hourly day-ahead market and
(b) imperfect foresight when trading behaviour is modelled on the basis of perfect foresight. Imposing
transaction costs thus includes a small amount of inertia in the modelled generation system. This
heightens realism, as the modelled system thus no longer jumps from one corner solution to another in
response to minute changes in prices.

3.3.6. Other cost assumptions

Cost of capital and discount rate

This study assumes throughout a real cost of capital of 5%. This cost of capital excludes inflation, which
would need to be added if comparison is sought with commercial rates in actual markets. This is a cost
of capital that can be considered reasonable and corresponds to the one used in many other studies.
It should be recalled here that low-carbon electricity systems are very capital-intensive. Both nuclear
and renewables sources, such as wind and solar PV, are among the most capital-intensive generation
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options. The cost of capital thus has a strong impact on overall system costs but only a limited impact on
the optimal relative shares of nuclear and renewable energy in the generation mix.

The only exception to the assumption of a cost of capital of 5% is operated in sensitivity scenario 3.c.
“Nuclear construction risk”, where the real cost of capital for nuclear new build is assumed to be 8%. The
cost of capital is always and everywhere the cost of risk. It is thus logical that higher risks during nuclear
construction would translate into higher rates of return demanded by investors. Instead, the real cost of
capital is maintained at 5% for all other technologies as well as nuclear long-term operations (LTO) also
in sensitivity scenario 3.c.

As usual, the cost of capital also defines the discount rate, the rate at which past or future profits
and costs are converted into equivalent values at a given point in time, which in this exercise is 2050.
This is important, in particular when computing the annualised capital costs on the basis of overnight
construction costs and the cost of capital. The discount rate is thus always 5%, except in sensitivity
scenario 3.c., when it is 8% for nuclear new build.

Construction profile

The construction profile, or the distribution of costs over time during the construction phase, is assumed
flat for most technologies. In other words, equal amounts of overnight construction costs are spent in
each year of construction.

Only during the construction of nuclear reactors is it assumed that the distribution of construction
costs follows a profile that corresponds to a symmetric triangle, implying relatively modest costs at the
beginning and at the end of the construction costs and high costs during the intervening years. Such a
profile roughly matches available historical data.

Carbon tax

In all scenarios, a carbon tax of USD 150 per tCO, is assumed for all countries modelled, including Sweden.
Since the Swedish system is emission-free in 2050 in Base Case 2050 and in all sensitivity scenarios,
except scenario 7, the carbon tax impacts the Swedish capacity and generation mixes only through
interconnection with other countries where electricity generation is not yet completely decarbonised.
This carbon tax does thus not coincide with net zero electricity in all countries but represents a stringent
constraint on CO, emissions in the whole of Europe.

3.4. Limitations

As for every modelling exercise, there are limitations to the information that a model can bring due to
many factors such as formalism limitations, intrinsic constraints or available time and data. This section
details some of the limitations of the study due to modelling aspects.

System optimisation

By definition, POSY?2 is a systems optimisation model, which assumes a frictionless, centralised decision-
making process optimising every decision in order to minimise the total costs. This is of course an
approximation of the extreme complexity of developing and managing a country-wide (or continent-
wide) power system. One of the trade-offs of modelling such vast systems is assuming that non-modelled
policies exist and guide the behaviour of all stakeholders towards common optimality. If the market is
well-designed, the operation of the real system can become relatively close to optimality. In POSY2, some
transaction costs are added to imply the existence of frictions.

Perfect foresight

POSY2 makes the perfect foresight hypothesis, which implies that the model perfectly knows the
demand and weather at every hour of the year at the moment of making decisions. In particular, this
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hypothesis has the effect of improving the efficiency of storage systems, including hydro reservoirs. In
reality, operation of reservoir is performed more conservatively and follows rules regarding water level
at different points in time. The converse of this assertion is that required storage capacity tends to be
under-evaluated under perfect foresight.

Snapshots

There is no notion of trajectory or transient effects in POSY2, which only models one “snapshot” year
per scenario. Some effects cannot be captured due to this formalism, in particular the preferential
deployment of certain technologies before others, or the difficulty to make progressive transitions. In
the present study, this simplification is compensated for by exogenously adding capacity of variable
renewable energy that could be deployed to follow a short-term demand increase.

Resolution

The present study considers an hourly resolution. This resolution is not sufficient to capture fast-
occurring phenomena on the grid. However, this resolution is sufficient to model the impact of renewable
energy sources’ variability on the capacity of other technologies. The capacity of operating reserves
is evaluated ex post using regressions derived from results from the Swedish grid operator Svenska
kraftnat.

Economic dispatch

Multi-zone economic dispatch formalism is used, as opposed to Optimal Power Flow (OPF) or intermediate
formalisms (DC-OPF, etc.). Multi-zone economic dispatch is an improvement over single-zone economic
dispatch. However, it is possible that neglecting physical effects, including the effect of the Kirchhoff
voltage law, biases the exchanged volumes between Sweden and other countries. Further refining of the
system could benefit from OPF modelling. Nevertheless, for a system costs analysis only, the economic
dispatch gives a reasonable approximation of the system. Also, all of these formalisms assume no
congestion inside bidding zones — which may not be true, depending on the grid.

Electricity market and price

The electricity market is modelled in a very simple way, as an equality constraint between supply and
demand at every hour for every node. The bidding process or the bilateral contracts are not represented.
The hourly electricity price is evaluated as the dual of the equality constraint of supply and demand of
a linearised form of the problem, with fixed capacity and hourly unit commitment previously evaluated
from a mixed-integer programming optimisation run. Scarcity prices are included.

Distribution grid

Due to its high complexity, the distribution grid is not modelled. Therefore, some grid-related costs
such as integration costs for distributed resources cannot be endogenised, regional granularity is not
represented, and some requirements, e.g. reliability, are not modelled. More generally, not modelling
the distribution grid reduces the relevance of operational results. However, for high-level system costs
analysis at the country level, this is generally accepted.

Elasticity of demand

Demand is modelled as exogenous time series of final consumption. This hypothesis makes demand
inelastic with respect to electricity price. One added elasticity term is demand response (voluntary and
involuntary, as well as load shifting in a dedicated sensitivity case). However, certain structural effects of
elasticity, including deployment of new industry, or investment in efficiency, are not modelled. This type
of effect is generally modelled externally, using partial economic equilibrium models, which can feed
back into system costs modelling. This type of effect is not considered in the present study.
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Weather

Weather prediction brings uncertainty, in particular for demand and production of renewables including
PV, wind and hydro. Some studies use stochastic optimisation formalism to model weather uncertainty,
for instance by performing the optimisation of a linear combination of different systems, each associated
with a different weather-year. While technically feasible by POSY2, the present study used a simplified
approach and modelled only one weather year in the base-case (the most representative year for Europe)
but added separate sensitivity cases using other weather years or specific hypotheses on hydro intake.

Hydro system

Hydroelectricity is one of the most difficult energy generation technologies to represent correctly. Hydro
systems consist of many interconnected facilities with different characteristics. Numerical complexity
and data requirements generally make it impossible for such studies to model individually all facilities.
Aggregation biases the coupling between facilities. The present study relies on the result of existing
studies of the Swedish hydro system, to model it as a combination of intermittent run-of-river and
dispatchable reservoir, in each bidding zone. Multi-year storage effects are neglected. In addition, future
hydro resources may differ from the present. The base case assumes similar resources and a dedicated
sensitivity case analyses the impact of variation in water intake.

3.5. Validating POSY2 on the realities of 2023

Before modelling scenarios for 2050, the model was validated for the year 2023 to ensure it reasonably
reproduces the Swedish electricity system. This involved setting key inputs and comparing model
outputs with actual system data. In particular:

e The capacity of each technology was calibrated to 2023 values.
e The demand time series was set to final consumption historical time series.

e The production of some technologies (solar PV, wind, nuclear, CHP, wood, hydro run-of-river) was
set to historical time series.

e The production of the remaining technologies (gas, oil, hydro reservoir) was endogenously modelled.
e The interconnections were simplified using the price time series method.

The total cost of the system was optimised under these assumptions, and the following modelled
quantities were compared against historical values:

e gas and oil production;
e interconnection;
e electricity price.

For the validation process, a simplified model of interconnection, based on historical price time
series in each bidding zone, was used. That way, the bidding zones outside of Sweden were not explicitly
modelled.’? For production and interconnection indicators, the bias between the model and historical
data for 2023 is very low and is summarised in Table 3.7.

12. Full explicit modelling of the other bidding zones is performed for the base-case and all sensitivity cases.
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Table 3.7. Summary of the model validation for production indicators

Historical Modeled Reference

Yearly production (TWh) 156.82 156.44 SCB

Imports (TWh) 11.68 11.68 ENTSO-E
Exports (TWh) 40.17 40.17 ENTSO-E
Net interconnection (TWh) -28.50 -28.49 ENTSO-E

Of course, the errors associated with more detailed indicators are higher, because substitutions can
take place. However, the errors remain low. The electricity price time series is one of the most difficult
parts of the system to model accurately with this formalism, in particular due to the perfect foresight
hypothesis coupled with high hydro reservoir capacities, and the simplified modelling of the electricity
market as an equality constraint including transaction costs. Still, the general trends of electricity price
are captured, as shown in Figure 3.2. In particular, the price in the zone SE3, representing 63% of the
total final consumption of Sweden, is well represented. Prices in zones SE1 and SE2 are more difficult to
model accurately due to their large dependence on hydroelectric resources, with their difficult-to-mimic
temporal opportunity costs. However, these zones only represent a cumulative 21% of final consumption.
Zone SE4 includes a small number of hours at negative price due to solar PV generation, that the model
cannot catch due to simplified market modelling with perfect curtailment.

Figure 3.2. Comparison of historical and modelled price duration curves in Sweden
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Overall, the results were deemed sufficiently representative of Sweden so that the POSY2 model of
Sweden could be used for scenarios for 2050.
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CONTOURS OF A NET ZERO EMISSIONS ELECTRICITY SYSTEM IN SWEDEN AT HORIZON 2050

Chapter 4. Contours of a net zero emissions
electricity system in Sweden at Horizon 2050:
Base Case 2050 and sensitivity scenarios

Introduction

As already indicated in Chapters 1 and 2, Swedish energy policy discussions are characterised by
a broad consensus on fully realising net zero carbon emissions by 2050. There is also consensus on
maintaining close electricity trading relationships with Sweden’s Scandinavian neighbours and other
European countries, notably those bordering the Baltic Sea. Furthermore, stakeholders agree that
Swedish electricity demand after two decades of relative stability will increase strongly by 2050, mainly
driven by an increase in industrial demand in the two northern bidding zones. Energy policy debates
thus frequently turn on the question of what the best manner will be to satisfy this additional demand.
Looking more closely, it becomes obvious that there are only two major options available to satisfy this
added demand: nuclear energy, both long-term operation of existing nuclear power plants and new build,
and onshore wind, also comprising both existing capacity and new build.*®

If there is consensus on these framing conditions, the logical follow-up question is, “What are the
optimal shares of nuclear energy and onshore wind in Sweden in 2050?” More precisely, “What are
the optimal capacities of nuclear and onshore wind energy for which policymakers, industry and the
general public should plan?” The first part of this Chapter provides an answer to this question based
on comprehensive modelling with the POSY2 model of the Nuclear Energy Agency (NEA), making use
of the very complete statistics received from the Swedish Energy Agency (SEA), Svenska kraftnit (SVK)
and others. This central modelling effort is based on carefully discussed and widely accepted consensus
hypotheses that were discussed at length with the Scientific Advisory Council (SAC) of this study.

Yet even the most careful modelling effort cannot be sure that the chosen assumptions will apply in
2050. Consequently, even informed stakeholders can disagree which assumptions should be chosen for a
present-day modelling exercise. In addition, the optimal shares of nuclear power and onshore wind are
sensitive to several assumptions, including relative overnight costs, wind generation profiles, nuclear
construction risk, internal and external interconnection capacities as well as developments in Sweden’s
neighbours and the wider European electricity system.

Quite intuitively, the competition between nuclear and onshore wind energy pits the high load-factor,
stable output and dispatchability of nuclear generation against the favourable overnight costs and short
construction periods of onshore wind. As has been pointed out in previous NEA publications (NEA, 2019;
NEA, 2023), in addition to relative costs and the correlation of renewable generation with demand, the

13. Consistent with most other studies of the Swedish electricity system (see Chapter 2), offshore wind is currently not a competitive
generation option given the consensus assumptions used in this study. Overnight construction costs for offshore wind were assumed
to be USD 3 000 per kW, and its load factors to vary between 41.5% and 47.4% in the four Swedish price zones. This compares to
overnight construction costs of USD 1 500 per kW for onshore wind and load factors varying between 30.4% and 32.5% as well as
overnight construction costs for nuclear of USD 7 000 per kW and a capacity factor of 91%. Also, the correlation between electricity
demand and offshore wind generation is unfavourable. In all scenarios, offshore wind was thus an available option but did not figure
in the optimised least-cost constellation. Finally, this report studies in Scenario 3.c. a sensitivity case with 20 GW of exogenously
imposed offshore wind. Unsurprisingly, total system costs exceed here those of Base Case 2050 by an amount of USD 3 billion.
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availability and cost of flexibility stemming from storage, demand response, electricity trade and flexible
back-up is a key determinant of the competitiveness between dispatchable sources such as nuclear energy
and intermittent renewables such as onshore wind and solar PV. Projections of Swedish electricity demand
in 2050 also see industrial demand as the main driver. Other things being equal, the latter’s 24-hour energy
needs, in principle, correspond well with the baseload power provision by nuclear power plants.

Yet other things are rarely equal. The modelling of Base Case 2050 has thus been complemented by a
large range of sensitivity cases. These cases cover nearly all critical parameters that have an incidence
on least-cost outcomes and, in particular, the shares of nuclear energy and onshore wind within the
generation mix. Following the systematic presentation of Base Case 2050, the following sets of sensitivity
cases will be presented:

Table 4.1. Overview of sensitivity scenarios

Sensitivity scenarios Characteristics of individual scenarios

1. Generation costs a. High cost of nuclear capacity (*1.5) and low cost of onshore wind capacity (*0.7)
b. Low cost of nuclear capacity (*0.7) and high cost of onshore wind capacity (*1.5)

2. Nuclear a. 80-year of long-term operations (LTO) for all current nuclear plants
b. SMR Scenario - Five-year construction and high flexibility
c. Nuclear construction risk (12-year construction, 8% cost of capital)

3. Renewables a. More favourable profile for wind and solar PV (2008)
b. Lower hydroelectric generation (-10%)
c. Exogenously defined wind capacity - 20 GW of offshore wind

4. Demand a. SEA High electrification case with 349 TWh of annual demand
b. SEA Low consumption case with 220 TWh of annual demand

5.Trade and a. Increased internal interconnection capacity (*1.5)
interconnections b. High electricity trade 1 - Increased external interconnection capacity (*1.5)
c. High electricity trade 2 - No transaction costs for electricity trading

d. Reduced generation capacity in neighbouring countries (*0.95)

6. Flexibility a. High-cost flexibility 1 — Costs *2 for DR, batteries and electrolysers
b. Low-cost flexibility 1 - Costs *0.5 for DR, batteries and electrolysers
c. High-cost flexibility 2 - Hydrogen storage capacity reduced from 2 to %2 weeks
d. Low-cost flexibility 2 — Base Case 2050 plus load shifting at USD 20 per MWh
e. Low-cost flexibility 3 — Nuclear load-following up to -80% of load

7. Carbon emissions a. Carbon compensation — Electricity sector emissions allowed up to 10 gCO,/kWh

With the exception of sensitivity scenario 7 on allowing for a limited amount of carbon emissions,
Base Case 2050 as well as all other sensitivity scenarios cover demand without any carbon emissions, as
far as Sweden’s domestic generation is concerned.

4.A1. A rstoverview of Base Case 2050
Base Case 2050 is the pivot of the modelling effort undertaken in this study. It presents results for a least-

cost configuration of the Swedish electricity and energy sector under a net zero carbon constraint and a
high level of electricity supply given a series of structuring assumptions that are indicated in Table 4.3.
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Key data points for Base Case 2050 are summarised in Table 4.2 and breakdowns for the capacity and
the generation mix in each of the four price zones of the Swedish electricity system are provided in
Figures 4.1 and 4.2. The total annual system costs of the Swedish energy system, including hydrogen
production for industry, in 2050 will thus be USD 18.16 billion. Total Swedish generation, in this scenario
amounts to 267.8 TWh, which decomposes into 242.2 TWh of on-grid demand (the NEA modelling efforts
do not include 4 TWh of behind-the-metre consumption from industrial cogeneration), 18.2 TWh of
network losses, 0.4 TWh of exports and 7 TWh of curtailment. Annual on-grid demand in 2050 thus
corresponds to the “Lower electrification case” of the 2023 study of the SEA Scenarios for Sweden’s Energy
System in 2023, which must be compared to 127 TWh of on-grid demand in 2023. Total system costs in
Base Case 2050 also include outlays for frequency containment reserves of USD 130 million, frequency
restoration reserves (FRR) of 140 million and grid reinforcement of USD 250 million per year.

Table 4.2. Base Case 2050 — Key data points

Base Case 2050 Fele ’ Hydro.- Nuclear’ Ons.hore Solar PV Biomass FIeX|.b.|I|ty
Reservoir Run-of-river wind provision?

(Cé"\s’va;dty 11.21 501 13.00 30.28 872 2.81 3.30
(GT?/'\‘IE;am" 4475 21.29 103.36 83.17 8.74 6.48 7.05
'(DLrJISCIg/S!\ElJNh) 7583 (LTsr:JC/ervsnEvzh) 7735 (Jsr:;;ewsnifh) 77.98 (L'JDSr:;fN?\l/E\;‘h) 76.60
- B - - B -

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.

2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and
curtailment.

In this least-cost scenario based on middling consensus-based assumptions, Swedish electricity
demand is satisfied by capacities of 16.2 GW of hydroelectricity, 13 GW of nuclear energy, 30.3 GW of
onshore wind energy, 8.7 GW of solar PV and 2.8 GW of biomass-fired cogeneration plants. To this must
be added 3.3 GW of demand response. Nuclear energy would provide 37% of total Swedish generation
in 2050, up from 29% in 2023, followed by onshore wind with 33%, up from 29%, and hydro with 24%,
which will see its share decline from 40% in 2023 as Sweden’s hydropower potential is already fully
used. A marked difference with today’s situation can be observed in Sweden’s electricity trade. Today,
Sweden is a strong exporter of electricity, with roughly 30 TWh of net exports. Despite considerable
capacity expansion, net exports are expected to decline to 0.4 TWh, while the electricity trade balance
(export revenues minus import outlays) will reduce to USD 410 million. This is due to the double fact
that Swedish internal demand is expected to grow even faster than capacity, primarily due to increased
industrial demand in the north, and that Sweden’s neighbours, in particular Norway, are expected to
have strong capacity expansion in offshore wind. The section on trade below will deal with this question
in more detail.

Figures 4.1 and 4.2 provide a breakdown of the capacity and the generation mix in Sweden’s electricity
price zones. POSY2 modelling assumes co-optimisation of all four zones, taking account, of course,
also of exchanges with neighbouring countries. This results in a constellation where wind capacity is
deployed in all four zones, while nuclear capacity will remain concentrated in bidding zone SE3 (which
is currently the only Swedish zone with nuclear capacity), though one reactor would be added in SE4 in
the south and one reactor in SE1 in the north. Hydroelectric resources remain essentially confined to the
two northern zones.
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Figure 4.1. The Swedish capacity mix in Base Case 2050 (GW)

mm Hydro - Reservoir Hydro - Run-of-river Nuclear = Onshore wind Solar PV mm Biomass

s [ I

o | mE =

o E |

svecen. D I

GW

The regional disaggregation of the generation mix somewhat modifies the picture provided by the
capacity mix, as the intermittency of onshore wind and solar PV translates into smaller shares than in
the capacity mix. Its high-capacity factor of 90% makes nuclear energy the source with the highest share
in Sweden’s national electricity mix, slightly ahead of onshore wind and hydroelectricity. Its dominance
is far stronger, however, in the two southern price zones, SE3 and SE4. In price zone SE1, a small amount
of nuclear energy will complement generation from hydroelectricity and onshore wind.

In 2050, the two northern price zones are expected to continue to be dominated by hydropower
and onshore wind. More than 80% of Sweden’s hydroelectricity will continue to be produced here, as
well almost two-thirds of its electricity from onshore wind. As indicated in Table 4.4 further below,
interconnections between the Swedish price zones are strong and will be further strengthened in 2050,
arriving at 3.3 GW between zones SE1 and SE2 and at a massive 10.5 GW between zones SE2 and SE3.
Complementarities in the capacity mixes and load profiles of the four zones can thus be used even more
efficiently to reduce overall system costs. This regards, in particular, the complementarities between
hydroelectricity and onshore wind as well as those between nuclear and onshore wind.

Figure 4.2. The Swedish generation mix in Base Case 2050 (TWh)
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The high level of expected future electricity generation in the thinly populated northern price zones
results, of course, from expectations regarding substantive new industrial capacity areas such as the
production of batteries or low carbon steel. However, a substantial part of the electricity generated in
northern Sweden will be used to produce hydrogen for industrial use, in refining and, also, in low-carbon
steelmaking. An ancillary benefit of hydrogen production is that it can be used to provide flexibility in
the electricity system. As hydrogen is storable, electric generation of hydrogen can be modulated and
deferred, providing surge capacity for meeting electricity capacity if required. As shown in Figure 4.3, in
Base Case 2050 a total of 41 TWh of hydrogen will be produced in Sweden, corresponding to 58 TWh of
electricity consumption in electrolysers. Of these, three quarters will be produced in price zone SE1, with
another 20% in price zone SE3.

Figure 4.3. Hydrogen generation in Base Case 2050
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It is instructive to compare the Swedish capacity and generation mix in 2050 in the Base Case 2050
scenario to the European capacity and generation mix in the TYNDP National Trends+ Scenario 2040. The
latter provides also the reference capacities for the POSY2 modelling effort and thus have decisive impact
on results. Particularly remarkable are the high shares of wind and solar PV in the TYNDP scenario, with
solar PV at 46% of total capacity. Even when focusing on generation, the TYNDP scenario still assumes
that 70% of electricity will be produced by offshore wind, onshore wind and solar PV (see Figure 4.4).

Figure 4.4. The European generation and capacity mix according
to the TYNDP National Trends+ Scenario 2040
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It should be mentioned that the TYNDP scenarios have not been designed to minimise costs but
to reflect European energy policy objectives, which can imply more capacity than economically
justified. The resulting lower prices also lead to increased electricity exports. The relatively low share of
hydroelectricity, of course, corresponds to the availability of natural sites appropriate for hydroelectric
generation. Similarly, the relatively low share of nuclear power depends on the assumptions made in 2023,
when assumptions for the TYNDP scenarios were discussed, regarding policy decisions banning nuclear
new build or forcing the phase-out of existing reactors in Belgium, Germany, Italy, the Netherlands and
Spain. As is well known, the discussion on nuclear energy has since been reopened in all five countries.
Finally, it should be noted that the TYNDP does not provide a zero-emissions scenario but allows for some
residual gas and “other thermal” (coal and biomass) generation. This includes some of Sweden’s direct
trading partners such as Poland.

The key difference between Base Case 2050 and the TYNDP National Trends+ scenario is that the former
constitutes a genuine least cost, zero-emissions scenario, while the latter explores the implications of
the ambitious political commitments for wind and solar PV capacity expansion in EU member countries.
Quite obviously, though, taking data from the TYNDP National Trends+ scenario for Sweden’s European
neighbours, for reasons of authority, completeness and consistency, also has impacts on Base Case 2050
through electricity trade relations. The TYNDP’s generous capacity assumptions in countries other than
Sweden, for instance, reduce Swedish exports below the level they would have otherwise had. This is why
the NEA has included two sensitivity scenarios with alternative assumptions that speak to this issue,
most directly in scenario 5.d., Reduced generation capacity in neighbouring countries (*0.95), which as
its title indicates assumes capacity levels reduced by 5% from those indicated in the TYNDP for countries
other than Sweden. However, also scenario 3.b., Lower hydroelectric generation (-10%), shows what it
would mean to reduce Swedish and Norwegian hydroelectric generation by 10%. Given the importance
of Norwegian hydroelectricity to complement Sweden’s own resources for flexibility provision, this is a
very relevant alternative scenario.

Both sensitivity scenarios show a marked increase of Swedish exports and of the optimal amount
of nuclear capacity. Put simply, the lower the actual or expected level of generation capacity in other
European countries, in particular directly neighbouring countries, the higher the optimal level of nuclear
energy. The impact on the optimal capacity of onshore wind is considerably lower and almost negligible.
Round-the-clock-baseload electricity generation indeed constitutes a particular good hedge if capacity
levels in other countries were lower than those assumed in the TYNDP. Conversely, assuming capacity
levels in countries other than Sweden that are economically optimal rather than based on political
targets would have led to higher levels of exports and nuclear capacity also in Base Case 2050.

This first brief overview of Base Case 2050 provides a first vision of the Swedish electricity and
energy system in 2050 as modelled by the NEA’s POSY2 models. The remainder of this Chapter will
progressively delve deeper into the assumptions, structure and results of this base case and then present
the 20 sensitivity scenarios that explore how changes in specific parameters affect outcomes.

4.A.2. Key modelling assumptions in establishing Base Case 2050 and the
sensitivity scenarios

Modelling results are inevitably shaped by assumptions about the nature and the working of the
electricity system. These assumptions, together with the technical characteristics, including costs, of
the different generation technologies listed in Chapter 3, shape final outcomes. Some of the fundamental
analytical choices that were made throughout this study are indicated below. Overall, with the exceptions
of specific sensitivity scenarios, these assumptions are not intended to test the impacts of variations in
particular parameters but rather define the universe of the analysis presented in this report based on
the NEA’s POSY2 model. In other words, the assumptions below are designed to provide a realistic and
consistent backdrop before which questions about the nature of Sweden’s low-carbon electricity and
energy system in 2050 or the performance of specific technologies can be asked.
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Table 4.3. Overview of key assumptions*

(Employed in Base Case 2050 and all sensitivity cases if not otherwise indicated)

Generation capacity
in countries other
than Sweden

Demand

Interconnection
capacity

Flexibility of
baseload providers

Ease of electricity
trading

Transmission and
distribution losses

Electric storage

Demand flexibility

Hydrogen
production and
storage

Data correspond to the 2040 National Trends+ scenario of ENTSO-E (2025) TYNDP 2024 - Final
Scenarios Report (https://2024.entsos-tyndp-scenarios.eu/).

The level and structure of electricity demand in Sweden stem from SEA (2023), Scenarios for
Sweden’s Energy System in 2023. The level and structure of electricity demand in other countries
stems the 2040 National Trends+ scenario of ENTSO-E (2025).

Data for the capacity of interconnectors with Sweden stem from SVK (2023). Other interconnector
capacity stems from the 2040 National Trends+ scenario of ENTSO-E (2025).

Only reservoir hydroelectricity is fully flexible. Biomass is considered must-run. Onshore wind,
solar PV, offshore wind and hydro run-of-river (where applicable) are intermittent. Nuclear energy
is dispatchable (with optimisation of yearly refuelling) but does not modulate load (no ramping).
However, plants can be shut down and restarted for load following purposes. In the positive
emissions case, gas turbines are considered dispatchable.

Trading takes place on competitive hourly markets with short-term marginal cost pricing. It carries a
transaction cost of USD 5 per MWh for trades between countries and of USD 2.5 per MWh between
domestic bidding zones. This reflects the risk of doing business abroad, the costs of accessing the
market as well as the existence of local markets and long-term contracts.

Based on data from the Swedish Energy Agency (2023), transmission and distribution losses were
set at a uniform rate of 7.5% of net consumption. In neighbouring countries, gross consumption
based on ENTSO-E (2025) was used.

Electric storage in Sweden is mostly performed by 11 GW of existing capacity of hydroelectric
reservoirs fed with natural intake. The small amount (90 MW) of existing pump storage is neglected.
The model allows for the endogenous deployment of chemical batteries.

The model allows for 1.65 GW of load shedding (involuntary demand response) at USD 200 per
MWh and an additional 1.65 GW at USD 300 per MWh. Involuntary demand response at

USD 5 000 per MWh) is allowed but never called in any of the scenarios. One sensitivity scenario
allows for 5 GW of voluntary load shifting for up to 8 hours at 20 USD per MWh.

Base Case 2050 includes 58 TWh of electrolysis for hydrogen production. The technology is
low-temperature electrolysis (proton exchange membrane (PEM) cells or alkaline). The hydrogen
consumption profile of industry is flat. The model also includes two weeks of hydrogen storage in

abandoned salt caverns, which provides considerable added flexibility to the electricity system.

* A detailed account of all assumptions employed can be found in Chapter 3.

It is important to keep in mind that any modelling result - even if prepared with carefully chosen
consensus assumptions and state-of-the-art modelling techniques - is but a snapshot among a larger,
even continuous over some ranges, array of possible outcomes. This consideration is particularly relevant
for Sweden. The high flexibility of its electricity system due to good interconnections with neighbouring
countries, a considerable share of hydroelectricity and substantive hydrogen production makes it
possible to consider alternative system constellations with total system costs that will be noticeably but
not always dramatically higher. A large number of such alternative system constellations are explored in
the sensitivity scenarios discussed below.

An additional consideration is that linear programming models such as POSY2 provide an equilibrium
constellation at a given point in time, 2050 in the present case. They do not provide dynamic evolutions
over time. The implicit assumption is, of course, that demand and the required generation capacity both
develop continuously and, allowing for inevitable imperfections such as the concrete sizes of individual
plants, in a co-ordinated manner during the next 25 years. Other types of models, such as system
dynamics models, would consider evolving paths leading to outcomes with uncertain qualities regarding
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normative criteria such as cost minimisation rather than a final optimised outcome. Ultimately, the
choice of model will have to reflect the manner of political decision making. If the latter aims at shorter
term horizons, another target date should be chosen. If decision makers are willing to let things take
their course with, usually, short-sighted private agents making decisions, system dynamics is the way
to go. MILP-models such as POSY2 instead identify optimal long-term constellations allowing for at least
one investment cycle and are thus more appropriate for forward-looking long-term decision making.

This is an important consideration, in particular for nuclear energy. With a construction time of seven
years in this study, nuclear energy would not figure in a study seeking to optimise the mix in 2030 or
leaving decisions to risk-averse, short-sighted private investors. This has two implications. First, the choice
of undertaking a system cost study based on the NEA’s POSY2 model reflects the decision of the Swedish
government to identify optimal long-term constellations at horizon 2050. Second, the positive contribution
that nuclear energy can make to such a long-term constellation is predicated on the fact that nuclear
construction is initiated and continued at a rhythm that can realise its contribution over the next 25 years.

As already indicated in Chapter 1 and Chapter 2, of particular interest in the Swedish policy debate
is the question for which amounts of nuclear and onshore wind capacity Sweden best should prepare
to obtain large amounts of low-carbon generation capacity at least cost at horizon 2050. The answer
might well be that both technologies will need to play major roles in Sweden’s future electricity supply
system. Figure 4.6 shows the total system cost of the Swedish energy system, that is, the electricity
system including hydrogen production for industry and consumption from electric vehicles, for different
shares of nuclear energy. The shaded box highlights the range of nuclear shares for which the system
cost remains within 1% of the minimum value, indicating the interval where costs are near-optimal. The
least cost solution remains, of course, as indicated in Base Case 2050, a constellation of 13 GW of nuclear
capacity compared to over 33 GW of onshore wind capacity. However, it is also possible to identify a
“plateau” of total system costs between USD 18 billion and USD 19 billion per year that includes tuples
of between 5 GW of nuclear and 60 GW of onshore wind and 17 GW of nuclear and 20 GW of onshore
wind. However, the results also clearly show that totally excluding either nuclear or onshore wind energy
would lead to considerably higher costs.

Typically, the round-the-clock availability and high-capacity factors of nuclear generation are
complementary to the relatively low overnight costs and short construction periods of onshore wind.
Conversely, the comparatively high overnight costs of nuclear energy prevent dominance, while the
intermittency of rising shares of onshore wind cause increasing costs for the overall system. As always
in system cost modelling, the optimal generation mix is constituted by a trade-off at the margin between
the overnight costs of an individual technology and the costs of the remainder of the system, that is the
system costs. What is unique in the Swedish case, though, is the relatively small variance of total system
costs with respect to changes, within a specific range, to the shares of nuclear and onshore wind energy
within the mix.

To understand this fact better, it is useful to consider first in Figure 4.5 the nearly linear trade-off
between nuclear capacity and onshore wind capacity. The graph has been constructed by choosing the
optimal nuclear capacities in function of exogenously set onshore wind capacities. In other words, each
combination of nuclear/onshore wind capacity constitutes a least cost combination under the constraint
of an exogenously set onshore wind capacity. Based on the information obtained from the calculations
behind Figure 4.5, it is then possible to map the system costs of the different combinations of nuclear/
onshore wind capacity. Figure 4.6 shows that all the different combinations yield total system costs (net
of grid extension and reinforcement as well as balancing costs) that evolve in a narrow range, with costs
within 1% of the minimum occurring for nuclear shares roughly between 8 and 19 GW. The reason that
total system costs rise when moving away from the optimum, while the capacity trade-off between nuclear
and onshore wind is almost linear, is due to increasing capital costs (as nuclear capacity is substituted for
onshore wind capacity) when nuclear capacity increases above optimality and due to increasing system
costs (mainly due to higher expenditures for flexibility) when wind capacity increases above optimality.

In summary, one may interpret these striking results as indicating that in a future Swedish net zero
energy system, nuclear and onshore wind energy will undoubtedly both be needed, even if there remains
room for reasonable debate about their precise shares. Advancing both technologies at practical rates,
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allowing for structural evolutions to play out, rather than rushing head-long into one direction or other,
would preserve option value to adjust to newly incoming information without significant costs for foregoing
a pure strategy in one or the other direction.

Figure 4.5. The trade-off between onshore wind and nuclear capacity is almost linear
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Figure 4.6. Different capacities of nuclear energy do not affect system costs dramatically
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The above remarks refer to the impact of variations in the shares in nuclear and onshore on total
system costs, adopting the consensus assumptions of the Base Case 2050. The seven sets of sensitivity
scenarios (regarding generation costs, nuclear technical performance, renewable performance, high
electricity demand, trade and interconnections, flexibility provision and positive carbon emissions) apply
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far more stringent assumptions on different parameters that will challenge the system and would, if
realised, lead to quite different outcomes also regarding the shares of nuclear and onshore wind capacity.
One conclusion of this report is that decision makers in policy and industry might want to concentrate
in future discussions more on the values and possible evolutions of these framework-setting parameters
rather than on the precise shares of nuclear and onshore wind generation that could be expected in 2050.

An additional structuring assumption which has been maintained, albeit with some modifications
regarding storage, in all scenarios, including Base Case 2050, is the production of 41 TWh of hydrogen.
This reflects the policy consensus that significant amounts of hydrogen will be required by industry,
in particular to produce low-carbon steel. This form of utilisation implies by and large stable levels of
continuous consumption. In combination with the storability of hydrogen, under the conditions that
sufficient capacity is available, this permits hydrogen to be produced whenever there is spare generating
capacity available in the electricity system and to defer production when capacity approaches its limit.
In addition to dispatchable reservoir hydroelectricity and interconnections, especially with the highly
adaptable Norwegian electricity system, domestic hydrogen production is an important additional
source of flexibility for the Swedish electricity system, which adds to its ability to absorb significant but
not infinite amounts of intermittent generation from onshore wind plants.

However, while changes in the provision of flexibility, e.g. a reduction in the availability of hydropower,
will affect the optimal balance between nuclear and onshore wind capacity, the impact on total system
costs remains limited. Even substantive changes in the great majority of individual parameters continue
to show total system costs of a similar order of magnitude between USD 18 billion and USD 19 billion per
year, as long as the level of total demand continues to correspond to the Lower Electrification Case of SEA
(2023). Only sensitivity study 3.c., assuming 20 GW of exogenously imposed offshore wind, has annual
systems costs of more than USD 21 billion per year.

It should be noted that attaining such a “plateau” of total system costs is a distinguishing feature of the
Swedish electricity and energy system. For other countries, linear programming models such as POSY2
frequently produce outcomes that display discontinuous changes or “cliffs”, in the dimensions of both
technology choice and total system costs. This effect can always be tempered by a careful representation
of the technical performance of different technologies, including that of additional flexibility providers
such as batteries or demand response, network constraints that increase inertia, as well as limiting the
scope for discontinuous shifts in long-term trading patterns. Of course, such technical detail has also been
included in the present study. Regardless, the robustness of the level of total system costs with respect
to the capacity choice between nuclear and onshore wind energy, as well as with respect to reasonable
changes in parameters, remains a defining characteristic of the Swedish electricity and energy system.

4.A.3. Detailed results for Base Case 2050

In 2023, the Swedish Energy Agency (SEA) developed two main demand scenarios for Sweden in 2050: a
Lower Electrification Case with 264 TWh of gross consumption, including 18 TWh of network losses and
4 TWh of industrial cogeneration (off-grid); and a Higher Electrification Case with 349 TWh, including
27 TWh of distribution losses and 4 TWh of industrial cogeneration. The first corresponds to an increase
of roughly 90% of the 140 TWh (including distribution losses and industrial cogeneration) consumed in
2023 and the second to a roughly 150% increase of 2023 consumption (see Figure 4.7). As indicated in
previous chapters, this is due mainly to the fact that industrial demand is expected to increase strongly,
especially in the north of Sweden, in the next 25 years.

Electricity consumption in the NEA’s Base Case 2050 corresponds to the total electricity consumption
in the Lower Electrification Case in the SEA scenarios (Swedish Energy Agency, 2023). In this case,
industry accounts for about 100 TWh of the total increase in demand of 140 TWh. Of the 100 TWh of
additional industrial demand, 58 TWh are due to the generation of hydrogen for industrial uses in the
iron and steel industry and refining.

Figure 4.7 illustrates the ambition of the current Swedish consensus that electricity demand will
almost double even in the Lower Electrification scenario of the SEA 2023 report. It also shows that the
structure of demand is unlikely to change dramatically. Weekly and seasonal patterns are by and large
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maintained with some additional volatility during the winter months due to the reduced availability of
hydropower. New hydrogen generation capacity also affects demand. Demand patterns do change between
2023 and 2050. However, these structural changes are limited compared to the overall demand increase
driven primarily by industry with constant 24/7 electricity needs. The biggest structural changes happen
in winter, when intertemporal adjustments regarding pumping to replenish hydroelectric reservoirs and
hydrogen production can lead to drops in peak demand. Seasonal patterns, instead, are maintained. At the
level of the graph, this conjunction of forces translates approximately into an upward shift of 2023 demand.

Figure 4.7. Swedish electricity consumption according to the Swedish Energy Agency (SEA)
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Figure 4.8. Swedish hourly electricity demand in 2023 and 2050
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This observation that industry demand is by and large stable over time is also confirmed by Figure 4.9,
which shows current average electricity prices over the day in the four Swedish price zones. Demand
in the more densely populated zones two, three and four follows the familiar shape of the “duck curve”
driven both by domestic solar PV and electricity imports, both directly and through third countries,
from countries with larger solar PV capacities such as Germany, France, the Netherlands and the United
Kingdom. Demand in price zone 1 in the north, which is dominated by industry and far removed from
any solar PV generators, is instead nearly constant over the day.

Figure 4.9. Average hourly electricity prices over the day in the four Swedish price zones
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Sweden is not only an electro-intensive country but, as shown in Chapter 2, a country that is closely
integrated with its neighbours, especially Finland and Norway. The Sankey diagram in Figure 4.10
provides an overview of the electricity flows between the principal generating sources and the main
sectors of consumption, among Sweden’s four electricity price zones and the zones and countries with
which Sweden has direct interconnections,* as modelled in Base Case 2050. Table 4.4 also provides the
complete list of interconnections with the capacity expected for 2050 (see SVK, 2023). The indicated
capacities are also those used in Base Case 2050.

After a reinforcement of 900 MW completed in 2025, Finland has a 2 GW link with price zone SE1 in the
north and a 1.2 GW link with price zone SE3, where most of the Swedish population and current industrial
production reside. Norway already today has a 2.1 GW link with price zone SE3 and several smaller links in
the north of Sweden. Densely populated price zone SE4 in the south of Sweden is connected to Denmark,
Germany and the Baltic states. A project to reinforce the interconnection to Germany, the Hansa power
bridge, however, was cancelled in 2024 and has therefore not been included in the modelling.

Despite a massive 6.2 GW connection with price zone SE3, prices in zone SE4 tend to be the highest of
the four Swedish zones. In general, the level of internal interconnections in Sweden is high. One should

14. The flows shown here correspond to roughly 15% of the total flows modelled. Only flows greater than 0.1 TWh per year are
represented here. The bulk of the remainder concerns flows to and from countries in the second perimeter around Sweden such
as France, Germany, Poland and the United Kingdom, where the size and structure of their electricity sectors indirectly affect
Sweden'’s generation and consumption in a significant manner.

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026



CONTOURS OF A NET ZERO EMISSIONS ELECTRICITY SYSTEM IN SWEDEN AT HORIZON 2050

note the 10.5 GW of interconnections expected for 2050 between prices zones SE2 and SE3, following
upgrades expected for 2034 (1 500 MW) and 2040 (900 MW). These are high levels of interconnection by
any standard. However, differences in consumption and production patterns can, nevertheless, force
price divergence between the four zones even for weeks in a row.

Figure 4.10. The principal electricity ows between Sweden’s four price zones
and its neighbours for Base Case 2050
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It is also worth looking at the massive external interconnections of France (14.7 GW) and Germany
(21.3 GW). Although not directly linked to Sweden, the absolute size of their electricity sectors and the
relative dominance of specific technologies at certain hours — nuclear energy for France and onshore wind
and solar PV for Germany - means that trade flows with their direct neighbours can have repercussions
over the whole of Europe, including Sweden.

Consistent with intuition, the modelling for Base Case 2050 indicated that annual trade patterns by
and large correspond to the amount of available interconnection capacities (see Table 4.4). Sweden’s
direct neighbours with whom it trades also in the Nord Pool electricity markets, Denmark, Finland and
Norway, are also its largest trading partners. In addition, there will be stronger exchanges than today
with Poland as the latter decarbonises.

Table 4.4. Interconnection capacities in Base Case 2050 (GW)

>BE  >DE >DK1 >DK2 +TTErELV >F  >FR >NL >NO1T >N0O3 >N04 >PL >SE1 >SE2 >SE3 >SE4 >UK >Total

BE> I 28 34 10 | 82
DE> o s s 48 50 14 20 06 14 | 213
DK1 > 35 [ oo 07 16 07 71
DK2 > 16 06 [ 17 39
EE+LTHLV > - R 07 07 31
A> 17 | 20 12 49
R > 43 48 [ 56 | 147
NL> 3450 07 N 10 | 108
NOT > 14 16 o7 i 2 21 14 |93
NO3 > 20 [ o 06 30
NO4 > 13 | 07 03 23
pL> 07 N 06 13
SE1> 20 06 B : 59
SE2> 10 03 33 [ s 151
B3> 07 12 21 s [ s2 207
SE4> 06 1307 06 25 [ 60
UK > 0 14 56 10 14 B

Total > 97 193 71 35 3.1 49 132 108 92 43 13 33 60 147 174 98 104 1479

Overall, however, Sweden, which had net energy exports of 28 TWh in 2023, is expected to have an
almost even trade balance in 2050. This is because capacity investments in neighbouring countries, at least
in the Ten Years Network Development Plan (TYNDP) of ENTSO-E, which informed this study, are expected to
be very strong, especially in onshore wind and solar PV capacity. It is highly unlikely that all these capacity
additions will prove to be cost-efficient. This is why the sensitivity study “Reduced generation capacity in
neighbouring countries (*0.95)” in the set “Trade and Interconnections” assumes 5% less capacity across all
technologies and all countries (except Sweden, of course). This immediately restores Sweden’s electricity
trade surplus with 20.1 TWh and USD 2 billion per year. Generation capacity assumptions in neighbouring
countries are thus a crucial element in determining Swedish electricity exports and imports.

However, annual trade flows only tell half the story. Monthly trade flows show that exports and
imports are distributed differently during the year. During the region’s spring and summer months,
when electricity from Norwegian hydroelectricity and solar PV from more southern neighbours,
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including Denmark and Germany, is cheap and plentiful, Sweden imports. During the winter months,
when production from hydroelectricity and solar PV recedes, electricity from Sweden’s baseload nuclear
power plants becomes increasingly valuable and a source of export earnings. The slight seasonality of
onshore wind production in Sweden’s two northern zones further supports this effect.

Table 4.5. Annual export and import ows in Base Case 2050 (TWh)

>BE  >DE >DKI >DK2 +iTErELV >F  >FR  >NL >NOT >NO3 >N04 >PL >SE1 >SE2 >SE3 >SE4 >UK ' >Total

BE> B 00 67 07 | 94
DE> 2 [ s w0 00 120 30 73 20 23 | 325
DK1> 09 [ 20 31 68 41 369
DK2 > 15 12 [ 7.1 161
EE+THLV > B 45 30 15
f> N | 26 22 110
R> 63 21 [ 205 | 690
NL> 00 159 10 B 07 | 287
NOT > 63 26 37 [ o5 30 37 | 198
NO3 > o [ 11 17
NO4 > 21 | 0w 00 21
pL> 01 [ 03 04
SE1> 3 21 B - 92
SE2> 19 10 o [ 20 M9
SE3> 1 19 3 s [ o 185
SE4> 27 29 17 40 s7 [ 170
UK > 62 7. 87 61 63 B~

Total > 4.7 849 67 59 80 89 188 316 298 45 42 158 195 77 370 222 279 3801

Figure 4.11. Monthly export and import ows in Base Case 2050
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This pattern is even more pronounced in Sweden’s electricity trade with Norway, with whom it shares
over 1600 km of borders, and which is its largest trading partner: Sweden will import during the warmer

summer months and will export strongly during winter.

Figure 4.12. Monthly export and import ows: Spotlight on Norway
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Chapter 4. Part B: 2050 Sensitivity scenarios

As indicated earlier, the pivotal Base Case 2050 is complemented by seven comprehensive sets of
sensitivity scenarios that modify, one by one, the original assumptions. These sets consider:

1. The overnight cost of nuclear and onshore wind energy.

2. Nuclear sensitivity scenarios.

3. Renewable sensitivity scenarios.

4. A higher electrification case.

5. Trade and interconnection sensitivity scenarios.

6. Flexibility sensitivity scenarios.

7. Scenarios with modest amounts positive carbon emissions.

These sensitivity scenarios do not constitute fully-fledged alternatives to Base Case 2050 but rather
explore how changes in specific parameters would affect the central outcome. These scenarios explore
different dimensions of uncertainty around the parameters applied in Base Case 2050. Needless to say,
if parameters are tweaked sufficiently strongly, results can shift discontinuously. Rather than to develop
fundamentally new scenarios, the objective is to show the impacts of changes of certain parameters
employed in Base Case 2050, defined by a strong but reasonable increase in electricity consumption, a
mix of nuclear and onshore wind energy to cover that increase, and continuing close integration with
neighbouring countries.

There is no right or wrong in this. Contrasting fundamentally different scenarios can be useful if
policy visions differ radically, say, a fossil fuel-based scenario versus a net zero scenario. However, in
the case of Sweden, policy differences, even deeply held ones, play out in a much narrower corridor of
possible futures. Hence, it is key to understand how different parameters modify final outcomes and how
a sustainable trajectory towards a 2050 low-carbon horizon can be fine-tuned. This is what the seven sets
of sensitivity scenarios are aiming at.

4.B.1. Overnight costs of nuclear and onshore wind energy

The central result in Base Case 2050 of 13 GW of nuclear and 30 GW of onshore wind is based on
capital cost assumptions of USD 7 000 per kW for nuclear and USD 1 500 per kW for onshore wind.
These assumptions were chosen after a comprehensive literature review and in-depth discussions with
the Scientific Advisory Council (SAC). Nevertheless, different stakeholders can have strong opinions
regarding the “real” costs of either nuclear or onshore wind energy in 2050. The two following scenarios
are intended to establish a range of results due to changes in cost assumptions.

Table 4.6 thus shows the results for POSY2 working with Base Case 2050 assumptions, except for the
overnight costs of nuclear energy, which were increased by a factor of 1.5 to reach USD 10 500 per kW and
the overnight costs of onshore wind, which were reduced by a factor of 0.7 to USD 980 per kW.

Unsurprisingly, this leads to a strong increase in onshore wind capacity from 30 GW to 66 GW with
a corresponding increase in generation. There would be no nuclear new build in this case; however,
long-term operation (LTO) of existing nuclear capacity would remain profitable and thus 3 GW of nuclear
capacity would remain in the system.
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Table 4.6. High-cost nuclear and low-cost onshore wind — Key data points

High r.luclear, Hydro - Hydro.- Nuclear! Ons.hore Solar PV Biomass FIeX|.b.|I|ty
low wind cost Reservoir Run-of-river wind provision?

Capacity 11.21 5.01 3.00 65.76 8.72 2.81 4.28
(GW) 11.21 5.01 13.00 3028 8.72 2.81 3.30
Generation 44.75 21.29 22.14 181.03 8.74 6.48 26.19
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 66.55 Price SE2 76.38 Price SE3 76.13 Price SE4 73.37
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 17.08 Net exports -0.70 Net exports -0.52 Generation 285.82
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

In this case, 58% of Sweden’s electricity supply would be covered by onshore wind and only 7% by
nuclear energy. Intermittency would be managed through flexible hydro, a slight increase in electricity
imports, the activation of almost 1 TWh of load shedding (corresponding to 1h of involuntary demand
response and almost 300 hours of voluntary demand response in all regions except SE1) and more than
25 TWh of curtailment of excess wind production.

Table 4.7. Low-cost nuclear and high-cost onshore wind - Key data points

L9w nu_clear, Hydro - Hydro'- Nuclear' Ons'hore Solar PV Biomass FIeX|.b.|I|ty2
high wind cost Reservoir Run-of-river wind provision

Capacity 11.21 5.01 18.00 18.00 8.72 2.81 3.30
(GW) 11,21 5.01 13.00 30.28 872 281 3.30
Generation 44.75 21.29 140.46 49.85 8.74 6.48 3.16
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 61.46 Price SE2 61.34 Price SE3 61.79 Price SE4 61.73
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 17.84 Net exports 8.07 Net exports 0.63 Generation 271.57
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The contrasting case is presented in Table 4.7, where nuclear overnight costs are now reduced by a
factor of 0.7 to USD 4 900 per kW, and the overnight costs for onshore wind are increased by a factor of
1.5 to reach USD 2 100 per kW. In this case, 53% of total generation would be ensured by nuclear energy
and 18% by onshore wind. Curtailment would drastically reduce, of course, compared to the previous
case. Net exports would increase from 0.36 to 8.07 TWh.

While these results are intuitive - relative capital costs matter in an optimal least-cost setting -
they also confirm that even in strongly contrasting sensitivity scenarios both nuclear and onshore wind
energy continue to play significant roles in the Swedish energy supply. It is also interesting to note that
in both sensitivity scenarios total annual system costs, with USD 17.08 billion (low nuclear and high
onshore wind overnight construction costs) and USD 17.84 billion (high nuclear and low onshore wind
overnight construction cost) respectively, are lower than in Base Case 2050 with USD 18.16 billion as the
market takes advantage of the availability of a generation option with now lower costs.
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The above considerations can be generalised. Figures 4.13 and 4.14 show how the capacity of nuclear
and onshore wind energy, respectively, declines continuously in an optimised least-cost setting as their
overnight cost increase, while the overnight cost of the other technology is held constant at the level
assumed for Base Case 2050. The two figures provide a range of outcomes for different assumptions.
When making use of these results, it should be kept in mind that each point refers to an optimised

least cost outcome, which means that each time the system has been rebalanced in function of the now
changed assumption.

Figure 4.13. The capacities of onshore wind and nuclear are heavily impacted
by nuclear overnight costs
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Figure 4.14. Nuclear overnight costs have limited impacts on total system costs
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Indeed, the overnight construction costs of nuclear energy thus have a limited impact on total system
costs as their share in the system is continuously rebalanced. On the other hand, overnight construction

costs have a strong impact on nuclear power’s optimal capacity in the system-level trade-off with
onshore wind.

A final consideration regarding the relative overnight construction costs of nuclear and onshore wind
energy and the different kind of capacity mixes these would imply pertains to the level structure of
electricity prices. Table 4.6 shows that average prices in the high-cost nuclear and low-cost onshore wind
case are very close to those in Base Case 2050. Table 4.7 shows instead that in the low-cost nuclear energy
and high-cost onshore wind case they are on average almost USD 15 per MWh lower. This is, of course, also
the principal reason for net electricity exports rising to 8 TWh.

The impact on volatility comes out quite starkly in the four quadrants of Figure 4.15 that show the price
duration curves in the four Swedish price zones. When nuclear construction costs are high, those of onshore
wind are low and the share of nuclear energy in capacity and generation is low as a result (the dark blue line),
there are frequent periods of high prices and periods with zero prices. Instead, when nuclear construction
costs are low, those of onshore wind are high and the share of nuclear in capacity and generation is high as
a result (the light blue line), there are much less frequent periods of high and zero prices. In other words, a
system with higher shares of nuclear energy will have lower price volatility and vice versa.

Figure 4.15. The price curves in the four Swedish price zones in function of the relative costs
and relative shares of nuclear and onshore wind energy

e A. Base Case 2050

e B.1.a. High-cost nuclear and low-cost onshore wind B.5.d. Reduced capacity in Sweden’s neighbours
B.1.b. Low-cost nuclear and high-cost onshore wind B.6.c. Load shifting option
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In principle, such differences in price volatility would impact relative capital costs and hence total
system costs. However, in this study, NEA modelling did not consider these impacts but retained the
same capital costs in all sensitivity scenarios.

4.B.2. Nuclear sensitivity scenarios

The optimal share of nuclear capacity and nuclear generation varies in function of cost, regulation,
technology and performance. The impacts of changes in the overnight costs of nuclear and onshore
wind energy have been discussed in the previous sections. This section will thus focus on regulation,
in particular on the length of time for which long-term operations are permitted and on the impact of
different nuclear technology choices with different costs, construction times and performance criteria. The
different nuclear technologies under consideration are large-scale Generation III+ reactors, medium-sized
light-water reactors in the 300 MW to 500 MW range and new generation small modular reactors (SMRs).

Scenario 2.a. 80-year long-term operations (LTO) for all nuclear power plants

The first nuclear sensitivity scenario allows for 80 years of long-term operations for all currently working
Swedish nuclear reactors with a total of 7 GW. At first sight, it may be surprising that outcomes are
affected only very little by such a regulatory decision, which would be hugely important for Swedish
nuclear power operators at a financial level.

Table 4.8. Sweden’s six nuclear reactors with operations of 60 and 80 years

First gnd End of operatlons End of operatlons

Forsmark 1 1104 1980 2040 2060
Forsmark 2 BWR 1121 1981 2041 2061
Forsmark 3 BWR 1172 1985 2045 2065
Oskarshamn 3 BWR 1400 1985 2045 2065
Ringhals 3 PWR 1081 1980 2040 2060
Ringhals 4 PW 1130 1982 2042 2062

Table 4.9. 80-year long-term operations (LTO) of all nuclear power plants — Key data points

80-year of LTO Hydro ; Hydro.- Nuclear' Ons.hore Solar PV Biomass FIEXI.b.II'ty
Reservoir Run-of-river wind provision?

Capacity 11.21 5.01 13.00 30.28 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 103.36 83.17 8.74 6.48 7.05
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.83 Price SE2 77.35 Price SE3 77.98 Price SE4 76.60
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 16.57 Net exports 0.36 Net exports 0.41 Generation 267.80
(USD billion) 18.16 (TWh) 0.36 (USD Billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

However, economic decisions are made at the margin. Prolonging the operating time periods of
Sweden’s nuclear power plants from 60 to 80 years would defer investment costs for another 20 years.
However, the least-cost system configuration, including exports and imports, would not change if, as
assumed, technical performance and capacity factors remain the same as in the past. Unsurprisingly,
only annual system costs are significantly lower than in Base Case 2050 since a considerably lower
amount of capital needs for new nuclear power plants needs to be invested.

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026

83



84

PART B: 2050 SENSITIVITY SCENARIOS

Scenario 2.b. Assuming the entry of small modular reactors (SMRs) with shorter
construction and refuelling times, higher flexibility and higher capital costs

Scenario 2.b. includes, in addition to large-scale Gen III+ reactors, small modular reactors (SMRs) - that
is, medium-sized light-water reactors (LWRs) with 300 MW to 500 MW capacity and using standard low-
enriched uranium (LEU) fuel, enriched up to 5% of fissile U235. They also use water as a moderator, like
large-scale Gen III+ reactors. As they nevertheless rely on new designs, it is assumed that their overnight
capacity costs are somewhat higher than those of proven Gen Ill+ reactors, several of which have been
builtin all major regions of the world and are working satisfactorily. At the same time, the model assumes
that the duration of their construction will be reduced from seven years to five years. They can also be
used in a more flexible manner than large-scale reactors, being able to perform hourly ramps of up to
80% of capacity. In Sweden, large-scale reactors are operated in baseload only. It is assumed that this
mode of operations of large-scale reactors will continue until 2050 in combination with a more flexible
operation of medium-sized LWRs, in parallel. The latter’s smaller size can also offer advantages in terms
of optimising the overall capacity mix with a larger, more granular range of possible configurations.

Table 4.10. Including medium-sized light-water SMRs — Key data points

OLIPG fydro-  Hydro- Large’ S Onshore ¢\ by Biomass  FleXbilty
Reservoir  Run-of-river  nuclear wind provision

Capacity 11.21 5.01 10.00 270 30.83 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 ’ 30.28 8.72 2.81 3.30
Generation 44.75 21.29 79.61 2014 84.74 8.74 6.48 5.79
(TWh) 44.75 21.29 103.36 ’ 83.17 8.74 6.48 7.05
Price SE1 75.85 Price SE2 77.13 Price SE3 78.34 Price SE4 76.98

(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWh) 77.98 (USD/MWh) 76.60

System cost 18.15 Net exports -0.42 Net exports 0.40 Generation 265.76

(USD billion) 18.16 (TWh) 0.36 (USD Billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

Table 4.10 shows the outcome of a least-cost optimisation with two types of reactors with the above-
mentioned assumptions. Interestingly, this yields a least-cost configuration, in which both types of
reactors are present. This means that there is a trade-off at the margin between lower overnight costs on
the one hand and a combination of smaller size, shorter construction and refuelling times and flexibility
on the other. The optimally configured system will require both types of nuclear reactors as demand is
not uniform. There is a role for reactors operating in baseload and another role for reactors reacting to
changes in demand more flexibly.

The situation is different for a second group of new generation SMRs, which includes a very wide
variety of designs that are currently under development with capacities ranging from 1 MW for
microreactors up to 180 MW. A sizeable subset of new generation SMRs uses high-assay low-enriched
uranium (HALEU) that is enriched to up to 20% of U235. Many new generation-SMRs also use moderators
other than water, including gas, metal or molten salt. Given that their overnight costs are estimated to
be still significantly higher than those of current light-water reactors, such new generation SMRs will not
enter the electricity system based on their performance in electricity generation alone and have thus not
been modelled in the present report.

In most cases, cost and performance data are simply not available. However, depending on the specific
technology under consideration, they may one day offer other benefits in addition to electricity generation
(NEA, 2025). A particularly interesting economic feature of several new generation-SMRs is that the steam
they generate has higher output temperatures than the steam produced by standard GEN III+ reactors
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or even the new medium-sized LWRs. This potentially establishes them as an interesting option for
otherwise hard-to-abate industrial applications through the production of high-temperature heat and
hydrogen.

While investment costs remain uncertain, high-temperature electrolysis, for instance, proposes
higher efficiencies in the production of hydrogen than proton membrane exchange (PEM) or alkaline
electrolysis, the current default options for low-carbon hydrogen production. However, even considering
the higher thermal efficiencies achieved by new generation high-temperature reactors, in particular high-
temperature gas reactors (HTGRs), this would not allow them, at current prices for electricity, heat and
hydrogen, to enter a least-cost configuration of the energy system. Prices may change, of course. There
may also be higher value uses of HTGRs in industries such chemicals or refining, which are not specifically
modelled in this report. In the context of this exercise, however, it was preferable to concentrate on
hydrogen generation with low-temperature processes. As costs fall and prices change, high-temperature
reactors may also find their place in least-cost configurations of the electricity and energy systems.

Scenario 2.c. Modelling construction risk in nuclear new build

All of the preceding scenarios, including Base Case 2050, have assumed that the construction of nuclear
reactors, whether large-scale Gen IlI+ reactors or medium-sized light-water reactors, proceeds according
to plan, respects the initially assumed duration of seven and five years, respectively, and can be
undertaken at the standard industrial risk compensated by a real return on capital of 5% assumed for
all technologies. This means that if these assumptions are verified, private investors will provide the
required capital to finance the amounts of nuclear energy that have been identified by POSY2 as optimal
in the different scenarios.?

However, it has been well publicised that recent Gen III+ construction projects in OECD countries had
significant overruns of both costs and construction times. Whether these overruns reflected a nuclear
industry adapting to significant technological change and political uncertainty that are in the course
of being overcome, or whether they are to some extent an inalienable feature of nuclear new build is
still being discussed. The two most significant challenges concerned (a) the necessary reconfiguration
of the nuclear supply chain, including the training of adequately skilled workers, in OECD countries
after a hiatus of nuclear construction following the Chernobyl accident in 1986 and (b) the switch from
Generation II reactors to Generation Ill+ reactors. That a continuously active nuclear industry with
established supply relationships and a qualified workforce can make a decisive difference was shown by
the construction in China of the US Westinghouse AP 1000 reactor design and French EDF EPR design.
In both cases, the original timelines needed to be extended but budgets were by and large respected
(Bass, 2023). Now, while hidden subsidies cannot be excluded, there is consensus among experts that
any potential cost overruns were substantially smaller than those experiences in Europe and the United
States for the same designs. It could also be argued that capital turnover in the nuclear industry has been
historically measured in decades rather than in years, and that the long transition from Generation II to
Generation III+ nuclear power plants has by now been concluded.

Finally, it should be mentioned that the overnight capital costs of USD 7 000 per kW of nuclear power
inflation assumed in this report are a multiple of the capital costs assumed in the early 2000s, often
indicated at a level of USD 3 000 per kW and below. As recently as 2020, the NEA/IEA report on the
Projected Costs of Generating Electricity: 2020 Edition reported a median estimate for nuclear overnight costs
of USD 4 000 per kW (NEA/IEA, 2020).

15. This reasoning is based on the fundamental, mathematically well-established result that underpins modern economic theory
that market competition among individual entrepreneurs will achieve an optimal least-cost outcome. If all ancillary assumptions,
e.g. perfect information, are fulfilled, linear optimisation identifies precisely the same least-cost outcome. Profit maximisation is
cost minimisation.
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Rightly or wrongly, after two decades of industry struggles in OECD countries, expectations have
gelled and investors in nuclear energy have become sceptical. They now expect greater construction
risk and demand higher risk premia, i.e. higher returns on investment, for nuclear energy than for other
investments in electricity generation. One of the reasons for this state of affairs is simply that recent
nuclear projects in OECD countries have been few and far between. In addition, the shift to Generation
I1I+ reactors has led to further information asymmetries between vendors, project owners and investors.
Quite simply, there are almost no reliable metrics for the construction risk of nuclear power plants
beyond baseline cost estimates.

As is well known since Knight (1921), private markets are efficient at pricing and allocating risks
with known probability distributions. They are unable, however, to price risks with unknown probability
distributions, which is uncertainty in Knight’s terminology, except in the presence of entrepreneurial
venture capital financing, hoping for outsized profits in return for investments with unknown chances
of success. The latter is, of course, the prevailing model for financing Internet startups. However, in the
nuclear field neither logic currently applies.’® The sample for completed nuclear power plants is too small
to establish credible probability distributions for regular market pricing. And the indivisible unit size of
an individual project is too large to allow even well-capitalised global investment companies to take a
wager and wait for the outcome. Sharing risks between a wide range of investors would instead introduce
another layer of informational asymmetries and create massive transaction costs.

The modelling for this report has thus included a scenario in which the construction time for a new
nuclear power plant is increased from 7 years to 12 years and in which private investors require a return
on capital of 8% rather than the 5% assumed for all technologies in all other scenarios. The value of 8%
real corresponds to the value assumed in the Swedish government’s preliminary calculations for the
risk-sharing measures intended to support nuclear new build (Government of Sweden, 2025).

Table 4.11. High nuclear construction risk — Key data points

Risk in nuFIear Hydro - Hydro.— Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|ty2
construction Reservoir Run-of-river wind provision

Capacity 11.21 5.01 5.00 54.11 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 38.57 149.00 8.74 6.48 14.88
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 80.95 Price SE2 85.86 Price SE3 87.08 Price SE4 85.04
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 19.04 Net exports -6.18 Net exports -0.66 Generation 268.85
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

16. There exists, of course, a startup scene with investors willing to commit funds for the development of new designs for small
modular reactors (SMRs). While there is undoubtedly a lot of dynamism and innovation in this field, it is too soon to tell whether
current projects are based on sustainable business models. Most current activity relates to design development, with only a subset
of companies committed to prototype construction. So far, no SMRs are under construction for the commercial generation of
electricity, hydrogen or heat. The risk for current SMR investors is that the Internet startup model only worked under the premise
that a successful application would dominate its market in a winner-takes-all logic driven by positive network externalities and
zero marginal costs, thus compensating for a majority of unsuccessful bets. However, even small SMRs will need to be built with
sizeable marginal costs. Undoubtedly, this will be a technically, economically and commercially fascinating space to watch in the
years to come.
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In such a High nuclear construction risk scenario (see Table 4.11), nuclear capacity would be reduced
to 5 GW, of which 3GW would be long-term operations (LTO) of existing plants and only 2 GW would be
nuclear new build. At the same time, the capacity of onshore wind would increase to 54.11 GW. Due to
the substitution of dispatchable capacity with intermittent capacity, electricity imports would rise to
29.8 TWh, while exports would fall to 23.3 TWh and total system costs would rise to USD 19 billion per
year, compared to USD 16.9 billion per year in Base Case 2050.

Before coming to the interpretation of this result, which may be considered as reflecting investor
expectations regarding nuclear construction risk, it is instructive to broaden the analysis considering the
impacts on prices and renewables. The present report systematically assumes a cost of capital for new
power generation of 5% real, that is net of inflation, in an industry where rates of return are traditionally
somewhat lower than in the general economy. The International Renewable Energy Agency (IRENA) in
its 2024 report on the cost of renewables, for instance, has rates for the weighted average costs of capital
(WACC) for Sweden at 4% for new solar PV projects and at 5% for new onshore wind projects (IRENA,
2025). Such values are a function of both the country risk, expressed by the rate at which Sweden can
borrow in international capital markets, which was on average around an enviably low 2.3% in 2025, and
the financing arrangements on offer for the technology in question. For renewable energy source, there
also continues to exist a joint Swedish-Norwegian certificate system, which has been, however, closed
since 2022 to new entrants. While support measures for solar PV continue to exist, new onshore wind
capacity today needs to enter on its own merits.

The main risk for unsupported variable renewables is, of course, their declining value factor, the
fact that they earn less than average prices during their operating hours. While these hours are limited
in number, wind and solar PV will produce during those hours with their full capacity, thus driving
prices down. Their revenue generation is thus limited to hours with comparatively low prices. Short of
a breakthrough in large-scale, long-term and low-cost storage, this will remain a feature of low-carbon
electricity systems for a long time. Indeed, in the Base Case 2050 scenario, where the average electricity
price over the year is USD 79 per MWh (national Swedish average), the average price earned by onshore
wind is only USD 60 per MWh, while solar PV generation, concentrated during an even smaller number
of hours, will yield only USD 54 per MWh.

In the High nuclear construction risk scenario, the overall average price rises to USD 87 per MWh,
while onshore wind remains at USD 60 per MWh. However, the average price for solar PV rises to
USD 70 per MWh. The results show a certain dis-optimisation, where the high level of wind capacity
(benefitting from a lower cost of capital than nuclear) is capping the latter’s ability to benefit from the
overall price rise. Interestingly, the relatively low capacity of solar PV of 8.7 GW ensures that it is never
the marginal technology and thus now earns a higher average price in the new high-price environment.
The reduced high-cost nuclear capacity instead is earning USD 96 per MWh in this scenario, above the
overall average price, as prices during nuclear production hours are now frequently set by imports and
demand response.

Beyond what POSY2 has modelled, the dis-optimisation of a considerably lower nuclear capacity
also implies a reduction of system services such as rotational inertia, as well as frequency and voltage
control, which in Sweden are currently not remunerated (Government of Sweden, 2025). While some of
these services can be replicated with modern power electronics, this would imply added costs compared
to the historical provision of such services as “positive externalities” by the rotational mass of heavy
steam turbines. As nuclear power could continue to provide them at zero additional costs, including
such services into an economic modelling scenario would lead to somewhat higher shares of nuclear new
build in an optimised least-cost scenario.

Absent market data, Svenska kraftnit estimates nevertheless that the cost of frequency control has
risen to about USD 600 million per year in 2023. This increase is due to the higher levels of capacity of
variable renewables such as onshore wind and solar PV, but also to changes in market design (previously
implicitly provided services are now being made explicit) and overall higher electricity prices. Without
providing precise numbers, Svenska kraftnét also indicates that total network costs are likely to be lower
with nuclear new build when compared to an alternative system without nuclear power, presumably
primarily based on onshore wind (Government of Sweden, 2025).
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Another contribution of nuclear energy that is difficult to evaluate is its ultimate contribution to
the security of energy supply. This goes beyond satisfying hourly demand, which of course varies over
the year. However, the modelled system has not been tested for massive shocks or disruptions. The
ability of nuclear power to provide large amounts of electricity 24 hours a day, 7 days a week under all
meteorological and geopolitical circumstances and for extended periods of time is a proven public good
that currently cannot be matched by the combination of onshore wind and flexibility. The extent to which
decentralised, local generation connected through microgrids and advanced power electronics, possibly
with elements of auto-generation in autarchy, can provide similar levels of security of supply remains to
be seen. A key question in this context is certainly whether the supply of electricity is intended for large
industrial establishments and densely populated urban areas or for smaller communities in rural areas.
Both solutions might thus also exist side by side.

Attempts to quantify and model such resilience have so far been few but certainly constitute one of
the frontiers of future electricity system research. In general terms, there is a widely perceived benefit
of combining a backbone of dispatchable electricity generated by nuclear power plants with a mix of
renewables and flexibility, which can offer complementary benefits. Two additional, even more difficult
to assess potential benefits of nuclear new build relate in a dynamic perspective to the maintenance of
a community of nuclear engineers and experts and the establishment of a dedicated industrial supply
chain requiring deep skills that are likely to generate positive spillovers in other industries. However,
none of these benefits are captured by market prices, nor are they easy to quantify or even to codify in
other metrics.

In Sweden, as elsewhere, nuclear new build thus faces a double challenge of engrained expectations
of high construction risk in the investor community and unremunerated positive spillovers at the level
of the system or even the country. The latter include contributions to public goods in different dimension
and at different levels of conceptual firmness and monetisability, many of which accrue only over long
periods of time. Together, these two factors drive a gap between the private and social benefits that new
nuclear power plants can provide and the ability or willingness of private investors to finance them at
prevailing market rates. Consequently, the higher returns on capital that private investors require due
to higher perceived construction risk compared to other technologies are not matched by any income
derived from economic benefits accruing at the societal level.

In the past, a classic solution to this conundrum was to have the electricity system, or at least its
nuclear portion, directly operated by utilities under public control with a guarantee of full cost recovery
through regulated tariffs. This has indeed been the prevailing model even in OECD countries until the
1970s and continues to exist under a variety of guises in several of them. Facing the same challenge, the
Swedish government instead chose to offer a combination of explicit support mechanisms and market
design elements, while leaving investment decisions to individual companies following commercial
principles. The Swedish parliament, the Riksdag, thus adopted on 21 May 2025 the Government Bill
2024/25:150 Financing and risk-sharing for investments in new nuclear power to support new private investment
in nuclear power capacity (Government of Sweden, 2025).

Government Bill 2024/25:150 foresees three avenues through which to provide support to bridge this
gap: a capital cost subsidy in the form of bonified government loans, a Contract-for Difference (CFD) to
hedge price risk, and a risk- and earnings-sharing mechanism. The precise form of the latter mechanism
will depend on the detailed conditions applying to the government loans and the CFD. Ultimately, all
three mechanisms interact in the overall management of investment risk. More favourable loan terms
would thus translate into a lower strike price, a shortened duration or a lower reference capacity for
the CFD. Further adjustments to the support mechanisms will be made based on a formal state aid
investigation procedure for each individual procedure.

While the final parameters still need to be defined, the Swedish government has used specific values
in preliminary modelling. It is thus assumed that the state loans will reduce the real cost of capital for
investors in nuclear new build to 4% real. The share of debt in total financing is assumed to be 75%. In
case the share of debt is lower, the real cost of capital would rise closer to the 5% assumed also in this
report for all technologies in Base Case 2050 and most other scenarios. Furthermore, the strike price
that is taken as reference amounts to SKR 800 per MWh, which corresponded in September 2025 to
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USD 84.50 per MWh (Government of Sweden, 2025). It is worth nothing that this strike price, which is
supposed to correspond to the long-run average of future electricity prices, is very close to the prices
established by the NEA’s POSY2 model for the different 2050 scenarios that are presented in this report.

Finally, the risk- and earnings-sharing mechanism defines the ultimate level of remuneration of the
private capital invested in terms of a return on equity capital. This determines the remuneration for the
risks carried between investors, the government and consumers. In general terms, indications regarding
the yield on investment are the following:

Proportionate to the risk involved in the investment, taking into account the protection
that the owners of the project company acquire through the risk- and earnings-sharing
mechanism...even after the repayment of the central government loans and the expiry of
the CfD. — The risk- and earnings-sharing mechanism is activated and is terminated based
on assessments of the yield on invested equity. (Government of Sweden, 2025)

Such reasonable intentions are, of course, unobjectionable. Much will, however, depend on the precise
criteria for the ultimate sharing of the shortfalls or surpluses in earnings from new nuclear power plants.
It will be interesting to follow how these will turn out in the concrete context of the European electricity
markets.

The objective of the Swedish government is to provide support sufficient for 5 000 MW of nuclear
new build (Government of Sweden, 2025). In a first step, the 2026 budget foresees funding of 2 500 MW of
new nuclear capacity. This corresponds to a total financial commitment of USD 23.4 billion over the next
12 years. The annual costs for the two-sided CFD are considered to be in a range between USD 100 and
300 million for the next 40 years (WNN, 2025). The ultimate costs for the price and revenue support
through a CFD, to be financed through a tax on electricity consumptions, is difficult to predict as it
will depend not only on the negotiations between the Swedish government and utilities but also on
the subsequent evolution of the electricity price and its volatility. Suffice it to say that the final amount
will be substantially lower than the costs of insuring against construction risk, also because the cost of
compensation for revenues below the strike price is offset by income from repayments if revenues of the
nuclear operators should exceed the strike price.

Overall, the Government of Sweden advances towards creating the framework conditions for new
nuclear new build based on a broad process of analysis and consultation regarding the challenges, the
possible forms of support as well as the latter’s efficiency and fairness implications. In this situation, the
present modelling efforts confirms that if investor expectations concerning nuclear construction risk
are indeed realistic, the share of nuclear energy in the Swedish electricity system would be reduced by
almost two-thirds, with a capacity mix dominated by onshore wind and very little dispatchable capacity
beyond existing hydroelectricity. It also confirms that the magnitudes used in the Swedish government’s
initial modelling assessment are not unrealistic. As for the positive externalities - codifiable, somewhat
codifiable, or un-codifiable - of nuclear power generation that would justify public risk-sharing, this is an
issue that cannot be fully captured by MILP modelling and remains for societal and political processes
to assess. While policy discussions are by their very nature dynamic and the future is unwritten, the
manner in which the Swedish government has proceeded so far has much to be commended.

4.B.3. Renewable sensitivity scenarios

Scenario 3.a. More favourable climate conditions for onshore wind

The electricity generation profile in Base Case 2050 was generated based on the meteorological data for
Sweden that was used also in the TYNDP National Trends + scenario of ENTSO-E. This scenario is based
on the year 2009, which was a year with conditions for onshore wind that were slightly below the average
of other years. It is likely that ENTSO-E chose this year with slightly unfavourable conditions for onshore
wind for its modelling to ensure that its future scenarios would display robust capacity mixes capable of
covering demand at all times, even during years with unfavourable weather. Meteorological conditions
are of course highly important for determining the relative productivity of onshore wind capacity, which
provides 31% of total generation with a capacity of roughly 30 GW even in Base Case 2050.
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Assuming more favourable meteorological conditions, as prevailed by coincidence just in the previous
year, 2008, of course changes the least cost composition of the Swedish capacity and generation mix (see
Figure 4.16). In this case, onshore wind would provide almost 45% of total electricity generation with
an installed capacity of 40 GW. The seasonal distribution of onshore wind generation also plays its role,
since in 2008 added wind generation was precisely forthcoming when it was most valuable, during the
summer months when hydroelectric generation recedes.

Figure 4.16. Cumulative generation of onshore wind in Sweden in 2008 and 2009
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This has notable add-on effects: optimal nuclear capacity declines from 13 GW to 10 GW, total gross
generation increases from 268 TWh to 278 TWh and, remarkably, net exports increase from essentially
zero to 8 TWh (see Table 4.12). Exports increase although the meteorological conditions of 2008 are here
applied to all countries and, in particular, to Sweden’s Scandinavian neighbours. The increase in net
exports thus stems from the comparatively high share of onshore wind in Sweden. The fact that the
same year 2008 was slightly less favourable than 2009 for solar PV is of minor importance, given that
solar PV plays only a marginal role in the Swedish generation mix (see Figure 4.17).

Figure 4.17. Cumulative generation of solar PV in Sweden in 2008 and 2009
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In conclusion, it needs to be highlighted that an even more complete analysis of the conditions
behind an optimal least-cost capacity mix should ideally consider (a) the performance of the system
over multiple years with differing meteorological conditions and (b) uncertainty for operators and
consumers concerning these conditions both throughout the year and over different years. Such a multi-
year analysis under uncertainty would require more computing power and human resources than were
available for this project.

Table 4.12. Higher wind and solar PV generation in favourable year 2008 — Key data points

Favourable Hydro - Hydro - 0 Onshore . Flexibility
REN weather Reservoir Run-of-river N3 et wind Sy e provision?

Capacity 11.21 5.01 10.00 40.28 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 4238 21.03 79.09 119.97 8.62 6.48 8.39
(TWh) 4.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 78.96 Price SE2 76.28 Price SE3 73.62 Price SE4 76.22
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 17.42 Net exports 8.86 Net exports 0.74 Generation 277.58
(USD billion) 18.16 (TWh) 0.36 (USD billion) 0.41 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

However, in general terms it can be stated that such an analysis would favour dispatchable capacity,
whose output remains either stable or can be adjusted under uncertainty and remains unaffected by
bad weather years. In Sweden, such dispatchable capacity would be constituted by nuclear power. This
confirms once more the intuition expressed in Government Bill 2024/25:150 that there are benefits to
nuclear power capacity that cannot easily be modelled. In the meantime, taking a slightly unfavourable
year for onshore wind generation, such as 2009, is a useful proxy for such more sophisticated modelling
and NEA followed ENTSO-E in doing so. At the same time, it is necessary to document what the effects
would be if better wind conditions were reliably available in Sweden: increased wind capacity, lower
system costs and a non-negligeable increase in exports.

Scenario 3.b. The impacts of reduced hydroelectric generation

By definition, the performance of renewable energies directly depends on the gifts of nature. This is
often an advantage, in particular since wind and sunshine are provided for free. It is, of course, also a
disadvantage to the extent that the level of this provision varies both at regular rhythms and in stochastic
intervals of different lengths that vary between minutes and years. Scenario 3.a. discussed the impact of
a more favourable wind profile on an annual basis. In the present scenario, the consequences of a decline
in hydroelectric generation are explored.

The importance of hydroelectricity in the Swedish system is only partly reflected by its share of 25%
in total generation in Base Case 2050. Sweden’s 11 GW of hydroelectric reservoirs are also very effective
providers of flexibility. Together with flexible electricity trading, they balance the intermittency and
variability of onshore wind. Figure 4.18 provides a snapshot of the hourly dispatch from hydroelectric
reservoirs during a sample at the end of March.

Changing the amount of available hydroelectricity thus has significant repercussions for the total
system. Contrary to electricity generated by renewables, fossil fuels or nuclear energy, electricity
generated from hydroelectric reservoirs can be stored at scale, or more precisely its “fuel”, water, can be
stored, which is just as advantageous. Rather than considering a particular profile over the year, it is more
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relevant in this case to consider the total annual hydroelectricity generated, as the electricity stemming
from reservoirs is, disregarding minor diffusion losses, perfectly storable. The assumption tested was
thus a dry year with a hydroelectric generation reduced by 10% with respect to the reference year 2023.
Given the importance of their bilateral trading relationship, the same assumption - 2023 hydroelectric
generation reduced by 10% — was also applied to Norway.

Figure 4.18. Hourly dispatch of hydroelectricity (reservoir) during sample week
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Table 4.13. Lower hydroelectric generation (-10%) — Key data points

Low hero Hydro - Hydro‘— Nuclear! Onshore Solar PV Biomass FIeX|.b.|I|ty2
generation Reservoir Run-of-river wind provision

Capacity 11.21 5.01 15.00 30.73 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 40.28 19.59 119.37 84.71 8.74 6.48 7.71
(TWh) 4.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 76.78 Price SE2 76.21 Price SE3 77.48 Price SE4 78.07
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.71 Net exports 11.06 Net exports 1.33 Generation 279.17
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

If the qualitative results conform with intuition, their magnitude surprises, which confirms the
central role of hydroelectricity in the Swedish system. Reducing hydroelectric generation by 10% in
Sweden and Norway would increase nuclear capacity from 13 GW in Base Case 2050 to 15 GW, increase
system costs somewhat and, notably, increase net exports from roughly zero to 11 TWh, with export
revenues of USD 1.3 billion. The latter results from a combination of reduced Norwegian export capacity
and the ability of added nuclear capacity to service the market at all times.

In conclusion, two facts need to be clarified with respect to the assumption that in a given year
hydroelectric generation may be 10% less than in the reference year 2023. First, reduced availability of
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hydroelectric resources cannot be automatically ascribed to climate change. As is well known, climate
change impacts are one of the great modelling challenges of our time, regional differences are large,
and uncertainties abound. In Northern Europe, climate change thus does not translate automatically
into reduced precipitations and scare water resources. On the contrary, climate change may increase
precipitation and more abundant water resources. Second, the assumption of minus 10% of generation
from hydroelectric resources in a dry year is by no means fanciful. In the past, reductions of up to 25% of
hydroelectricity have been observed. However, given the nature of the model based on an analysis over a
single year, an assumption of minus 10% is equivalent to implying that all future years will be associated
with the same lower water intake.

Scenario 3.c. Including 20 GW of exogenously imposed offshore wind capacity

Among the major technologies that are missing in Base Case 2050, none is more conspicuous than offshore
wind. Considered to be one of the major drivers of the energy transition due to its attractive capacity
factors, it is not part of the optimal least-cost constellations that have been modelled in this exercise.
Ultimately, the capacity factor of 43% for offshore wind assumed here on the basis of the Pan-European
Climate Database (PECD) was not enough to offset overnight capital costs of USD 3 000 per kW and high
connection costs. While substitution in a model of the entire system is never one-to-one, POSY2 showed
that in all scenarios the least-cost solution solely relies on using onshore wind with an average capacity
factor of 31% and an overnight cost of USD 1 500 per kW. At the indicated capacity factors, the LCOE of
offshore wind amounts to USD 102 per MWh, while that of onshore wind is USD 60 per MWh. Solar PV
follows another logic. Its popularity, short construction time and partial public support ensure the presence
of about 9 GW of solar PV capacity in Base Case 2050 and all other scenarios. This is despite the fact that
its capacity factor of 11% and its overnight capital cost of only USD 800 per kW, amounting to an LCOE of
USD 85 per MWh, would not have allowed it to be selected on the basis of cost considerations alone.

Offshore wind development in Sweden is also hampered by the fact that its load profile over the
year is badly correlated with residual demand, i.e. the demand that remains to be covered once non-
dispatchable generation from hydro run-of-river, onshore wind and solar PV has been accounted for. The
factor of correlation between offshore wind generation and residual generation amounts to minus 0.42.
In other words, offshore wind generation is strong each time demand is weak. In comparison, the
correlation between baseload nuclear and residual demand is plus 0.56, which is pretty much what is to
be expected for a dispatchable technology that is available around-the-clock. Part of the explanation of
the negative correlation of offshore wind with residual demand is that generation from onshore wind
and offshore wind is positively correlated (plus 0.67). Residual demand hence decreases when both are
producing strongly. However, at costs and capacity factors assumed in this model, offshore wind in
Sweden can impose itself neither in direct competition with onshore wind nor in indirect competition
with nuclear energy as a supplier of residual demand.

Beyond system cost considerations, offshore wind deployment in the Baltic Sea faces further
challenges. Local resistance to visual impairment, fragile ecosystems, intense shipping activity and
considerations regarding military operability all weigh against the construction of offshore wind
farms. To some extent, but not completely, these qualitative factors translate into higher construction
costs. Therefore, doubts remain that offshore wind would take off even if overnight costs came down.
Finally, there exists an additional, somewhat paradoxical argument for why there is not a greater space
for offshore wind: Sweden does not need any electricity from offshore wind because it already has
it. The TYNDP National Trends+ scenario that underlies the capacity assumptions in countries other
than Sweden assumes the deployment of 10 GW of offshore wind capacity in deployment in Norway
producing 46 TWh per year. Even if wind conditions in the North Sea and in the Baltic Sea do not match
up completely, during the hours when offshore wind could provide an attractive complement to Sweden’s
existing capacity, this electricity can often be bought at reasonable prices from across the border.

Thus, under the assumptions of this report, offshore wind development in Sweden is not identified
as an economically attractive generation technology. It nevertheless remains an option that, with some
justification, intrigues many stakeholders. This report thus includes a scenario in which 20 GW of
offshore wind are deployed on the basis of exogenous policy developments mutatis mutandis comparable
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to those for solar PV (see Table 4.14). Compared to Base Case 2050, this would imply reducing nuclear
capacity from 13 GW to 7 GW and onshore wind capacity from 30 GW to 22 GW. The fact that both nuclear
and onshore wind are reduced by comparable orders of magnitude is related to the fact that the capacity
factor of offshore wind lies between those of the two partially displaced technologies.

Table 4.14. Exogenously imposing 20 GW of offshore wind capacity — Key data points

20 GW Hydro - Hydro - Nuclear! Onshore Offshore Solar PV Biomass Flexibility
wind OFF Reservoir  Run-of-river wind wind provision?
Capacity 11.21 5.01 7.00 2248 20.00 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 ’ 8.72 2.81 3.30
Generation 44.75 21.29 53.32 61.76 76.90 8.74 6.48 11.25
(TWh) 4.75 21.29 103.36 83.17 ’ 8.74 6.48 7.05
Price SE1 75.21 Price SE2 71.97 Price SE3 75.31 Price SE4 75.00

(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60

System cost 21.36 Net exports 1.66 Net exports 0.32 Generation 273.25

(USD Billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

While trade would be only marginally affected, the key impacts are on flexibility provision,
which includes curtailment, and on total system costs. The additional 4 TWh of electricity that need
to be curtailed by imposing 20 GW of offshore on the system are a first indicator that the system is
de-optimised, as a considerable share of onshore wind generation is available when it is least needed.
However, the strongest indicator that large amounts of offshore wind are not the optimal strategy for
electricity development in Sweden is the large increase in total system cost. Total annual system costs
in Base Case 2050 are USD 18.16; they increase by more than USD 3 billion, to USD 21.36 in the scenario
with 20 GW of exogenously imposed offshore wind capacity.

4.B.4. Two alternative demand scenarios by the Swedish Energy Agency (SEA)

As indicated earlier, the demand-side of Base Case 2050 has been modelled on the Lower Electrification
Scenario (LES) contained in Scenarios for Sweden’s Energy System in 2023 by the Swedish Energy Agency
(SEA, 2023). The LES assumed a total demand of 260 TWh in 2050, which in this effort becomes 264 TWh
in Base Case 2050 as 4 TWh of industrial cogeneration are included. Compared with a historical demand
of 135 TWh in 2023, this implied a near-doubling of total electricity demand, strongly driven by industrial
expansion in the two northern price zones, an assumption that enjoys broad consensus.

Indeed, the scenarios of the Swedish Energy Agency also present a Higher Electrification Scenario
(HES), which amounts to a total electricity demand, including 4 TWh of off-grid industrial cogeneration,
of 349 TWh in 2050, a roughly 250% increase on electricity demand in 2023. As indicated in SEA (2023),
this assumes a very strong increase in all sectors: industrial expansion and electrification, transport
switching to electric vehicles and residential consumption with a continuing switch to electric heating.
In addition, assumptions also include an extension of iron ore mining and, as a result, increased hydrogen
production. Modelled in POSY2, total on-grid consumption of 321.5 TWh, network losses of 24.1 TWh,
0.2 TWh of imports and 8.4 TWh of curtailment amount to 353.8 TWh of domestic generation.

Table 4.15 provides an overview over such a dynamic electricity sector development. Indeed, adding
more than 200 TWh of demand would require both more nuclear and more onshore wind capacity.
Optimal nuclear capacity would thus increase by an added 8 GW, to a total of 21 GW, while optimal
onshore wind capacity would also increase by 7 GW, to a total of 37 GW. The fact that the increase in
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nuclear capacity is proportionally stronger is due to the fact that its baseload generation is complementary
to the 24/7 electricity needs of industrial producers that continue to be responsible for the bulk of the
demand increase in the Higher Electrification Scenario.

Table 4.15. Strong demand growth in SEA’s higher electri cation scenario — Key data points

nghe‘r . Hydro-. Hydro.- Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|ty
electrification Reservoir Run-of-river wind provision?

Capacity 11.21 5.01 21.00 37.55 10.37 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 167.47 103.41 10.39 6.48 8.41
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.90 Price SE2 77.29 Price SE3 78.53 Price SE4 77.81
(USD/MWHh) 75.83 (USD/MWh) 77.35 (USD/MWh) 77.98 (USD/MWh) 76.60
System cost 25.65 Net exports -0.20 Net exports 0.31 Generation 353.80
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The accompanying increase in system costs to USD 26 billion per year appears almost modest, given
the magnitude of the increase in generation. This is due to the fact that the costs of nuclear and onshore
wind energy are assumed to remain constant. Contrary to SEA’s own modelling, which assumes increased
network expansion, the modelling by POSY2 assumes that also in the HES sensitivity scenario network
development will advance at pace with the internal and external network extensions announced SVK
(2023). In other words, only demand, not network development, will be the decisive constraint for the
Higher Electrification Scenario.

Recent developments have questioned some of the more optimistic assumptions about industrial
development in Sweden’s north and the resulting increase in electricity demand. It remains to be seen
whether the bankruptcy of the NorthVolt battery project in Skelleftea just below the Arctic circle (price
zone SE1) in March 2025 and the funding difficulties of Stegra (formerly H2 Green Steel), a producer of
low carbon steel, in Boden (also SE1) in late 2025 are isolated incidents or harbingers of things to come in
a global environment where a number of important actors can appear somewhat less committed to deep
decarbonisation in industry than just a few years ago.

Table 4.16. Modest demand growth in SEA’s low demand scenario — Key data points

Mode§t . Hydro - Hydroh— Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|ty2
electrification Reservoir Run-of-river wind provision
. 11.21 5.01 9.00 26.05 6.85 2.81 3.30
Capacity (GW) 11.21 501 13.00 3028 872 281 330
Generation 44.75 21.29 71.37 71.94 6.86 6.48 6.74
(TWh) 4.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.93 Price SE2 78.01 Price SE3 79.15 Price SE4 77.78
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 13.76 Net exports 3.82 Net exports 0.70 Generation 222.71
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.
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These developments make SEA’s low demand scenario an increasingly relevant alternative, assuming
a slower pace of industrial electrification, with fewer projects and longer delays. A Swedish on-grid
consumption of 197.4 TWh summed with network losses of 14.8 TWh, exports of 3.8 TWh and curtailment
of 6.7 TWh would thus arrive at a total national generation of 222.7 TWh per year.

Table 4.16 shows the resulting least-cost constellation. Both nuclear capacity and onshore wind
capacity decrease, of course. As in the comparison between the Lower Electrification Scenario (LES)
and the Higher Electrification Scenario (HES), nuclear capacity reacts somewhat more sensibly to the
changes in industrial demand. This is, again, due to the fact that nuclear baseload generation is well
suited to satisfy the round-the-clock electricity demand of heavy industry. If the latter’s share in demand
is reduced, assuming similar levels of residential and commercial demand as the LES, optimal nuclear
capacity largely moves in parallel.

Less electricity generation means lower costs for the electricity system. Annual system costs would
thus decline from USD 18.16 billion per year in the LES to USD 13.76 billion per year. Whether this is an
overall economic gain or loss depends, of course, on the magnitude of the value added that the industrial
projects, which are now no longer included, might have been able to generate.

4.B.5. Trade and interconnection sensitivity scenarios

As indicated earlier, Sweden is characterised both by four distinct internal electricity price zones with
different demand and generation structures, and multiple interconnections for electricity trade with
its neighbours, many of them with ambitious plans for expansion of their generation capacity. These
framework conditions structurally impact investment and dispatch in Sweden. In a 2050 perspective,
it is thus instructive to investigate the impacts of changes in the configuration of price zones, external
electricity trade and levels of capacity in neighbouring countries, which is the focus of the subsequent
four scenarios.

Scenario 5.a. Increased internal interconnection capacity

As modelled throughout this report, the Swedish electricity system is organised since 1 November 2011
in four distinct price zones. Zonal pricing is supposed to improve efficiency in dispatch, the location of
generation and transmission investment by separating zones with no or few internal network constraints
internally from other zones, with which interconnections are imperfect. On the other hand, they can
reduce liquidity and favour the abuse of monopoly power as individual operators are relatively larger
with respect to the size of their market. Whatever the net benefits of differently tailored zones at the
regional, national or sub-national level, changing a given set of zones implies major transaction costs in
terms of regulation, institutions, reporting and statistics.

In Sweden, the total length of the transmission network is about 17 500 km of 400 kV long-range
transmission lines and 220 kV lines of medium-range transmission lines (SVK, n.d.). The relative shares
of the two voltage levels are roughly 45:55, which implies around 8 000 km of 400 kV lines dedicated to
long-range transmission. The present sensitivity scenario considers increasing this capacity by 50%,
or 4 000 km, plus the 900 km capacity additions currently already planned by SVK, which amounts
to an additional 4 900 km of 400 kV lines. The associated annualised costs for this extension of the
transmission grid are USD 637 million, which must be added to the annual costs of USD 254 million that
are associated with base-case grid reinforcement in all scenarios.

Scenario 5.a. provides a variation of the current state of integration of the four zones by increasing
the current interconnection capacities between them as indicated in Table 4.4 by 50%. The differences
between the two cases do not appear to be very large. Indeed, at USD 18.72 billion, the total annual
system costs in the scenario with a single Swedish price zone vary little from Base Case 2050 with
current interconnection capacities between the four price zones and total annual system costs of
USD 18.16 billion (see Table 4.17). The fact that total system costs are higher in the scenario with reduced
internal network constraints may surprise at first sight, as the reducing constraints should improve

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026



PART B: 2050 SENSITIVITY SCENARIOS

efficiency and lower costs. This is, however, explained by the fact that the annual costs for grid extension
in the scenario with a single Swedish price zone amount to USD 890 million whereas they amount to
only USD 250 million in Base Case 2050. As expected, total costs of generation do decrease slightly with a
single Swedish price zone from USD 17.63 billion per year in Base Case 2050 to USD 17.55 billion per year.
In addition, the increased internal interconnections scenario implies a decrease in nuclear capacity by
1 GW in the southern price zone 4 and an increase of onshore wind capacity of 3 GW.

Table 4.17. Increased internal transmission capacity — Key data points

Increased -
internal transmission Hydro ; Hydro.- Nuclear' Ons'hore Solar PV Biomass FIeX|.b!I|tyZ
. Reservoir Run-of-river wind provision
capacity
Capacity 11.21 5.01 12.00 33.36 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 95.27 92.15 8.74 6.48 7.68
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.70 Price SE2 76.14 Price SE3 78.05 Price SE4 75.65
(USD/MWHh) 75.83 (USD/MWHh) 7735 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.72 Net exports 0.62 Net exports 0.36 Generation 268.69
(USD billion) 18.16 (TWh) 0.36 (USD billion) 0.41 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

This is due to the fact that increased internal interconnection capacity provides added flexibility
to facilitate the accommodation of variable generation. The localisation of onshore wind capacity also
changes. It actually reduces somewhat in price zone 1 (from 10.9 GW to 9.6 GW) and price zone 3 (from
6.2 GW to 5.7 GW) but increases noticeably in price zone 2 (from 10.3 GW to 11.9 GW) and more than
doubles in price zone 4 (from 2.6 GW to 6.2 GW). As expected, increased internal interconnections reduce
market frictions and allow for a more efficient allocation of generation resources. Price zones 2 and 4
are indeed the areas in which the capacity factors of onshore wind are highest (see Figure 3.1). External
electricity trade instead remains largely unaffected.

In summary, differences between the current set-up of the Swedish electricity system and a scenario
of closer integration with reduced internal interconnection constraints are minute. Considering
that zone SE3, consuming more than 50% of Sweden’s electricity, maintains already today very large
interconnections of together 10.2 GW with zone SE2 and of 6.3 GW with zone SE4, the very notion of
a “zone”, an area with congested interconnections to other zones, can be questioned. In fact, average
annual price differences between the four zones never exceed USD 2.50. This, however, is a semantic
question. The key point is that when considering the inevitable trade-off between network costs and
generation costs — stronger networks allow for more liquid trading and hence more efficient investment
and dispatch but have higher costs - the integration of the four Swedish price zones appears already well
advanced.

Scenario 5.b. High trade-scenario 1 (increased external interconnections)

Scenario 5.a. considered reducing transmission constraints to electricity trading internally to Sweden.
Conversely, scenario 5.b. considers the increase of the capacity of all external interconnections by 50%.
The four existing Swedish price zones were maintained with their current capacities. It is internationally
that electricity can in this scenario be traded cross-border more frequently and in greater quantities, in
both directions.
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Accounting for the costs of the expansion of interconnection capacity requires a number of
assumptions. Many interconnectors between Sweden and its neighbours are high-voltage direct current
(HVDC) lines, which minimise transport losses. These 500 kV-cables can be employed both on land and
subsea. Given that the total current length of HVDC-lines is roughly 2 000 km, it is assumed that new
lines of 1 000 km will be added. Since costs are assumed to split evenly between countries, the costs
for Sweden will correspond to 500 km. In addition, it is assumed that Sweden will also add 100 km to
the AC-landlines it maintains with Denmark, Finland and Norway. Adding the outlays for both types of
interconnections, including five substations, would arrive at annual costs for Sweden of USD 220 million.
Its neighbours would be expected to finance an equivalent amount.

The results, as shown in Figure 4.18, are quite similar to those of scenario 5.a. with increased
transmission capacity among Sweden’s four domestic price zones. Again, nuclear capacity declines by
1 GW and onshore wind capacity increases by 3 GW, with limited impacts on trade.

Total annual system costs decline very slightly from USD 18.16 billion in Base Case 2050 to
USD 18.11 billion, compared to system costs of USD 18.72 in scenario 5.a. with increased internal
interconnections. Generation costs (net of balancing and connection costs) are USD 17.81 billion
compared to USD 17.93 billion in Base Case 2050 and USD 17.79 billion in the scenario with increased
internal interconnections. The Swedish share of the costs for already planned interconnection capacity
(USD 254 million per year) and the additional increase in interconnection modelled in case 5.b.
(USD 220 million per year) amount to USD 474 million per year. Again, this assumes, as is customary,
that the costs for interconnection enlargement are shared evenly between the two countries concerned.

Table 4.18. Increased interconnection capacity with neighbouring countries — Key data points

Increased external Hydro - Hydro - ; Onshore . Flexibility
. . . . Nuclear ; Solar PV Biomass A
interconnections Reservoir Run-of-river wind provision

Capacity 11.21 5.01 12.00 33.28 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 94.72 91.49 8.74 6.48 8.52
(TWh) 4.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.38 Price SE2 77.64 Price SE3 78.50 Price SE4 76.32
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.11 Net exports -1.44 Net exports 0.51 Generation 267.47
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

While the cost differences between the three scenarios are small to the point of being barely policy
relevant, it is nevertheless instructive to briefly reflect on what is happening. In scenario 5.a., improving
internal network connections reduced generation costs but had sizeable grid extension costs of almost
USD 1 billion, their sum amounting to total annual system costs higher than those of Base Case 2050.
In scenario 5.b., improving external interconnections reduces generation costs in a similar way, but even
when factoring in the costs of interconnection extensions, also reduces total annual system costs. In
other words, the efficiency of the Swedish generation fleet can be improved by enlarging either internal
or external network connections. The tight meshing of the external grids and the Sweden’s close
integration with its Scandinavian neighbours means that the two are substitutes. However, in the case
of enlarging external interconnections, rather than bearing the full costs, Sweden only bears half the
costs, which show up in reduced total system costs.
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Scenario 5.c. High trade-scenario 2 (frictionless trading)

Modelling the Swedish electricity system and its interactions with surrounding countries with POSY2
included imposing “transaction costs”, additional costs or frictions, on exchanges between price zones
and between countries. These additional transaction costs amounted to USD 2.50 per MWh for internal
trades between price zones and to USD 5.00 per MWh for international cross-border trades, symmetrically
for both imports and exports. Why impose such additional costs on electricity trading, whose physical
transaction costs, i.e. losses during transmission over long distances, are relatively limited?

In addition to those physical losses, the imposed transaction costs also reflect the risks of doing
business abroad and asymmetries of information, although both items are fairly limited in the highly
integrated Nord Pool market. The most important reasons for imposing a “transaction cost” are two
different ones. First, like most detailed modelling efforts, POSY2 uses hourly prices for day-ahead trading,
the standard manner of creating a structure to assess the least-cost configuration of an electricity system.
This is a solid approach, as it provides an indicator of the value of a MWh electricity at a given hour. It is,
however, an imperfect reflection of what happens in markets, where less than half of traded electricity
passes through the hourly electricity markets, with the remainder being traded in the forward markets,
usually for quarterly, six-month or annual delivery, or in sub-hourly markets. Moreover, in the parallel
over-the-counter market, electricity generators and consumers bilaterally convene supply agreement
outside of the organised market. This reduces the amount of both the electricity demanded and the
electricity supply that is traded in the day-ahead market. Consequently, a change in the hourly price of
electricity in the Nord Pool day-ahead market does not imply an immediate change in the behaviour of
all generators and consumers, nor a complete reconfiguration of the electricity system.

Second, again like the vast majority of large-scale energy system models, POSY2 uses an assumption
of perfect foresight. This means that optimisation takes place as if all actors knew in advance all
the optimising actions of all other actors throughout the year (under competition, individual profit
maximisation corresponds to cost minimisation). In reality, of course, decisions are made under
uncertainty with very imperfect knowledge of hourly prices at each given time. In other words, a
small change in the electricity price at a given hour is unlikely to reconfigure the system in terms of
investment, dispatch and trading patterns. The introduction of a modest “transaction cost” on electricity
trades addresses these two points by providing a small amount of inertia to the system.

Table 4.19. Frictionless trading with all neighbouring countries — Key data points

Frictionless Hydro - Hydro.- Nuclear! Ons.hore Solar PV Biomass FIeX|.b.|I|ty
trade Reservoir Run-of-river wind provision?

Capacity 11.21 5.01 13.00 33.04 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 102.71 91.11 8.74 6.48 5.81
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 74.63 Price SE2 72.80 Price SE3 7461 Price SE4 76.20
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 17.70 Net exports 8.96 Net exports 0.94 Generation 275.08
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

What may seem a rather conceptual issue with limited real-world consequences can actually
have major implications for modelling results. Without any form of inertia dampening the impact of
behavioural changes of market participants, linear programming models can discontinuously jump from
one corner solution to the next in reaction to even minor changes, say, in generation costs. In models
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without transaction costs, if electricity costs even only 1 cent per MWh less in Sweden than in Norway,
electricity will flow from the former to the latter in amounts limited only by interconnection capacity. If
electricity prices in Norway will fall by only 2 cents per MWh, flows will be completely reversed limited
again only by interconnection capacity. While this may be a correct representation of the working of the
day-ahead market (including non-zero transmission costs, which are rarely modelled explicitly), it is not
an adequate representation of the system as a whole.

In this case, the addition of a limited amount of transaction costs is a sensible and easily implemented
measure to enhance both the realism and the robustness of the model. This assumption has thus been
applied in Base Case 2050 and all other scenarios. Only in scenario 5.c. are no transaction costs imposed
on internal or external electricity trades (see Table 4.19). As expected, total annual system costs are
somewhat reduced, to USD 17.70 billion, as a larger number of efficiency enhancing trades can now be
executed. The associated increase in flexibility also allows for a rise in onshore wind capacity from
30 GW to 33 GW, while maintaining nuclear capacity at 13 GW. Remarkably, Swedish exports increase
from 0.36 TWh per year in Base Case 2050 to almost 9 TWh per year, with a corresponding increase in
total generation from 268 TWh to 275 TWh.

However, this should not be misunderstood in a sense that Swedish exports are disproportionately
affected by imposing trading costs, which are, of course, applied symmetrically to exporters and importers
alike. Indeed, the 9 TWh of exports are relatively low value trades. Export revenues between Base Case 2050
and scenario 5.c,, Frictionless trading, indeed increase only by USD 530 million from USD 410 million to
USD 940 million. With a terawatt-hour (TWh) trading on average for USD 75 million, 9 TWh should generate
about USD 675 million. The gap between average revenues and revenues generated by additional exports
points towards a situation in which the economic difference between trades happening and not happening
is not very high, typically a situation in which price differences between countries or zones are not very
large. The result can, however, be read in the sense that for small additional profit opportunities Sweden
can mobilise additional resources, both in terms of capacity and in terms of dispatch somewhat easier
than its neighbours. This is, of course, a consequence of the high flexibility of the Swedish system in the
presence of hydropower and nuclear energy that has already been remarked on.

Scenario 5.d. Reduced capacity in Sweden’s neighbouring countries

This is one of the most important and interesting sensitivity scenarios. It also shows the potential tension
between the scenarios undertaken at the European level, by the European Network of Transmission
System Operators for Electricity (ENTSO-E) in the Ten-Year Network Development Report (TYNDP) in this case,
and the work undertaken at the level of Sweden by SEA, SVK, the NEA and others. Overall, the TYNDP
is very bullish about (a) total electricity demand, (b) total generation capacity and (c) the development
of wind (both onshore and offshore), solar PV and battery capacity. It could even be said that it is more
bullish about these developments than would have been useful for this report.

However, the resulting tension with national projections, not only in Sweden, is largely unavoidable.
ENTSO-E and its regular TYNDP are not only key references in the debate about future low-carbon
electricity systems in Europe, providing a common reference point for thousands of European experts
and researchers. The TYNDP also provides the only complete, coherent and publicly available Europe-
wide dataset for the detailed modelling of trade flows between 2025 and 2050. The tension remains
palpable even when choosing the more “conservative” National Trends scenario, which provides figures
for 2040, which were assumed to apply in 2050 for the purposes of this report.

The optimism of the TYNDP regarding the three sets of variables mentioned directly affects also the
results of this report. Other things being equal, TYNDP assumptions about ample capacity outside of
Sweden reduce domestic capacity needs, depress exports and increase imports. It is therefore of interest
to consider what would happen in Sweden if capacity expansion fell short of the TYNDP assumptions in
other European countries, particularly Sweden’s direct neighbours.

This is being tested in the scenario presented in Table 4.20. In a straightforward manner, it was
assumed here that capacity in all European countries was 5% less than indicated in the National
Trends scenario. At the same time, demand in both Sweden and its neighbours was maintained at the

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026



PART B: 2050 SENSITIVITY SCENARIOS

same level as in Base Case 2050. Logically, capacity, generation and exports in Sweden thus increase
considerably. The added demand for exports would be covered primarily by nuclear baseload generation,
which would increase from 13 GW to 15 GW and whose around-the-clock availability responds better to
foreign demand than intermittent wind generation. Onshore wind capacity would increase from roughly
30 GW to 32 GW. Interestingly, total system costs would hardly increase despite the higher capacity and
generation. To a large extent, in this case the added nuclear capacity would be paid for by the foreign
importers of Swedish electricity.

Table 4.20. Reduced capacity in Sweden’s neighbouring countries — Key data points

Low f(?relgn Hydro - Hydro'- Nuclear' Ons'hore Solar PV Biomass FIeX|.b.|I|ty2
capacity Reservoir Run-of-river wind provision

Capacity 11.21 5.01 15.00 31.98 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 119.09 88.02 8.74 6.48 791
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 77.67 Price SE2 77.07 Price SE3 77.73 Price SE4 77.24
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.22 Net exports 20.07 Net exports 2.04 Generation 288.38
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The underlying assumption is, of course, that such expansion of capacity and generation is feasible
in Sweden while capacity expansion in its neighbours is constrained. However, this constellation is less
asymmetrical than it appears. It rather corrects the previous asymmetry of the TYNDP with its very
generous capacity assumptions for all European countries, especially for variable renewables. For readers
that share this view of TYNDP assumptions, sensitivity scenario 5.d. can thus be considered a realistic
alternative to Base Case 2050. Needless to say, if in 2050 the TYNDP assumptions were not realised as
originally estimated and if capacity expansion was constrained also in Sweden, then higher electricity
prices feeding through into reduced demand would create yet a third set of outcomes.

4.B.6. Flexibility sensitivity scenarios

The following scenarios explore the implications of having either better or worse economic conditions
for flexibility provision than in Base Case 2050. Other things being equal, cheaper flexibility (or larger
capacity) reduces the costs of integrating variable renewable energies such as onshore wind and solar
PV and increases their economic attractivity compared to nuclear energy. Inversely, reduced availability
of flexibility, whether for reasons of cost or capacity limits, would make the latter’s integration more
difficult and increases the attractivity of dispatchable nuclear capacity. Table A.6 in the annex provides
further data, allowing for even more detailed understanding of the changes in flexibility provision in the
different sensitivity scenarios.

Scenario 6.a. High and low costs for flexibility provision

For a scenario with high cost-flexibility it was assumed that the cost for demand response, batteries
and electrolysers would double. While demand response and batteries are almost never used in any
of the scenarios, the flexible operation of electrolysers and the ability to store hydrogen are, alongside
hydroelectricity and electricity trade, important contributors to the flexibility of the electricity system.

A LEAST-COST CAPACITY MIX TO SATISFY GROWING ELECTRICITY DEMAND WITHOUT CARBON EMISSIONS IN SWEDEN, NEA No. 7754, © OECD 2026

101



102

PART B: 2050 SENSITIVITY SCENARIOS

Inevitably, the higher costs of relevant flexibility providers somewhat reduce the capacity of onshore
wind by 2 GW and, with Sweden’s domestic demand being fixed, increases that of nuclear energy by 1 GW
(see Table 4.21). Total annual system costs would increase by about USD 1 billion, more than half of which
is due to the increased costs of electrolysers.

Table 4.21. High costs for exibility provision — Key data points

ng.h Hydro-' Hydro'- Nuclear Ons'hore Solar PV Biomass FIeX|.b.|I|tyz
flexible cost Reservoir Run-of-river wind provision

Capacity 11.21 5.01 14.00 27.77 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 110.94 76.40 8.74 6.48 7.01
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 76.73 Price SE2 78.23 Price SE3 78.66 Price SE4 76.86
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 19.07 Net exports 1.24 Net exports 0.46 Generation 268.60
(USD billion) 18.16 (TWh) 0.36 (USD billion) 0.41 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

Changes in the capacity mix move even in the opposite direction when the costs of flexibility are
reduced by 50% (see Table 4.22). With flexibility readily available at low cost, onshore wind capacity
would increase by 9 GW to 39 GW and nuclear capacity would reduce by 3 GW to 10 GW. Most notably,
reducing the cost of electrolysers for hydrogen generation would increase their capacity by 32%, with a
concomitant increase in their contribution to flexibility provision. In this case, total system costs would
decline, with the assumptions used, by roughly USD 500 million to USD 17.61 billion.

Barring a breakthrough in the performance and cost of electrolysers and batteries, it is unlikely that
the costs of flexibility will suddenly move dramatically up or down. The cost assumptions for flexibility
provision in Base Case 2050 (see Chapter 3) have been carefully discussed with experts and can be
considered consensus estimates. Long-term cost trends are another matter but have not been modelled
in this report. In addition, scenario 6.a. only considers a subset of flexibility providing technologies
including electrolysers, batteries and demand response. Whatever assumptions are made in this area, it
is clearly necessary to follow developments attentively.

Table 4.22. Low costs for exibility provision — Key data points

LOVY Hydro , Hydro.- Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|ty2
flexible costs Reservoir Run-of-river wind provision

Capacity 11.21 5.01 10.00 39.02 8.72 2.81 3.45
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 79.56 107.21 8.74 6.48 9.48
(TWh) 44.75 21.29 103.36 83.177 8.74 6.48 7.05
Price SE1 75.36 Price SE2 75.97 Price SE3 77.27 Price SE4 77.15
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 17.61 Net exports 2.02 Net exports 0.57 Generation 268.21
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.
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Scenario 6.b. Reduced hydrogen storage capacity

Another dimension of flexibility provision is the capacity for hydrogen storage. In the demand scenarios
for Sweden, hydrogen is expected to be used continuously 24/7 in industrial processes such as refining
or clean steel production. Without storage, electrolysers would hence also need to run continuously at
constant capacity without any possibility for reacting to electricity prices. The larger the storage capacity
for hydrogen, the more flexibly electrolysers can be used. With storage, electrolysers will primarily work
during hours of low electricity prices and stop operating during hours of high electricity prices. This
is, of course, the kind of flexible behaviour that benefits variable renewables such as onshore wind, as
it sustains their revenues during hours with strong wind generation and mitigates excess costs when
generation from onshore wind turbines is absent.

Figure 4.19. Hydrogen storage levels over the year
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Figure 4.20. Hourly changes in hydrogen storage levels during sample week
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Figures 4.19 and 4.20 show how hydrogen storage contributes to system flexibility both over the
long term and the short term. Over the long term, hydrogen storage contributes to smoothing seasonal
imbalances, with levels being lowest during Q2 and then building up throughout the year. In the short-
run, hydrogen storage reacts to daily rather than hourly price changes. The assumption of perfect
foresight might somewhat affect these results. Real-life uncertainty might lead to somewhat higher levels
of hydrogen storage, as operators keep a reserve for unforeseen contingencies. However, immediate
production might generate a cash reserve under exactly the same prudential reasoning. In the end, there
is no reason to assume a systematic bias in one direction or the other.

In Base Case 2050, the assumption is that Sweden has two weeks’ worth of average consumption of
hydrogen storage. These are storage facilities in underground granite caverns that still need to be built.
Scenario 6.b. assumes as a sensitivity case that this initial objective of two weeks’ worth of storage will
not be attained and that storage capacity will only amount to one half week’s consumption, a division by
a factor of four. The costs of building hydrogen storage capacity, and hence also the savings of building
less capacity, have not been included in this analysis.

Table 4.23. Reduced storage capacity for hydrogen — Key data points

Low H.2 storage Hydro - Hydro.— Nuclear! Ons.hore Solar PV Biomass FIeX|‘b‘|I|ty
capacity Reservoir Run-of-river wind provision?

Capacity 11.21 5.01 14.00 28.23 872 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 111.52 77.72 8.74 6.48 6.87
(TWh) 4.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 76.90 Price SE2 77.73 Price SE3 7851 Price SE4 76.84
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.20 Net exports 3.26 Net exports 0.65 Generation 270.51
(USD billion) 18.16 (TWh) 0.36 (USD billion) 0.41 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The changes resulting from a diminution of hydrogen storage capacity are not huge but noticeable.
Table 4.23 shows a marginal increase in nuclear capacity by 1 GW, which leads to a slight increase in
electricity exports and a slight decrease of onshore wind capacity. Total annual system costs are virtually
identical to those of Base Case 2050. It should, however, be kept in mind that the model does not include
the costs of building the storage, which would need to be added exogenously.

Scenario 6.c. Adding the possibility of load shifting at modest cost

Scenario 6.c. analyses a further option for increasing the flexibility available in the electricity system.
Base Case 2050 contains load shedding, the possibility of foregoing electricity consumption and the
associated benefits in terms of economic profits of utility in consumption. Due to its relatively high costs
of USD 200 per MWh for the least-cost tier, it is rarely used (about 5 hours per year in SE4). Scenario 6.c.
instead allows also for load shifting, the ability to defer electricity demand through time, at the modest
cost of USD 20 per MWh as an additional flexibility option in zones SE3 and SE4.

This means that demand can be shifted in time if the price difference is greater than USD 20 per MWh
(the shift duration shall not exceed 8 hours, and cost is independent of actual shift duration). Prices are then
recalculated based on the new demand during each hour. Similarly to other forms of flexibility provision,
this reduces price volatility - frequently introduced by the intermittency of onshore wind and solar PV - by
reducing prices during high price hours and increasing them during low price hours. Compared with Base
Case 2050, the added flexibility also reduces average prices and slightly lowers total system costs.
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As Table 4.24 shows, changes are again modest but noticeable. At the low cost of USD 20 per MWh,
the impact of load shifting appears to be comparable to that of hydrogen storage. Nuclear capacity is
reduced by 1 GW and onshore wind capacity is increased by 2.5 GW. As repeatedly observed, a reduction
of nuclear capacity goes hand in hand with a reduction of net exports. Due to the added flexibility,
curtailment of onshore wind generation is also reduced, which contributes to the slight reduction in total
annual system costs.

Table 4.24. Including load shifting as additional exibility option — Key data points

Load shifting Hydro-. Hydro.- Nuclear' Ons.hore Solar PV Biomass FIeX'.b.'“ty L.oa.d
Reservoir  Run-of-river wind provision? shifting

Capacity 11.21 5.01 12.00 32.94 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 281 3.30
Generation 44.75 21.29 93.97 90.74 8.74 6.48 5.69
(TWh) 44.75 21.29 103.36 83.17 8.74 6.48 7.05

System cost 18.01 Net exports -0.10 Net exports 0.42 Generation 269.15
(USD billion) 18.16 (TWh) 0.36 (USD billion) 0.41 total (TWh) 267.80

5.00
3.17
Price SE1 70.42 Price SE2 64.59 Price SE3 65.35 Price SE4 62.42
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

Scenario 6.d. High flexibility of nuclear reactors

The final flexibility scenario concerns improved technical conditions for nuclear power. In Base Case
2050, large Gen III+ reactors are operated in continuous baseload, which corresponds to the current
practice of Swedish operators. However, even in Base Case 2050 the 30-day periods for refuelling are
optimally positioned throughout the year, striking a balance between ensuring that not all reactors
refuel at the same time and the relative attractiveness of spring and early summer, when the ample
availability of hydroelectric power tendentially pushes prices lower.

Scenario 6.d. adds significant short-term flexibility during daily operations to the already existing
long-term flexibility. Indeed, it is assumed here that each reactor can reduce load by 80% whenever it is
economically advantageous, and at no added variable cost. This is somewhat of a limit case of nuclear
flexibility, requiring great operational precision. Indeed, few reactors are operated in this mode over
extended periods. Nevertheless, such technical flexibility is consistent with the claims of technical
performance of major operators as well as with those of the European Utility Requirements (EUR)
(Lokhov, 2011; EUR Association, 2016).”

Counterintuitively, the impacts of such technological and operational prowess on the attractiveness
of nuclear capacity specifically or the capacity mix generally is zero or marginal. It even increases optimal
onshore wind capacity by a small amount and, again, obliviates the need for curtailment. Exports
decrease slightly and total annual system costs remain virtually unchanged. How can this apparent
paradox be explained? In fact, other things being equal, in particular costs, nuclear flexibility does not
improve the conditions for nuclear capacity. Each downward ramp decreases the load factor. Indeed, for
a given level of capacity, the load factor diminishes by roughly 7% each compared to Base Case 2050 and
thus reduces the number of hours during which high fixed costs can be recuperated.

17. According to the EUR Association, nuclear power plants must be capable of load-cycling operations between 50% and 100% of
rated power at least once per day up to 5 cycles per week, with a rate of change of electric output of 3-5% per minute.
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Table 4.25. High exibility for all nuclear capacity — Key data points

ngh h.uclear Hydro - Hydro.— Nuclear' Ons.hore Solar PV Biomass FIeX|.b.|I|ty2
flexibility Reservoir Run-of-river wind provision
Capacity 11.21 5.01 13.00 30.83 8.72 2.81 3.30
(GW) 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 44.75 21.29 96.03 84.69 8.74 6.48 2.18
(TWh) 4475 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.57 Price SE2 75.34 Price SE3 78.16 Price SE4 75.89
(USD/MWHh) 75.83 (USD/MWHh) 77.35 (USD/MWHh) 77.98 (USD/MWHh) 76.60
System cost 18.12 Net exports -0.58 Net exports 0.46 Generation 261.98
(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

Nuclear flexibility thus maintains prices during hours of excess wind generation, which translates
into an absence of curtailment (see Table A.6 in the appendix). Undoubtedly, more definite results would
depend on the precise operational procedures of each commercial reactor operator. However, independent
of those specific indications, flexibility provision is rarely profitable for technologies with high fixed costs
such as nuclear energy. Of course, the same applies to intermittent renewables, as illustrated by the
tough political fights over curtailment rules, as they have immediate cash consequences for operators.
However, due to the dispatchability of nuclear energy, the debate is often framed differently in the two
cases. Indeed, if the flexibility of nuclear reactors should be called upon to optimise system performance,
new rules - beyond those that already exist for adjustment and balancing markets — would be required
to adequately remunerate a valuable system service.!®

4.B.7. Positive CO, emissions sensitivity scenario

The final sensitivity scenario explores the question whether allowing for a small amount of carbon
emissions would reduce total annual system costs, for instance by allowing a small amount of gas
turbines to enter the generation mix. The answer depends on accounting conventions as much as on
considerations of relative costs and technical performance. The key question is whether to include
the social costs of the residual CO, emissions or not. Logic would suggest that relaxing the carbon
constraint without accounting for the costs of CO, emissions will reduce total annual emission costs
since an unconstrained system would always be able to reconfigure itself at a lower cost constellation.
On the other hand, Sweden has a carbon tax that already in 2025 amounted to USD 145 per tCO,, which
corresponded at the average 2025 exchange rate to USD 151 per tCO,. This report has assumed a 2050
carbon tax of USD 150 per tCO, as somewhat of a lower bound. The latter has, of course, not played a role
in the previous zero emission scenarios, which did not contain any fossil fuel-based generation.

Allowing for a minor amount of emissions of 10 gCO, per kWh results instead in the entry of roughly
1 GW of combined cycle gas turbines (CCGT) at a gas price of USD 35 per MWh (USD 10.25 per MMBTU).
As shown in Table 4.26 this results in total annual system cost of USD 18.47 billion. These costs include
the social costs of carbon for the 2.58 million tCO, emitted by the CCGT. These emissions are evaluated
at USD 150 tCO,, which amounts to a total cost of carbon of USD 387 million.

18. Depending on the marginal costs of a nuclear power plant, which are notoriously difficult to assess and might even be negative
for very short periods, it might be privately profitable for the operator of a nuclear power plant to ramp down during multi-hour
periods of low prices. The question is rather what happens if an investor has the choice between a cheaper but less flexible nuclear
plant and a more expensive but more flexible nuclear plant. According to the results obtained in scenario 6.d., the privately optimal
decision would be to build the cheaper but inflexible plant, while from a system perspective the more flexible plant would provide
an added service for its competitors.
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Table 4.26. Allowing for limited carbon emissions of 10 gCO, per kWh - Key data points

€0, 10 CCGT Ao elio: Nuclear' QL Solar PV Biomass = hiexdbility
Reservoir Run-of-river wind provision?

Capacity 111 11.21 5.01 11.00 3342 8.72 2.81 3.30
(GW) ’ 11.21 5.01 13.00 30.28 8.72 2.81 3.30
Generation 6.46 44.75 21.29 87.60 92.17 8.74 6.48 9.12
(TWh) ’ 44.75 21.29 103.36 83.17 8.74 6.48 7.05
Price SE1 75.66 Price SE2 77.55 Price SE3 78.66 Price SE4 78.60

(USD/MWHh) 75.83 (USD/MWh) 77.35 (USD/MWh) 77.98 (USD/MWh) 76.60

System cost 18.47 Net exports -2.00 Net exports 0.31 Generation 267.50

(USD billion) 18.16 (TWh) 0.36 (USD billion) 041 total (TWh) 267.80

1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

Deducting the social costs of carbon from the total annual system costs gives USD 18.08 billion, which
would be the total system costs without the social costs of carbon. The conclusions are straightforward:
relaxing the carbon constraint not accounting for the social cost of carbon would indeed yield a very small
benefit in terms of total annual system costs. This gain is far smaller than the social costs of carbon
evaluated at the current and assumed future level of the Swedish carbon tax of USD 150 per tCO,.

Indeed, in the case of Sweden, with its good availability of low-carbon generating options including
hydroelectricity, wind, solar PV and nuclear energy, a carbon price of USD 38 per tCO, would already have
been sufficient to ensure a least cost generation system with zero carbon emissions.?® This shows that
respecting the carbon constraint for the Swedish generation system is actually not very costly. Sweden
is thus well prepared to pursue the expansion of its electricity system with net zero emissions.

Conclusions of Chapter 4

This study of the system costs of the Swedish electricity and energy systems at the 2050 horizon,
undertaken in collaboration with the Swedish Energy Agency (SEA) employs a unique modelling strategy
that is shaped by the characteristics of the Swedish energy system on the one hand, and by the consensus
assumption that Sweden’s electricity demand would increase significantly on the other. Of particular
interest in this context is the role of nuclear energy and its alternatives. Unlike other countries - see
for instance the NEA system cost study of Switzerland (NEA, 2022) — the question of the role of nuclear
energy and other electricity generators does not present itself in the form of a binary choice between two
mutually exclusive alternatives.

It became clear early on that in Sweden the optimal least cost system consists of a combination of
significant shares of electricity stemming both from nuclear and from onshore wind energy. Considering
the electricity system in physical and economic equilibrium, the combination of favourable overnight
capital costs and intermittent generation for onshore wind equates at the economic margin with
the combination of reliable baseload generation and higher overnight costs for nuclear energy. This
equilibrium was summarised, based on the consensus assumptions listed at the beginning of this
chapter, under the heading of Base Case 2050. This constitutes the first part of the modelling strategy.

19. Technically speaking, the carbon price of USD 38 per tCO, is the dual of the emission constraint of attaining 1 gCO,/kWh indicated
by the POSY2 model. Choosing 1 gCO,/kWh is done for mathematical reasons; no fossil-fuel based generating option is retained by
the model.
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The second part of the modelling strategy starts from the insight that the equilibrium at the system
between nuclear and onshore wind energy is not an abstract fixed equality but that it moves in function
of the assumptions employed for overnight costs, nuclear technology characteristics, risks and operating
time periods, meteorological conditions for renewable generation (including hydroelectricity), demand,
transmission and interconnection infrastructure as well as developments in neighbouring countries, the
conditions for flexibility transmissions and the severity of the carbon constraint. While nuclear energy
and onshore wind are, without exception, present in all scenarios, their optimal contributions vary with
each change in assumptions. An additional characteristic of the Swedish energy system, however, is that
total annual system costs stay in a rather narrow range as the optimal amounts of nuclear and onshore
wind vary. Only when the relative capacity levels for nuclear or onshore wind energy fall below certain
thresholds do total annual system costs increase significantly.

Table 4.27. Overview of Base Case 2050 and sensitivity scenarios

Scenario Nuclear Onshore wind | Netexports | Total system costs
capacity (GW) | capacity (GW) (TWh) (USD billion)

A. Base Case 2050 13.00 30.28 0.36 18.16
B.1.a. High-cost nuclear and low-cost onshore wind 3.00 65.76 -0.70 17.08
B.1.b. Low-cost nuclear and high-cost onshore wind 18.00 18.00 8.07 17.84
B.2.a. 80-year long-term operations of nuclear power plants 13.00 30.28 0.36 16.57
B.2.b. Including medium-sized light-water SMRs 10.00/2.70 30.83 -0.42 18.14
B.2.c. High nuclear construction risk 5.00 54.11 -6.18 19.04
B.3.a. Favourable conditions for onshore wind 10.00 40.28 8.86 17.42
B.3.b. Reduced hydroelectric generation 15.00 30.73 11.06 18.71
B.3.c. 20 GW of exogenously imposed offshore wind 7.00 22.48 1.66 21.36
B.4.a. Demand: Higher electrification scenario 21.00 37.55 -0.20 25.65
B.4.b. Demand: Low demand growth 9.00 26.05 3.82 13.76
B.5.a. Increased internal interconnection capacity 12.00 33.36 0.62 18.72
B.5.b. High trade 1 (increased external interconnections) 12.00 33.28 -1.44 18.11
B.5.c. High trade 2 (frictionless trading) 13.00 33.04 8.96 17.70
B.5.d. Reduced capacity in Sweden’s neighbours 15.00 31.98 20.07 18.22
B.6.a.1. High costs for flexibility provision 14.00 27.77 1.24 19.07
B.6.a.2. Low costs for flexibility provision 10.00 39.02 2.02 17.61
B.6.b. Reduced storage capacity for hydrogen 14.00 28.23 3.26 18.20
B.6.c. Load shifting opition 12.00 32.94 -0.10 18.01
B.6.d. High flexibility of nuclear reactors 13.00 30.83 -0.58 18.12
B.7. Positive CO, emissions (10 gCO,/kWH) 11.00 3342 -2.00 18.08/18.47

This report thus includes 20 flexibility scenarios, each of which varies one important assumption
and studies the impacts of that change on the capacity and the generation mix, electricity trade,
flexibility needs, in particular curtailment and of course total annual system costs. For the reader, this
offers a series of modules that make it possible to consider different scenarios according to personal
assumptions, forecasts or data sets. Of course, the results of different scenarios are not additive. Lower
costs of electrolysers will improve flexibility and so will hydrogen storage. The net impact of introducing
both changes at the same time, however, will be less than the sum of the individually tested impacts. The
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authors have abstained from developing fully fleshed-out contrasting scenarios with colourful names,
which so often speak to cherished visions of the future of different stakeholder groups rather than to
encourage debate and discussion about the specific parameters that will drive the transition.

Overall, this report has striven to make itself useful for Swedish energy policy debates now and in the
future. As Sweden prepares for the challenge of extending the already excellent carbon performance of
its electricity sector to other energy sectors through electrification, new information will be continuously
incoming and scenarios will need to be updated. Current numeric results have, of course, been prepared
with the help of state-of-the-art modelling based on the most recent available data and carefully
chosen assumptions. However, beyond specific numbers, the authors hope to have provided a strategic
perspective on how to approach thinking about the Swedish electricity and energy sectors and a toolbox
that can be usefully employed in public debate.
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Chapter 5. Conclusions

The objective of this NEA report on the system costs of the electricity and energy systems of Sweden
in 2050, undertaken in collaboration with the Swedish Energy Agency (SEA), is to provide structured
background information and set out the impacts of different energy policy choices to facilitate energy
policy discussions and decision making. The study of the Swedish electricity and energy systems
integrates the quadruple constraint of zero carbon emissions, a strong increase in the demand for
electricity, continuing integration of the Swedish electricity system with its Scandinavian and European
neighbours, and a high level of security of supply.

Thanks to the existing generation mix relying primarily on nuclear energy, onshore wind and
hydroelectric power, Sweden’s electricity generation with carbon emissions of about 20 gCO,/kW is
already largely decarbonised. Hydroelectric power also provides a considerable amount of flexibility,
which compensates for the intermittency of onshore wind. Significant interconnection capacity with the
low-carbon mixes of Norway and Finland provides further flexibility and thus limits the need for carbon-
emitting but flexible gas-fired power generation.

The most important challenge that the Swedish electricity system is facing is to develop the necessary
capacity to satisfy a large increase in electricity demand, in particular due to new industrial demand in
Sweden’s two northern price zones. While the precise increase in demand remains to be seen, there is
broad consensus that it will be considerable. In its Base Case 2050 scenario, this report assumes demand
of 264 TWh but also studies a high-demand scenario of 349 TWh and a low-demand scenario of 224 TWh.
All scenarios need to be compared to Sweden’s electricity demand of 135 TWh in reference year 2023 in
order to appreciate the challenge.

Increasing demand, coupled with the imperative to develop large amounts of new generating capacity
at least cost, will also impact Sweden’s electricity trade balance. With one exception, the NEA scenarios
converge on the result that its surplus of 28 TWh of next exports in 2023 will be reduced to a much
smaller amount of net exports or even a net zero trade balance. This is also a function of the ambitious
plans to develop new low-carbon capacity in countries neighbouring Sweden. Developments in this
dimension should therefore be closely watched.

Table 5.1 presents once more the key answers under consensus assumption, carefully vetted by the
Scientific Advisory Committee (SAC) of this study, to the question “What is the optimal capacity mix for
the Swedish capacity generation mix under the assumption that electricity demand will almost double
to reach 264 TWh?” There is widespread consensus that a substantial part of the Swedish capacity mix
will not change considerably between 2023 and 2050. This regards 16.23 GW of existing hydroelectric
capacity, of which 11.21 GW belong to flexible hydroelectric reservoirs, and 2.81 GW of on-grid biomass-
fired cogeneration. In addition, it was assumed that 8.72 GW of solar PV capacity will be exogenously
determined. Similarly to other modelling efforts, the POSY2 results show that additions to Sweden’s
future optimal capacity mix will be provided primarily by nuclear and onshore wind energy. Indeed, Base
Case 2050 shows 13 GW of nuclear capacity, consisting of large-scale Generation III+ reactors (compared
to 7 GW in 2023), and 30.26 GW of onshore wind capacity (compared to 20 GW in 2023).

A natural question in this context is whether offshore wind, with its attractive load factors, should
also be part of the optimal solution. According to the results obtained in this modelling effort, with a
carefully discussed assumption for the overnight costs of offshore wind of USD 3 000 per kW, it should not.
Offshore wind in Sweden has three substitutes that during the hourly, daily and seasonal workings of the
electricity system establish lower cost constellations. The most important among those is onshore wind
with a capital cost of USD 1 500 per kW. The key to the relative economic superiority of onshore wind over
offshore wind not only consists in lower capital costs but also in Sweden’s good flexibility endowment.
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Table 5.1. Base Case 2050: Key data points
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1. Nuclear includes 3 GW of existing capacity under long-term operations (LTO). The remainder is constituted by nuclear new build.
2. Flexibility provision includes batteries, demand response (load shedding only, if not otherwise indicated), scarcity pricing and curtailment.

The second substitute for offshore wind is nuclear energy, with a capital cost of USD 7 000 kW but
producing around-the-round-clock energy, including hours when neither onshore nor offshore wind,
whose load profiles are correlated, are available. The third option is electricity imports from neighbouring
countries, in particular Norway, which plans an extension of its already existing offshore wind parks
with even more favourable conditions. Now, if any of these parameters should change, there might be
an opening for offshore wind to enter Sweden’s optimal capacity mix. For the time being, this is not the
case. By identifying nuclear and onshore wind energy as the two decisive options for satisfying future
capacity needs, the NEA study also situates itself plainly in the cohort of other recent studies of the
Swedish electricity system (see Chapter 2).

Capacity cost assumptions are, of course, a key determinant in any system cost study. They have
thus been particularly carefully discussed. The overnight construction cost of nuclear new build plays a
special role here. First, there exists only a small set of recently completed reactors in OECD countries from
which to draw conclusions. Second, available estimates are spread over a wide range and are sometimes
provided by stakeholder groups with distinct views on the matter. Mindful of this constellation, the NEA
and the SAC accompanying this report have decided to err on the side of caution, as already indicated, with
an overnight construction cost for large-scale nuclear energy in 2050 of USD 7 000 per kW. This is slightly
higher than the mean of available estimates. It is, however, somewhat lower than the estimates provided in
the well-regarded publications provided by US EIA (2023) and EPRI (2024). In addition, this study provides in
sensitivity scenarios B.1.a., B.1.b and B.2.c alternative assumption of nuclear overnight construction costs,
which provide additional insights. Assumptions of nuclear capital cost will never satisfy all stakeholders.
However, the assumption regarding the overnight costs of new nuclear construction can be considered a
solid starting point for further discussions.

An important result in this context is the existence of a broad range of nuclear and onshore wind
capacity combinations around the optimum indicated in Table 5.1, over which total system costs do not
vary very much. Between 8 GW and 19 GW of nuclear capacity, which would imply onshore wind capacity
between 55 GW and 10 GW, total annual system costs evolve in a narrow band of USD 300 million above
the least-cost optimum of total annual system costs of USD 18.16 billion. In Figure 5.1, the shaded box
shows the range of nuclear and onshore wind capacities for which total system costs remain within 1%
of the minimum, closely corresponding to the 7-20 GW nuclear range and illustrating the interval of near-
optimal system configurations.

Base Case 2050 is complemented by 20 sensitivity scenarios grouped in seven sets: generation costs,
nuclear sensitivity scenarios (including increased construction risk), renewables (including good and
bad weather years), demand, trade and interconnections, flexibility, and residual carbon emissions.
The sensitivity scenarios broaden and deepen the overall picture of the Swedish electricity and energy
system but do not change it fundamentally (see Table 5.2). However, they facilitate energy policy debate
in two complementary ways:

e First, by considering different values for structural parameters such as cost, capacity factors or
flexibility, the sensitivity scenarios allow evaluations of their respective strength in driving results.
While the qualitative direction of change is quite intuitive, the quantitative impact in the context
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of the Swedish system is not and can produce surprises. This also allows policymaking to focus on
those parameters that really do make a difference on total system costs.

e Second, the sensitivity studies can be read in a different manner by focusing on preferred
results and then deducting backwards to determine conditions required to achieve such a result.
Sometimes the most impactful factors are outside the reach of national energy policymaking. Good
wind or hydroelectric resources can make a large difference. So can developments in neighbouring
countries. Refining and discussing consensus assumptions, as well as preparing for different events,

can thus become important elements of policymaking.

Figure 5.1. The limited impact of changes in nuclear capacity
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Table 5.2. Overview of Base Case 2050 and sensitivity scenarios

Scenario Nuclear Onshore wind | Net exports | Total system costs
capacity (GW) | capacity (GW) (TWh) (USD billion)

A. Base Case 2050
B.1.a. High-cost nuclear and low-cost onshore wind
B.1.b. Low-cost nuclear and high-cost onshore wind

10

B.2.a. 80-year long-term operations of nuclear power plants

B.2.b. Including medium-sized light-water SMRs
B.2.c. High nuclear construction risk

B.3.a. Favourable conditions for onshore wind

B.3.b. Reduced hydroelectric generation

B.3.c. 20 GW of exogenously imposed offshore wind
B.4.a. Demand: Higher electrification scenario

B.4.b. Demand: Low demand growth

B.5.a. Increased internal interconnection capacity
B.5.b. High trade 1 (increased external interconnections)
B.5.c. High trade 2 (frictionless trading)

B.5.d. Reduced capacity in Sweden’s neighbours
B.6.a.1. High costs for flexibility provision

B.6.a.2. Low costs for flexibility provision

B.6.b. Reduced storage capacity for hydrogen

B.6.c. Load shifting opition

B.6.d. High flexibility of nuclear reactors

B.7. Positive CO, emissions (10 gCO,/kWH)
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Figure 5.2. Overview of Base Case 2050 and sensitivity cases
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The combined results of Base Case 2050 and the 20 complementary and judiciously chosen sensitivity
scenarios provide a comprehensive picture of the Swedish electricity and energy sectors and its key
determinants, when pursuing the challenge of furnishing sufficient low-carbon capacity to cover
substantially increasing electricity demand. The results also lend themselves to the formulation of five
broad policy conclusions, as described below.

e Policy conclusion 1: While it is reasonable to disagree on the precise nature of the optimal capacity
mix in 2050, it is incontrovertible that both nuclear energy, including long-term operations and
new build, and onshore wind will play the leading roles in any future least-cost capacity mix when
considering a large increase in electrical demand. Across the scenarios examined, nuclear capacity
falls between around 8 GW and 19 GW, which corresponds to onshore wind capacity ranging from
roughly 55 GW to 10 GW (see also Figure ES.1). Inside those intervals, total annual system costs
stay very close to the least-cost case, differing by no more than about USD 300 million from the
minimum annual cost of USD 18.16 billion.

With regards to hydropower, Sweden’s largest resource of low-carbon energy, capacity has been
held constant at current levels given the assumption that possibilities for economically viable
hydro capacity have largely been exhausted. Among the sensitivity analyses considered, variations
in capital cost assumptions for nuclear and wind energy have the largest influence on where the
system settles. Other sensitivities affect system outcomes but do not materially alter the capacity
ranges of nuclear and onshore wind energy in the overall mix.

e Policy conclusion 2: Flexibility provision (electrolysers, storage, load shedding and shifting,
hydrogen storage capacity, interconnections) and its cost will be a key determinant of the optimal
shares of nuclear and onshore wind energy. Sensitivity cases explore the implications of having
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either better or worse economic conditions for flexibility provision and, other things being equal,
cheaper flexibility (or larger capacity) reduces the costs of integrating variable renewable energies
such as onshore wind and increases its economic attractiveness compared to nuclear energy.
Inversely, reduced availability of flexibility — whether for reasons of cost or capacity limits — makes
the integration of variable generation more difficult and increases the attractiveness of dispatchable
nuclear capacity.

e Policy conclusion 3: Regarding the deployment of new generation capacity, the time until 2050 is
short. In particular, nuclear new build with a construction time of seven years, will need to start
soon to be able to contribute to increasing demand. In case of delay, demand will most likely be
covered primarily by onshore wind with a construction time of two years. While onshore wind
can be deployed more quickly, its inherent variability may create challenges of stability and energy
security, as well as a greater reliance on imports. There is a large range of viable nuclear and
onshore wind energy options for optimal system costs but delays in the start of construction will
reduce the choices available. This also highlights the importance of stable policy and investment
conditions: early project initiation, predictable regulatory frameworks and supportive financing
help ensure that complex, multi-year projects proceed smoothly.

e Policy conclusion 4: Sweden’s new energy law (Government Bill 2024/25:150) sets an appropriate
framework to insure the financial and operational risks associated with nuclear construction.
Tail risks - rare but high impact events — can otherwise threaten project viability and would
also deter private investors. The new energy law addresses these risks by enabling state support
through concessional loans and long-term contracts for difference, which share financial exposure
between the government and project developers. It thus enables the realisation of a future least-
cost generation mix that ensures the security of energy supplies while satisfying strongly rising
demand.

e Policy conclusion 5: Factors outside of Sweden’s national policymaking such as climate and
weather or developments in neighbouring countries can assume great importance. Most European
countries are simultaneously pursuing expanded low-carbon electricity generation and greater
energy security. These shared objectives imply that neighbouring systems are likely to face rising
domestic demand, and this can reduce the reliability of imports or exports to Sweden, as well as
create transmission bottlenecks, and have consequences for prices and investment signals. Not
all determining factors are thus under the control of Swedish policymakers. Being aware of these
known unknowns, forming broadly shared expectations and aiming for a robust capacity mix will
be part of successful electricity and energy system planning.

All five conclusions will require validation through experience, further work and policy discussion.
The purpose of this study is to provide a clear and structured basis for that process, enabling subsequent
assessments and decision making to rest on a more solid and transparent foundation.
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APPENDIX

Appendix

Table A.l. Details of costs, per scenario

Generation, grid, commercial exchanges costs (USD billion)

. Generation Grid Commercial Total system
Scenario
costs costs exchanges costs costs

A. Base Case 2050 17.93 1.63 -1.40 18.16
B.1.a. High-cost nuclear and low-cost onshore wind 15.94 1.82 -0.68 17.08
B.1.b. Low-cost nuclear and high-cost onshore wind 17.83 1.62 -1.61 17.84
B.2.a. 80-year long-term operations of nuclear power plants 16.35 1.62 -1.40 16.57
B.2.b. Including medium-sized light-water SMRs 17.90 1.64 -1.38 18.15
B.2.c. High nuclear construction risk 17.60 1.88 -0.44 19.04
B.3.a. Favourable conditions for onshore wind 17.88 1.81 -2.27 17.42
B.3.b. Reduced hydroelectric generation (-10%) 19.35 1.76 -2.40 18.71
B.3.c. 20 GW of exogenously imposed offshore wind 19.78 291 -1.33 21.36
B.4.a. Demand: Higher electrification scenario 25.04 1.93 -1.32 25.65
B.4.b. Demand: Low demand growth 13.94 1.51 -1.69 13.76
B.5.a. Increased internal interconnection capacity 17.79 232 -1.39 18.72
B.5.b. High trade 1 (increased external interconnections) 17.81 1.98 -1.68 18.11
B.5.c. High trade 2 (frictionless trading) 18.51 1.23 -1.95 17.70
B.5.d. Reduced capacity in Sweden’s neighbours 19.52 1.83 -3.14 18.22
B.6.a.1. High costs for flexibility provision 18.87 1.64 -1.44 19.07
B.6.a.2. Low costs for flexibility provision 17.47 1.73 -1.59 17.61
B.6.b. Reduced storage capacity for hydrogen 18.20 1.65 -1.66 18.20
B.6.c. Load shifting opition 17.75 1.69 -1.43 18.01
B.6.d. High flexibility of nuclear reactors 17.94 1.64 -1.46 18.12

B.7. Positive CO, emissions (10 gCO,/kWH) 18.13 1.65 =134l 18.47
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Figure A.l. Details of costs, per scenario
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Table A.2. Details of grid costs, per scenario

Grid costs details (USD billion per year)
. . Grid . Transaction Total grid
Scenario Balancing . Connection
reinforcement costs costs

A. Base Case 2050 0.27 0.25 0.68 0.44 1.63
B.1.a. High-cost nuclear and low-cost onshore wind 0.39 0.25 0.66 0.52 1.82
B.1.b. Low-cost nuclear and high-cost onshore wind 0.23 0.25 0.66 0.49 1.62
B.2.a. 80-year long-term operations of nuclear power plants 0.27 0.25 0.68 0.44 1.62
B.2.b. Including medium-sized light-water SMRs 0.27 0.25 0.68 0.44 1.64
B.2.c. High nuclear construction risk 0.35 0.25 0.79 0.49 1.88
B.3.a. Favourable conditions for onshore wind 0.30 0.25 0.72 0.54 1.81
B.3.b. Reduced hydroelectric generation (-10%) 0.27 0.25 0.73 0.52 1.76
B.3.c. 20 GW of exogenously imposed offshore wind 0.30 0.25 1.81 0.53 291
B.4.a. Demand: Higher electrification scenario 0.30 0.25 0.94 0.45 1.93
B.4.b. Demand: Low demand growth 0.25 0.25 0.54 0.49 1.51
B.5.a. Increased internal interconnection capacity 0.28 0.89 0.69 0.47 232
B.5.b. High trade 1 (increased external interconnections) 0.28 0.47 0.69 0.55 1.98
B.5.c. High trade 2 (frictionless trading) 0.28 0.25 0.71 0.00 1.23
B.5.d. Reduced capacity in Sweden's neighbours 0.27 0.25 0.74 0.57 1.83
B.6.a.1. High costs for flexibility provision 0.26 0.25 0.67 0.46 1.64
B.6.a.2. Low costs for flexibility provision 0.30 0.25 0.71 0.48 1.73
B.6.b. Reduced storage capacity for hydrogen 0.26 0.25 0.69 0.44 1.65
B.6.c. Load shifting opition 0.28 0.25 0.69 0.46 1.69
B.6.d. High flexibility of nuclear reactors 0.27 0.25 0.69 0.44 1.64
B.7. Positive CO, emissions (10 gCO,/kWH) 0.28 0.25 0.67 0.45 1.65
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Figure A.2. Details of grid costs, per scenario
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Table A.3. Details of generation capacity, per scenario

Generation capacity (GW) by technology

Scenario Hydro - Hydro - Nuclear Onshore  Solar  Biomass
Reservoir  Run-of-river wind PV and fossil

A. Base Case 2050 11.21 5.01 13.00 30.28 8.72 2.81
B.1.a. High-cost nuclear and low-cost onshore wind 11.21 5.01 3.00 65.76 8.72 2.81
B.1.b. Low-cost nuclear and high-cost onshore wind 11.21 5.01 18.00 18.00 8.72 2.81
B.2.a. 80-year long-term operations of nuclear power plants 11.21 5.01 13.00 30.28 8.72 2.81
B.2.b. Including medium-sized light-water SMRs 11.21 5.01 12.70 30.83 8.72 2.81
B.2.c. High nuclear construction risk 11.21 5.01 5.00 54.11 8.72 2.81
B.3.a. Favourable conditions for onshore wind 11.21 5.01 10.00 40.28 872 2.81
B.3.b. Reduced hydroelectric generation (-10%) 11.21 5.01 15.00 30.73 8.72 2.81
B.3.c. 20 GW of exogenously imposed offshore wind 11.21 5.01 7.00 22.48 8.72 2.81
B.4.a. Demand: Higher electrification scenario 11.21 5.01 21.00 37.55 10.37 2.81
B.4.b. Demand: Low demand growth 11.21 5.01 9.00 26.05 6.85 2.81
B.5.a. Increased internal interconnection capacity 11.21 5.01 12.00 33.36 8.72 2.81
B.5.b. High trade 1 (increased external interconnections) 11.21 5.01 12.00 33.28 8.72 2.81
B.5.c. High trade 2 (frictionless trading) 11.21 5.01 13.00 33.04 8.72 2.81
B.5.d. Reduced capacity in Sweden’s neighbours 11.21 5.01 15.00 31.98 8.72 2.81
B.6.a.1. High costs for flexibility provision 11.21 5.01 14.00 27.77 8.72 2.81
B.6.a.2. Low costs for flexibility provision 11.21 5.01 10.00 39.02 8.72 2.81
B.6.b. Reduced storage capacity for hydrogen 11.21 5.01 14.00 28.23 8.72 2.81
B.6.c. Load shifting opition 11.21 5.01 12.00 32.94 8.72 2.81
B.6.d. High flexibility of nuclear reactors 11.21 5.01 13.00 30.83 8.72 2.81
B.7. Positive CO, emissions (10 gCO,/kWH) 11.21 5.01 11.00 33.42 8.72 3.92
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Table A.4. Details of generation, per scenario

Generation (TWh) by technology

Scenario Hydro - Hydro - Nuclear Onshore  Solar  Biomass
Reservoir  Run-of-river wind PV and fossil

A. Base Case 2050 44.75 21.29 103.36 83.177 874 6.48
B.1.a. High-cost nuclear and low-cost onshore wind 44.75 21.29 22.14 181.03 874 6.48
B.1.b. Low-cost nuclear and high-cost onshore wind 44.75 21.29 140.46 4985 874 6.48
B.2.a. 80-year long-term operations of nuclear power plants 44.75 21.29 103.36 83.17 874 6.48
B.2.b. Including medium-sized light-water SMRs 44.75 21.29 99.75 84.74 874 6.48
B.2.c. High nuclear construction risk 44.75 21.29 38.57 149.00 8.74 6.48
B.3.a. Favourable conditions for onshore wind 4238 21.03 79.09 119.97 8.62 6.48
B.3.b. Reduced hydroelectric generation (-10%) 40.28 19.59 119.37 84.71 8.74 6.48
B.3.c. 20 GW of exogenously imposed offshore wind 44.75 21.29 53.32 61.76 874 6.48
B.4.a. Demand: Higher electrification scenario 44.75 21.29 167.47 103.41 10.39 6.48
B.4.b. Demand: Low demand growth 44.75 21.29 71.37 7194 6.86 6.48
B.5.a. Increased internal interconnection capacity 44.75 21.29 95.27 92.15 874 6.48
B.5.b. High trade 1 (increased external interconnections) 44.75 21.29 94.72 9149 874 6.48
B.5.c. High trade 2 (frictionless trading) 4475 21.29 102.71 91.11 8.74 6.48
B.5.d. Reduced capacity in Sweden’s neighbours 44.75 21.29 119.09 88.02 874 6.48
B.6.a.1. High costs for flexibility provision 44.75 21.29 110.94 7640 874 6.48
B.6.a.2. Low costs for flexibility provision 44.75 21.29 79.56 107.21 874 6.48
B.6.b. Reduced storage capacity for hydrogen 44.75 21.29 111.52 7772 874 6.48
B.6.c. Load shifting opition 44.75 21.29 93.97 90.74 874 6.48
B.6.d. High flexibility of nuclear reactors 44.75 21.29 96.03 8469 874 6.48
B.7. Positive CO, emissions (10 gCO,/kWH) 44.75 21.29 87.60 92.17 874 12.94
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Figure A.4. Details of generation, per scenario (TWh)
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Table A.5. Details of exibility provision capacity, per scenario

Flexibility provision capacity (GW) by technology

. Demand Battery Load .
Scenario i Curtailment
response storage shifting

A. Base Case 2050 3.30 /
B.1.a. High-cost nuclear and low-cost onshore wind 3.30 0.99 /
B.1.b. Low-cost nuclear and high-cost onshore wind 3.30 /
B.2.a. 80-year long-term operations of nuclear power plants 3.30 /
B.2.b. Including medium-sized light-water SMRs 3.30 /
B.2.c. High nuclear construction risk 3.30 /
B.3.a. Favourable conditions for onshore wind 3.30 /
B.3.b. Reduced hydroelectric generation (-10%) 3.30 /
B.3.c. 20 GW of exogenously imposed offshore wind 3.30 /
B.4.a. Demand: Higher electrification scenario 3.30 /
B.4.b. Demand: Low demand growth 3.30 /
B.5.a. Increased internal interconnection capacity 3.30 /
B.5.b. High trade 1 (increased external interconnections) 3.30 /
B.5.c. High trade 2 (frictionless trading) 3.30 /
B.5.d. Reduced capacity in Sweden’s neighbours 3.30 /
B.6.a.1. High costs for flexibility provision 3.30 /
B.6.a.2. Low costs for flexibility provision 3.30 0.16 /
B.6.b. Reduced storage capacity for hydrogen 3.30 /
B.6.c. Load shifting opition 3.30 5.00 /
B.6.d. High flexibility of nuclear reactors 3.30 /
B.7. Positive CO, emissions (10 gCO,/kWH) 3.30 /
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Figure A.5. Details of exibility provision capacity, per scenario
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Table A.6. Details of exibility provision, per scenario

Flexibility provision (TWh) by technology

. Demand Battery Load .
Scenario i Curtailment
response storage shifting

A. Base Case 2050 7.04
B.1.a. High-cost nuclear and low-cost onshore wind 0.24 1.38 24.58
B.1.b. Low-cost nuclear and high-cost onshore wind 3.16
B.2.a. 80-year long-term operations of nuclear power plants 7.04
B.2.b. Including medium-sized light-water SMRs 5.79
B.2.c. High nuclear construction risk 0.14 14.73
B.3.a. Favourable conditions for onshore wind 0.04 835
B.3.b. Reduced hydroelectric generation (-10%) 7.71
B.3.c. 20 GW of exogenously imposed offshore wind 0.04 11.21
B.4.a. Demand: Higher electrification scenario 0.01 8.41
B.4.b. Demand: Low demand growth 0.01 6.74
B.5.a. Increased internal interconnection capacity 7.68
B.5.b. High trade 1 (increased external interconnections) 8.51
B.5.c. High trade 2 (frictionless trading) 0.03 5.78
B.5.d. Reduced capacity in Sweden’s neighbours 0.00 7.91
B.6.a.1. High costs for flexibility provision 7.01
B.6.a.2. Low costs for flexibility provision 1.89 0.18 7.42
B.6.b. Reduced storage capacity for hydrogen 6.87
B.6.c. Load shifting opition 3.17 5.69
B.6.d. High flexibility of nuclear reactors 218
B.7. Positive CO, emissions (10 gCO,/kWH) 9.11
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Figure A.6. Details of exibility provision, per scenario
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