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1 Introduction and objectives
The EU Energy Roadmap 2050 and various stakeholders’ discussions with the European commission
outlined four main decarbonisation routes for the energy sector, these are mainly focused on: energy
efficiency measures, renewable energy sources (RES), nuclear and Carbon, Capture and Storage (CCS). In
this spirit, the design of the SET-Nav pathways will look into identifying drivers, factors, and scenario
dimensions affecting these decarbonisation options. The SET-Nav pathways also considers other
decarbonisation routes in other energy sectors beyond electricity. For instance, developments on the
transport and heat sector, and other priority areas and innovation points noted in the SET-Plan.

Figure 1.1: SET-Nav Pathways at glance

The SET-Nav project analysed four distinct alternative pathways for an effective decarbonisation (of the
energy sector): “Diversification”, “National champions”, “Localization” and “Directed vision”. In this
introductory chapter we present the qualitative features of these pathways along with the process for
their implementation and analysis. As depicted in Figure 1.1., to describe the pathways’ storylines, we first
define the main features of each pathway by positioning it under two key uncertainties: the level of
cooperation (i.e. cooperation versus entrenchment) and the level of decentralisation (i.e. decentralisation
versus path dependency). This scenario topology allows for outlining a common set of assumptions (e.g.,
tech costs, learning rates, tech availability, and general policy package) that can be varied for all pathways
and then be reflected as inputs to the SET-Nav modelling teams. Moreover, as part of the pathways
definition process, the lessons learned from the SET-Nav cases studies 1 are taken into consideration in
designing the pathways features. Since each case study has implemented and developed an approach
(modelling framework) to analyse a specific energy sector, its involvement is crucial to assess the outcome
of the four pathways.

1.1 Research questions and objectives
The objective of the SET-Nav project is to support strategic decision making in Europe’s energy sector,
enhancing innovation towards a clean, secure and efficient energy system. The SET-Nav pathways should
reflect a new level of understanding of interactions and interdependencies between actors, technologies
and policy interventions in Europe’s energy-economic system.

For a more elaborated explanation and details about case studies refer to the SET-Nav library (http://www.setnav.eu/content/pages/library) or a summary in Crespo del Granado et. al. 2019
1

5|P a g e

Comparative assessment and analysis of SET-Nav pathways

The design of the SET-Nav pathways is guided by two sets of research questions. Divided in: 1) driver
questions related on why the pathway scenario happens, 2) pathways elements questions highlighting
‘what happens’, and focused on the outcome of the pathways (modelling work and implementation).
These are as follows:
Research questions on pathways drivers (or critical uncertainties). These questions explore critical
uncertainties to define a scenario topology space so as to then identify and vary key assumptions. This
provides the setting to come up with assumptions and reasoning on why the scenario (pathway)
happens.
1. For each pathway, what 2030 intermediate actions should be implemented to achieve 2050
targets?
2. What next steps and priorities should be taken for the SET-Plan?
3. How do policies (e.g. energy efficiency, carbon price, renewables support) complement each
other to achieve the EU’s 2030 and 2050 targets?
Research question on pathways outcomes or consequences (modelling results).
1. For each pathway, what are the important elements, drivers and factors of the energy transition
and their cost-effective solutions?
2. What are the long term impacts of alternative mitigation options on the economy, the energy
sectors and technology development?
3. Some model specific objectives for each pathway: e.g., (1) what is the optimal electricity supply
mix? (2) What level of stringency is needed to ensure 2030 and 2050 goals? (3) What is the spatial
density of new energy infrastructure?
On top of these guiding research questions, certain common assumptions and objectives were defined
to ensure consistency in the implementation of the pathways (see Section 1.4 for a detailed explanation),
these are:
•

•

•

85-95% GHG reduction as default target at EU level, all pathways and overall implementation
across energy sectors jointly achieve these targets. The pathways carry different narratives and
storyline but all reach the same target.
Pathways have a 2030 intermediate GHG target (40% GHG reduction) in which policy
adjustments or checkpoints might be included (e.g. lessons learnt from case studies). The 2030
pathway assessment shall also look at the achievement of the other already agreed EU policy
targets for RES (27% RES share) and energy efficiency (30% reduction compared to baseline)
All pathways follow the concept of the PRIMES reference scenario for the near future (2020)
– i.e. assuming that 2020 EU energy and climate targets are met (GHG, energy efficiency and RES
targets)

1.2 Structure of this report
This report aims for summarising the approach and the outcomes of our intensive analysis of
transformation pathways for a deep decarbonisation of Europe’s energy system. Chapter 2 is dedicated
to introduce the pathway concept as well as the overall approach taken within our model-based analysis.
Next to that we shed light on the individual parts of our energy system: Chapter 3 starts with energy use
(and supply) in buildings, followed by chapter 4 where a closer look is taken at the transport sector. The
final element in our demand-related modelling is the industry sector as discussed in chapter 5 of this
report. The necessary link between demand and supply is provided by the energy infrastructure – at this
we focus in chapter 6, before moving on to the supply side (chapter 7), introducing the approach taken
and presenting results for the electricity and the heat sector. Chapter 8 takes a detailed look at the gas
6|P a g e

Comparative assessment and analysis of SET-Nav pathways

sector that deserves key attention in the policy debate at present, and with respect to decarbonisation
also possibly in the transition phase. Complementary to our detailed energy modelling we have
performed an analysis of macroeconomic consequences – the approach and outcomes of that
assessment are subject of chapter 9. This report ends with a summary of key findings and conclusions
(chapter 10).
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2 Assessing Europe’s Energy Transformation
– Introducing the SET-Nav Pathways
& the corresponding modelling framework
This chapter is dedicated to introduce the pathway concept as well as the overall approach taken within
our model-based analysis of the necessary transformation of our energy sector to cope with the
requirements of a decarbonisation. We start with a brief introduction of the overall pathway concept and
then present the modelling system used for the follow-up analysis.

2.1 Mapping and defining pathways: Exploring two key uncertainties
The SET-Nav pathways adopt the widely-used 2x2 scenario typology to combine two main dimensions
of uncertainty into four storylines spanning a wide possibility space. Figure 2.2 shows the scenario
typology which varies two critical uncertainties: decentralisation vs. path dependency (x-axis); and
cooperation vs. entrenchment (y-axis).

Figure 2.1: Proposed 2x2 scenario typology = cooperation-boundaries x decentralisation-path
dependency

Path dependency describes the shaping and constraining of future development trajectories by
accumulated historical precedent. The energy system is strongly path dependent as it is large, complex,
has many interdependencies, and is characterised by long-lived infrastructure with slow turnover rates.
Through the 20th century, technical and economic returns to scale have given rise to a strongly
centralised energy system in both physical terms (e.g., GW-scale power plants distant from end users) and
in economic terms (e.g., national or regional monopoly utilities) (Hughes 1983; Unruh 2000; Seto et al.
2016). However, there is an increasingly strong technological and business case for decentralisation,
underwritten by systemic forces of change ranging from market liberalisation, environmental standards
and policies, technological innovation in renewables and storage, continued end-use efficiency
improvements, and the convergence of information technologies and digital control systems with energy
infrastructure and hardware (Carley 2010; Facchini 2017). This is already creating major challenges for
incumbent energy companies with business models and balance sheets are linked to centralised assets.
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(EEI 2013; Midttun and Piccini 2017) 2 By enabling smaller increments of capital investment, smaller-scale
technologies from shale gas to solar PV have opened up markets to the destabilising force of new entrants
(Helm 2017).
This tension between path dependency and decentralisation is a major uncertainty for the future
development of the EU energy system, affecting technological innovation and deployment, policy and
regulatory environments, business strategies and investments, and social acceptance and engagement.
Consequently, it is one of the critical uncertainties defining the future possibility space explored by the
SET-Nav pathways.
The second critical uncertainty is the more familiar and more existential question for the EU of ever-closer
union, and specifically in this context, ever-closer cooperation and integration in energy markets, policies,
and infrastructures. The European Commission's communication in 2015 on the Energy Union Package
opens with: "Our vision is of an integrated continent-wide energy system where energy flows freely across
borders, based on competition and the best possible use of resources, and with effective regulation of energy
markets at EU level where necessary" (EC 2015). To enact this vision, the communication argues: "We have
to move away from a fragmented system characterised by uncoordinated national policies, market barriers
and energy-isolated areas." In the current political climate of Brexit, national populism, and external
threats to political and social cohesion within the EU, it seems clear that the Commission's vision for a
cooperative and integrative energy system is at best highly uncertain. A future in which national interests
become increasingly entrenched, and member states exploit comparative advantages as well as local
resources while prioritising their own energy interests, is a clear alternative.

2.1.1

Four storylines of future change in the EU energy system

These two dimensions of uncertainty create a possibility space which can be explored by the four
contrasting storylines. Table 2.1 summarises the headline features of the SET-Nav pathways. Interpreting
each storyline is not an exact science. However, it is important that the interpretive detail of each storyline
is internally consistent (avoiding tensions or contradictions), comprehensive (covers all relevant drivers
and dynamics), and coherent (adds up to a meaningful whole). These are as follows:
-

-

Diversification storyline describes a decentralising trajectory for the EU energy system in the
context of cross-border cooperation and integration. This signals the entry of new,
heterogeneous actors, challenging the dominance of centralised asset-owners and incumbent
service-providers. Open digital platforms become essential for coordinating the activity of this
diversified energy economy, facilitated by regulatory experimentation and opening.
Directed Vision storyline describes a path-dependent trajectory for the EU energy system which
is directed by the Commission's vision set out above for an ever-closer energy union. The EU
together with stakeholders able to operate at an EU level are guided by strong and shared
expectations for future goals and current directions of travel. This broad buy-in becomes

The IEA's recent energy investment outlook summarises the uncertain future for centralised utilities:
"Decentralised solar PV, battery storage and charging EVs blur the distinction between consumers and producers,
while demand-side response programs have the potential to provide flexibility in balancing supply and demand in
real time at a lower cost than utility-owned generating capacity. In addition, digitalization is opening up
opportunities for new entrants to the supply of energy services and is changing the interaction of consumers with
the electricity system. ... Regulatory frameworks will need to adapt to these models providing the appropriate
arrangements to allow them to contribute to the overall efficiency and decarbonisation of the energy system. The
implications of all these changes for future investment are still very unclear." [p178, IEA (2017) World Energy
Investment. International Energy Agency, Paris, France.]
2
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-

-

enshrined in stable policy frameworks which are coordinated between member states to ensure
a consistent European-wide playing field.
National Champions storyline describes a path-dependent EU in which historical incumbency
and national interests play a stronger guiding hand. This continuity in development minimises
transitional risks and costs, at least in the near-term. Incumbent firms and organisations,
including current or former national monopolies, play a leading role particularly in the design,
finance, construction and operation of large-scale energy infrastructure.
Localization storyline describes how the decentralising forces observable today in the EU start
to chip away more forcefully at the centralised infrastructures, firms, and regulatory
environments, but with marked national and local variation. Member states seek to maximise
their use of locally-available resources, giving rise to differentiated energy strategies and policy
frameworks across the EU. Resistance to pan-European infrastructure and integration projects
opens up space for smaller-scale experimentation and diversity. Digitalisation again becomes
essential for supporting coordination and effective system management, but with an emphasis
on national competitive advantage in the returns to scale of a dominant platform.

It is very important to emphasise that these short descriptions emphasise only the most salient features
that help distinguish the storylines from one another. As an example, digitalisation is explicitly noted in
the Diversification and Localization storylines, but this does not mean it is not also important in the
futures depicted by the Directed Vision and National Champions storylines. It simply means that
digitalisation is not of the stand-out features of these storylines which set them apart from the others.
Table 2.1 SET-Nav Pathway features at glance

SET-Nav Pathway features at glance
Storyline
Features

key
elements
of
storyline

Storyline
for policy
framework

SET Plan
emphasis
on Priority
Areas

National
Champions

Diversification

Directed Vision

Localization

- many new entrants
- heterogeneous actors
- support for
coordination (beyond
markets)
- digitalisation and open
platforms
- active consumers
- regulatory opening (for
new business models)
- disruption of
incumbents

- shared vision for
direction of change (buyin to targets & EU as
global leader)
- strong guiding role of
state (EU)
- engagement with
stakeholders (but
favouring large actors)
- durable and stable
policy framework
- strong coordination
between member states
strong market guidance
(regulations, standards,
taxes), cross-country
harmonisation
Example: regulations &
incentives to boost
renovation rates, strategy
for decarbonisation of
heat

- exploitation of local
resources
- differences in
national strategies
- public resistance to
big new infrastructure
- experimentation &
diversity (many
market niches)
- digitalisation and
national coordination
(winner-takes-all)

minimisation
of
transition costs
- strong role for
incumbent firms &
utilities
- regulatory capture of
new policy
- large-scale projects
- low transition costs

differentiated policies,
variation between
countries, weak EU
harmonisation
Example: support for
distribution grid
upgrades, microgrids,
peer-to-peer trading,
distributed storage +
locally available
supply (e.g., biogas,
biofuel, coal, etc.)
Efficiency (as no regret
option), renewables
(decentral), nuclear &
CCS (localised)

policies
minimise
transition
costs
&
disruption, favouring
centralised systems &
incumbents
Example:
capacity
mechanisms to support
baseload
generators
(and/or high marginal
cost
generation),
emphasis on reliability,
predict-and-provide
Nuclear
&
CCS,
efficiency (as no regret
option),
renewables
(limited, with emphasis
on central)

regulatory opening up
market to new entrants,
mechanisms to ensure
grid capacity
Example: support for
distributed generation
(wires access, net
metering), V2G,
standards & codes for
building-integrated RE
Renewables (more
emphasis on decentral),
smart grid, electric
vehicles, efficiency (as

Renewables (more
emphasis on central),
nuclear, CCS, efficiency
(as no regret option)
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SET Plan
emphasis
on
Directed
Innovation

no regret option within
all pathways)
exchange & interaction
between heterogeneous
actors

policy durability, R&D
investments, shared
expectations, capture
international knowledge
spillovers (trade,
collaborations)

strong national R&D
(weak spillovers),
exchange &
interaction between
heterogeneous actors

regulatory
capture,
(low
actor
heterogeneity)

2.2 SET-Nav Pathways: detailed features and narratives
2.2.1

Diversification

Under diversification we take the assumption of a decentralising trajectory for the EU energy system in
the context of cross-border cooperation and integration. This signals the entry of new, heterogeneous
actors, challenging the dominance of centralised asset-owners and incumbent service-providers. Open
digital platforms become essential for coordinating the activity of this diversified energy economy,
facilitated by regulatory experimentation and opening. This provides a positive environment to foster
interaction among heterogeneous actors across countries. Active involvement of consumers and
developments in digitalization allows smart grid technologies to thrive as well as to setup opportunities
for new entrants and innovation.
In this pathway, renewable energies, smart grids and electrical vehicles are the driving force behind
decarbonisation. Countries have cooperative attitudes towards regulatory opening and promoting new
business models.
Overall features and assumptions
This pathway assumes: cooperation between countries on technology advancement, diversification
(green synergies) of flexibility options for RES balancing, and moderate expansion in grid capacity.
•

•
•

•

•

2.2.2

Energy supply: RES dominates the supply sector along with a strong diversity in flexibility options:
strong gas-electricity coupling, low-cost electricity storage, smart grids and demand side
management support. Development of Biomass and other distributed based technologies
emerge as new actors.
CCS and Nuclear: have a low involvement or limited prospect in this pathway.
Demand: Assumes the middle end scenario of achieving energy efficiency and success on
implementation of smart grids technologies (balance and integration between centralized and
decentralized systems). Also electrification of the transportation sector.
2030 Policy priorities: Focused on achieving energy efficiency, RES deployment (e.g. incentivize
flexibility options and high carbon prices) and stronger EU energy systems integration
(interconnection).
Global perspective: Base case (identical among all pathways)

Directed vision

Directed Vision storyline describes a path-dependent trajectory for the EU energy system which is
directed by the Commission's vision set out above for an ever-closer energy union. The EU together with
stakeholders (able to operate at an EU level) is guided by strong and shared expectations for future goals
and current directions of travel. This broad buy-in becomes enshrined in stable policy frameworks which
are coordinated between member states to ensure a consistent European-wide playing field.
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Within this pathway we expect a balanced mix in energy supply, comprising new nuclear (but no
prolongation of the existing fleet), CCS and renewables (with focus on centralised solutions) as key pillars.
A diversification comes into play for flexibility options to facilitate RES integration (but with prioritising
of centralised solutions). Concerning infrastructure we expect a strong expansion in grid capacity
whereas energy efficiency remains (similar to other pathways) as no regret option.
Overall features and assumptions
This pathway assumes: cooperation between countries on technology advancement, diversification of
flexibility options for RES integration (but with prioritising of centralised solutions), a strong expansion in
grid capacity and a balanced mix in energy supply, including new nuclear, CCS, and RES (with focus on
centralised options).
•

•

•

•

•

2.2.3

Energy supply: A balanced mix in the supply sector dominates the supply sector along with a
strong diversity in flexibility options: strong gas-electricity coupling, low-cost electricity storage,
smart grids and demand side management support. Development of Biomass and other
distributed based technologies emerge as new actors.
CCS and Nuclear: have a moderate to strong deployment within this pathway – i.e. for nuclear we
see no prolongation of the lifetime of the existing fleet but an uptake of new built-up capacities.
CCS supports conventional thermal power plants.
Demand: Assumes the middle end scenario of achieving energy efficiency, a limited uptake in the
implementation of smart grid technologies (balance and integration between centralized and
decentralized systems). Similar to other pathways, there is also electrification of the
transportation sector going on.
2030 Policy priorities: Focused on achieving energy efficiency, RES deployment (e.g. high carbon
prices and support for flexibility options), CCS and continued support for new nuclear.
Remarkably, we see here the strongest EU energy systems integration (prioritizing
interconnections).
Global perspective: Base case (identical among all pathways)

Localization

Localization storyline describes how the decentralising forces observable today in the EU start to chip
away more forcefully at the centralised infrastructures, firms, and regulatory environments, but with
marked national and local variation. Member states seek to maximise their use of locally-available
resources, giving rise to differentiated energy strategies and policy frameworks across the EU. Resistance
to pan-European infrastructure and integration projects opens up space for smaller-scale
experimentation and diversity. Digitalisation again becomes essential for supporting coordination and
effective system management, but with an emphasis on national competitive advantage in the returns
to scale of a dominant platform.
In accordance with above we see under this pathway a clear focus on local resources and solutions.
Moreover, there is a clear ban for large scale international cooperation, being on regulation as well as on
infrastructure (grids). That puts in practice a limit for centralised supply solutions (but with exceptions
possible at country level).
Overall features and assumptions
This pathway assumes a focus on local resources and solutions. Moreover, there is a clear ban for large
scale international cooperation, being on regulation as well as on infrastructure (grids). That puts in
practice a limit for centralised supply solutions (but with exceptions possible at country level). The focus
on what is there nationally/locally leads in energy supply to the prolongation of the operational times of
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nuclear (existing fleet), CCS may play a role locally and renewables contribute depending on their local
availability (with a tendency towards decentral/local options due to the lack of grid interconnection). Grid
expansion is very limited and energy efficiency remains as no regret option.
•

•

•

•

•

2.2.4

Energy supply: Locally available solutions dominate the supply sector, incl. CCS, renewables (with
a tendency towards decentral/local solutions). Due to the lack of infrastructure storage has to
balance supply and demand, with diversification of options (i.e. again, what is locally best
suitable (pump-storage hydropower in mountainous areas, batteries at local/decentral level,
etc.).
CCS and Nuclear: For nuclear we expect to extension of operational times for the existing fleet
but no/limited uptake of new capacities, whether or not CCS plays a role depends on local
circumstances / needs.
Demand: Energy efficiency remains as no regret option, specifically in countries where other
options are hardly available (e.g. wind offshore due to the lack of infrastructure). In transport
sector we see some diversification, focussing on tailored solutions according to local needs.
2030 Policy priorities: A mix of everything at the national/local level, focussing on what is best
suited to the local needs/priorities – but with a tendency to block centralised solutions (grid
uptake, research for new nuclear etc.). EU action is generally hindered due to the heterogeneity
in policy preferences – that might however leave room for energy efficiency (since serving as no
regret option across the whole EU).
Global perspective: Base case (identical among all pathways)

National champions

National Champions storyline describes a path-dependent EU in which historical incumbency and
national interests play a stronger guiding hand. This continuity in development minimises transitional
risks and costs, at least in the near-term. Incumbent firms and organisations, including current or former
national monopolies, play a leading role particularly in the design, finance, construction and operation of
large-scale energy infrastructure.
Overall features and assumptions
This pathway assumes a focus on national preferences, using available resources and prioritising tailored
solutions according to national needs. Incumbents in the energy sector have a decisive role in defining
(national) policy priorities. The focus on what is there nationally/locally leads in energy supply to the
prolongation of the operational times of nuclear (existing fleet) that goes hand in hand with the built-up
of new capacities, CCS plays a strong role, and (centralised) renewables contribute depending on their
local availability. Grid expansion is moderate and energy efficiency remains as no regret option.
•

•
•

•

Energy supply: Locally available/preferred solutions dominate the supply sector, incl. nuclear CCS,
renewables (with a preference on central solutions – where incumbents take the investments).
Concerning storage (which is less crucially needed due to the comparatively limited uptake of
RES) we expect the preference of large-scale solutions.
CCS and Nuclear: For nuclear we expect an extension of operational times for the existing fleet as
well as the uptake of new capacities, and CCS plays generally a strong role.
Demand: Energy efficiency remains as no regret option, specifically in countries where other
options are hardly available. In transport sector we see some diversification, focussing on tailored
solutions according to national needs/preferences.
2030 Policy priorities: A mix of everything at the national/local level, focussing on what is best
suited to the national priorities/preferences – but with a tendency to block decentral solutions
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•

(prosumer etc.). EU action is generally hindered due to the heterogeneity in policy preferences –
that might however leave room for energy efficiency (since serving as no regret option across
the whole EU).
Global perspective: Base case (identical among all pathways)

2.3 SET-Nav modelling framework and implementation for Pathways analysis
The SET-Nav pathways were implemented under a unique modelling framework compromised of
(around) 15 energy system models. The SET-Nav project used most of these models in the 11 case studies
setup in the first phase of the project (Figure 2.2 depicts an overview of the SET-Nav project main pillars
and framework). There, in these exercises, various new cross-disciplinary methodologies emerged to
combine models covering different energy sectors, or linking models to overcome limitations on spatial
or temporal aggregations. These rich modelling experiences proved to be extremely important to
implement the pathways. It provided the experience and a setup ready for different modelling teams to
adapt their models to the pathway analysis. More importantly, it made the pathways analyses interactive,
multi-perspective, cross-disciplinary, consistent and robust. In other words, model linkage and
combining methodological approaches were based on the case study work. From this point, the SET-Nav
pathways united all the case studies’ multi-model analyses under unifying storylines and objectives.

Figure 2.2: Overall structure of the SET-Nav project and its main pillars

A multi-model framework: Model chain and overall coordination
To implement the pathways, we followed the SET-Nav Work Package (WP) structure to divide the
modelling teams (see Figure 2.3). Prior to this, the SET-Nav project initiated an overall consortium
discussion on key common assumptions and parameters that is applied to all models, in short:
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•

•

Assumptions on key parameters: For example, as stated earlier, the decarbonisation goals
(2050 end point) are the same for all four pathways. The SET-Nav pathways objective is to
understand how different settings (future narratives and developments) will reach a 95%
decarbonisation. We also fixed certain commodity prices (e.g. fossil fuel prices) and used other
data sets from the EU PRIMES studies when needed (e.g. demand data from sectors not covered
by SET-Nav models).
Pathways main features: As described in the previous sections, the SET-Nav pathways
overreaching storylines were discussed and described as clear as possible so individual
modelling teams can interpret them further. The goal is to influence their modelling assumptions
and parameters so they are aligned to the defined pathways storylines.

Figure 2.3: Overall structure on implementing pathways

Once the common assumptions, key parameters and main pathways features were agreed among all
modelling teams, we envisioned key interdependencies and model linkage needs among SET-Nav
models. That is, ensuring pathways storyline consistency on models’ inputs (data) by coupling them with
outputs of other complementary models. This resulted in developing a model chain with the following
features:
-

-

-

-

Demand sector models: The pathways implementation started with the demand sectors
models (industry, transport and buildings). These models applied the SET-Nav pathways
storylines to their respective modelling frameworks and analyse these sectors in detail.
Infrastructure and supply models: Once the demand models completed their analysis, the
outcome (projections) of demand for electricity, gas and heat was a key input for the wide
infrastructure/supply EU models to analyse: 1) the decarbonisation of the EU power system and
its supply mix, 2) the transmission grid infrastructure needs, 3) the role of the natural gas
infrastructure, and 4) evolution of key technologies, e.g. CCS, hydrogen, etc.
Macro economy models: The last modelling team in the chain were the macroeconomic
analyses. These models gathered information from demand sectors as well as supply sectors.
Here the goal was to analyse the effects of the energy transition in the economy, GDP,
employment, etc.
Other models and analyses: Based on other modelling competences in the SET-Nav
consortium, and other project objectives (e.g. in WP9), various parallel studies were carried out
to analyse other energy sectors, or specific topics of interest. For example, various robustness
tools methods were applied to compare pathways against each other. Some of these additional
analyses are detailed in the appendix of this report.
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Figure 2.4 illustrates the main models used in the pathways implementation. For the demand models, we
have the FORECAST, INVERT and ASTRA models whom perform a detail analysis for buildings, transport
and industry. Regarding the main supply/infrastructure models, the core of the pathways analysis is
performed by GREEN-X, TEPES and ENERTILE. Also gas modelling teams with EGMM and GGM models
perform an analysis of the sector. As mentioned earlier other models (e.g. EMPIRE and robustness tool)
provide additional analyses. Then, lastly, the NEMESIS and REMES model represent the macro-economic
perspectives.

Figure 2.4: SET-Nav modelling teams

In summary the implementation of the SET-Nav pathways underwent the following main steps:
1. Pathways definition and interpretation for each model or energy sector under analysis. That is,
various internal discussions on defining and envisioning the pathways implementation in each
model so as to ensure a common understanding (consistency) of the storylines.
2. Discussions and decisions on harmonizing key parameters and assumptions. The goal was to be
sure on common parameters (e.g. commodity prices) and decarbonisation targets are consistent
for all modelling teams.
3. Model Linkage. Designed a coordination plan to ensure model coupling and data exchange. This
is key to ensure that not only the pathways storylines unify all models but also models inputs and
outputs align to each other when necessary.
4. Demand models. The first set of models that implement the pathways.
5. Demand models results. Key outputs of the demand models are passed on to other models.
6. Supply and infrastructure models. These models provide results on the EU energy supply mix and
infrastructure requirements.
7. Macro-economic models. Based on the outputs of 5 and 6, macro-economic models perform
theirs analyses.
8. Overall analysis and coordinated reporting. Based on all the points above, main findings and key
insights summarize the overall work done in all models (i.e., this report).
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Please note that the Appendix to this report provides further insights on specific cross-cutting aspects
and alternative analyses performed in the course of the pathway analyses. Apart from that we refer the
reader to the SET-Nav online library 3 for additional details on each modelling team pathways
implementation. There is more extensive reporting on models, other analyses, and additional results
available. These reports are: 1) D5.8: Summary report -Energy Systems: Demand perspective, 2) D6.9:
Summary Report on Energy Systems: Infrastructure, 3) D7.8: Summary report - Energy Systems: Supply
Perspective, and 4) D8.3: Macro-economic assessment of the SET-Nav pathways.

3

See results and reports: http://www.set-nav.eu/content/pages/library

17 | P a g e

Comparative assessment and analysis of SET-Nav pathways

3 Pathways results: Buildings
3.1 Model description Invert/EE-Lab
The core tool to quantify developments in the buildings sector applied in the SET-Nav project is the
building stock model Invert/EE-Lab. Invert/EE-Lab is a dynamic bottom-up building stock simulation tool.
Invert/EE-Lab in particular is designed to simulate the impact of policies and other side conditions in
different scenarios (policy scenarios, price scenarios, insulation scenarios, different consumer behaviours,
etc.) and their respective impact on future trends of energy demand and mix of renewable as well as
conventional energy sources on a national and regional level. More information is available on
www.invert.at or e.g. in Kranzl et al., (2013) or Müller, (2012).
t=t0

Database building stock
(t=t0, input of simulation results for t1 … tn)

t=t1 … tn

Building stock data
Installed heating and hot water systems
• U-values
• Geometry
• Installation/constr. period
• Regions
• Type of use

Database heating and hot
water technologies

•
•
•
•
•
•

η/COP/solar yield
investment costs
O&M costs
Technological learning
energy carriers used
Life time

Simulation results
Installation of heating and hot water systems
(number, kW, m²)
Renovation of buildings (number, m², …)
Energy demand and consumption
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Space heating, cooling and
hot water energy needs and
delivered energy calculation
module [ON13790]
Life time module
Weibul
distribution
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• Performing measures
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heat supply system)
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Climate data
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Decision Module
Nested Logit
approach
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model
• New heating/DHW system
• New building envelope

Agent based model
Policies
Options for thermal
renovation
• Δ U values
• Cost data
Energy prices

Figure 3.1: Overview structure of Simulation-Tool Invert/EE-Lab
The basic idea of the model is to describe the building stock, heating, cooling and hot water systems on
highly disaggregated level, calculate related energy needs and delivered energy, determine
reinvestment cycles and new investments in building components and technologies and simulate the
decisions of various agents (i.e. owner types) in case that an investment decision is due for a specific
building segment.

3.2 Assumptions for pathway modelling – buildings
In a first step the assumptions on the framework conditions for all pathway calculations were harmonized
across all models involved in the pathway calculations. Table 3.1 shows an overview of the framework
conditions that were relevant for modelling the pathways in the building sector.
• The overall CO2 emission reduction target for the whole energy system was roughly -85% in the year
2050 compared to the year 2015. To reach such an overall target it was assumed that the building
sector would have to reach emission reduction targets of more than -90% in all pathways.
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• Population growth per country and economic growth are derived from the Primes – EU Reference
Scenario 2016 and translated into developments of gross floor areas in the residential and service
sector for each country.
• Wholesale prices for fossil fuels (gas, oil and coal) are derived from the IEA new policy scenario 2016,
while wholesale electricity prices are derived fro the electricity system model Entertile©. From those
wholesale prices end-user prices had to be estimated. A tool developed by Fraunhofer ISI is used to
calculate retail prices for each energy carrier including retail margins as well as taxes until the year
2050. The CO2 price is included in the taxes and is therefore not a direct input to the building stock
model used for the pathway scenarios. The resulting retail prices are interpreted as end-user prices
and are used for calculating the energy costs for heating and cooling in the pathway calculations.
Table 3.1: Overview of assumptions for the pathways in the building sector.

An overview of the main assumptions for each pathway that were implemented in the building stock
model are summarized as follows:
• The starting point for all pathways the settings in the model is the ambitious policy scenario
which has been calculated in the case studies. In all pathways we assume country specific subsidies
for renewable heating systems and thermal renovations as well as obligatory building standards. We
also calculated a reference scenario in which we assumed the same settings as in the current
policy scenario and only adjusted the overall framework conditions including the energy carrier
prices to the settings of the pathways.
• Natural gas: Following the lesson learned from the case study results that it is very likely that with
the remaining stock of heating systems fuelled by natural gas CO2 emission reductions of more than
90% in the building stock are not feasible, we simulated a phase out from natural gas in the building
sector in 3 of the 4 pathways. Only in the National Champions pathway we allowed natural gas to
stay in the mix, assuming that the remaining gas demand could be delivered by biogas or Power to
Gas.
• Diversification pathway: We interpreted the higher level pathway characteristic for the building
sector as a world where we expect to have a highly electrified and digitalized building stock. In the
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model this translates into high subsidies and low diffusion barriers for heat pumps. We also assume
a linear 40% cost reduction for heat pumps until the year 2040. Furthermore, it is assumed that smart
thermostats are the norm which we simulate by decreasing the average indoor temperatures by 1°C until the year 2050.
• Directed vision: In the Directed Vision scenario we assume that the clear shared vision leads to a
world where very ambitious thermal renovation activities can be enforced. This is simulated
assuming higher subsidies for deep renovation activities as well as enhanced renovation obligations
and buildings standards beginning in the year 2025. Furthermore, the preconditions were
interpreted in a way that district heating would also be strongly supported. We assume enhanced
investment subsidies for district heating connections and optimistic diffusion barriers as a result of
clear district heating zoning policies which are assumed to lead to high connection rates in urban
areas.
• Localization: This pathway was interpreted as a scenario with higher diffusion of solar thermal and
photovoltaic systems. The subsidies for these technologies where increased compared to the other
pathways. Furthermore, the diffusion restrictions for both technologies are lower than in other
pathways. It was decided not to directly set the settings of the model to support more diffusion of
biomass heating system as they take over a large share even with standard settings in the model.
Furthermore an increased need of biomass in the industry and transport sector is anticipated which
sets limits to an increased use in the building sector.
• National Champions: While in all other pathways the same tendencies where assumed for all
countries, the National Champions pathway represents a scenario in which different developments
per country are assumed. Based on the settings in the other pathways different settings for
technologies per country were defined. The settings were based on the assessment of the current
status in each country. E.g. countries with currently high shares of district heating were defined as
“High district heating”- countries and vice versa. Within this pathway it was also assumed that
countries where natural gas currently has very high market shares will not follow the phase out. It is
assumed that the gas demand in those countries could be covered by biogas or power to heat.

3.3 Development of final energy demand
Figure 3.2 and Table 3.2 illustrate the development of final energy demand in the pathways compared to
a reference scenario. The reference scenario is based on the current policy scenario from the case studies
using harmonized assumptions on GDP, population growth and energy prices to be comparable with the
pathways.
Total final energy demand decreases significantly in all pathways compared to the year 2015 and also
compared to the reference scenario. The additional final energy demand reductions are considered to be
a precondition for a strong decarbonisation scenario. The highest reductions from 2015 to 2050 are
achieved in the directed vision scenario where the most ambitious renovation measures in combination
with smart heating technologies are assumed. Here total final energy demand reductions are more than
-36% compared to around -25% in the reference scenario. Even in the Localization pathways, which
reaches the lowest demand reductions final energy demand is reduced by around -32%. As already
discussed in the case study section reductions are only achieved for space heating, while final energy
demand for hot water stays more or less constant and space cooling increases significantly in all
pathways.
It can be clearly seen that the main difference in all pathways compared to the reference scenario is the
use of natural gas. As already discussed in the case study section it is expected that without strong
measures like strict renewable obligation or restrictions on the use of fossil heating systems natural gas
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will still cover large shares of heat demand by 2050. In the reference scenario natural gas still covers 38%
of total final energy demand by 2050. In the diversification, directed vision and localization pathway this
share is reduced to 5%. Note that in those pathways a complete phase out from natural gas starting in
the year 2030 is simulated. In the National Champions pathway where gas-fired heating systems are
allowed in several countries gas makes up for 23% of total final energy supply. Note that to reach CO2
emission reductions of more than 90% this gas demand has to be supplied by non-fossil supply chains
(biogas or power to gas). Similar to the results in the case studies fuel oil and coal fired heating systems
almost completely disappear in the supply mix. The remaining demand stems from old heating systems
which are not replaced after the year 2030.
Table 3.2: Development of final energy demand per energy carrier for heating and cooling in EU28 for
all SET-Nav pathways

The strong decrease of gas-fired heating systems in combination with the policy settings in the pathways
trigger the diffusion of other heating systems. Depending on the pathway supply is covered by a mix of
heat pumps (reflected by ambient heat and electricity), biomass heating systems, district heating, direct
electric heaters and solar thermal systems. Solar thermal systems are assumed to cover around 9% to 10%
of final energy demand in all pathways compared to only around 1% in the year 2015.

Figure 3.2: Development of final energy demand per energy carrier for heating and cooling in EU28 for
all SET-Nav pathways

In all pathways and also in the reference scenario the share of district heating in final energy supply is
considered to increase. However, absolute final energy demand in 2050 for district heating is only
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considered to increase in the Directed Vision (547 TWh, 23%) and Localization (438, 17%) pathways.
Although district heating is considered to be an efficient substitute for natural gas in urban area the
pathway analysis suggests that final energy demand will not increase drastically due to reductions in
space heating demand. The results also suggest that existing networks could be expanded without
significantly increasing the total heat generation capacity. Note however that it also has to be assumed
that district heat supply is largely decarbonized until 2050 to reach emission reductions of more than 90%
for the building sector.
A similar development is simulated for biomass heating systems. The share of biomass increases
significantly from 14% in 2015 to at least 18% in the National Champions pathway and up to 23% in the
Diversification pathway. The reason why decentral biomass systems are highest in the Diversification
pathway is that within this pathway non-fossil decentral heating systems cover larger shares due to lower
shares of district heating or gas networks (only in National Champions pathway). But even in the
Diversification pathway the increase of biomass use is moderate (578 TWh in 2050 compared to 520 TWh
in 2015). This is due to the thermal renovation measures that help to preserve biomass resources for
heating but also due to the biomass potential restrictions in the model. The restricted potentials lead to
higher biomass prices which also limit a stronger diffusion of biomass systems. Note that the overall
demand for biomass increases significantly due to demand increases in the transport and industry sector.

Figure 3.3: Development of final energy demand for district heating, electricity and biomass in the year
2050 compared to the 2015

Figure 3.3 also illustrates the level of electrification for heating and cooling in the building sector in
contrast to the case study scenarios electricity demand increases significantly due to a stronger diffusion
of heat pumps. In buildings with higher heat supply temperatures also direct electric heater are installed
at the end of the simulation period. This is also due to the restrictions on biomass use which are originally
the preferred option for higher temperature decentral heating systems. The highest increase of total
electricity demand is observed in the Diversification pathway where electricity demand for heating and
cooling increase from around 410 TWh in 2015 to 663 TWh in 2050. Within those pathways a flexible
control of heat pumps and direct electric heating systems becomes even more important, also
considering the additional increase in electricity demand in the transport and industry sector as well as
the high shares of fluctuating renewables. Figure 3.4 further illustrates the development of electricity
demand for heating and cooling showing the development per end use category and technology. The
figure reveals that by 2050 around 200 TWh of electricity is needed to cover cooling demand in buildings.
Despite the higher efficiency of heat pumps also electricity demand for space heating and hot water
increases compared to the base year. Also note that this is in contrast to the reference scenario where
electricity demand for heating is supposed to decrease substantially due to the substitution of direct
electric heaters with heat pumps. The main increase of electricity demand takes place after 2030 in
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parallel to gas phase out. Such a development would also be in line with overall CO2 emission reductions
given that also the electricity sector is less decarbonized before 2030.

Figure 3.4: Electricity demand in SET-Nav pathway per technology and end-use.

3.4 Renewable shares and CO2 emissions
Figure 3.5 illustrates the development of renewable shares as well as the shares of the secondary energy
carriers electricity and district heating. The shares of fossil fuels in the National Champions scenario
include the remaining gas consumption. Note that in the supply scenarios it is assumed that natural gas
can be substituted by biogas or power to gas which was not included in the building stock model
Invert/EE-Lab. It can be seen that the main part of the transformation to a decarbonized buildings stock
happens between 2030 and 2050. By 2030 fossil fuels still account for around 50% of final energy. This
share is reduced to 7% in the Diversification and Localization pathway and 6% in the Directed Vision
pathway. The remaining share of 26% in the National Champions pathway represents results from the
gas demand in the countries where new installations of gas systems are still allowed after 2030. This is
close to the remaining natural gas demand which resulted from the assumptions implemented in the
ambitious policy scenario for the case studies. Also the high share of 45% fossil supply in the reference
scenario indicate that very ambitious and strong measures are needed for a strong decarbonisation of
the building stock. It also has to be noted that district heating and electricity make up for more than 1/3
of energy supply in all pathways and up to 47% in the directed vision scenario. Therefore those pathways
only reach the goal of -90% CO2 emission reductions if these sectors are highly decarbonized as well.

23 | P a g e

Comparative assessment and analysis of SET-Nav pathways

Figure 3.5: Shares of fossil fuels, renewables, electricity and district heating in all SET-Nav pathways.

Figure 3.6 shows the development of CO2 emission from fossil heating systems in 2050 compared to the
year 2015. Indirect emissions resulting from the supply of district heat and electricity are not included in
this figure. As in Figure 3.5 natural the emissions in the National Champions pathway have to be
interpreted as the CO2 emissions that would result if the natural gas supply is not substituted by biogas
or power to gas. The emission factors used for estimating CO2 emissions from fossil energy carriers are (in
kgCO2/kWh primary): Coal 0.342, Fuel oil 0.288 and Natural gas 0.198. Under these assumptions fossil CO2
emissions combusted in heating systems across EU-28 are reduced from around 540 million tons CO2 in
2015 to around 40 million tons CO2 in 2050 in the Localization, Diversification and Directed Vision
pathway. This amounts to a reduction of more than -90% in these pathways. The theoretic result of
remaining 138 million tons in the National Champions scenario once again highlight the need to
substitute natural gas in this pathway to reach reductions in the range of -90%. The figure also shows that
in 2015 and 2030 around 2/3 of direct fossil emissions in the heating and cooling sector results from the
combustion of natural gas indicating that very ambitious emission reduction targets in the building stock
would also mean a phase out of natural gas for heating in the building sector.

Figure 3.6: Development of CO2 emissions from fossil heating systems in all SET-Nav pathways
(assuming the use of natural gas also in the National champions pathway)
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3.5 Investments in thermal efficiency measures and energy expenditures.
Figure 3.7 shows average annual investments in thermal renovation measures (investments in pure
maintenance measures of building are excluded) and heating systems for all pathways. The points in the
figure illustrate the amount of subsidies for heating systems and thermal renovation measures
respectively. It can be clearly seen that all pathways require significantly higher investments than the
reference scenario. The highest investments result from the policy settings in the directed vision scenario
due to significantly higher investments in thermal renovation measures. Table 3.3 shows that those
additional investments are partly triggered by higher subsidies for deep thermal renovation. On average
subsidies cover around 28% of the investments in those measures in the directed vision pathway while
subsidy shares are between 11% and 14% in the reference scenario. Subsidies levels are much lower for
heating systems as the transition towards renewable heating systems is mainly triggered through
renewable obligations and restrictions on new fossil heating systems rather than financial support.

Figure 3.7: Average annual investments and subsidies for heating systems (HVAC technologies) and
thermal renovation measures (building envelope) in SET-Nav pathways – EU28.
Table 3.3: Average annual investments and subsidies for thermal renovation measures (building
envelope) in pathways

Figure 3.8 shows investments in heating systems per technology. The figure reveals that the phase out
from natural gas triggers higher investments into other heating systems. While in the period until 2030
investments for heating systems in the pathways are only slightly higher than in the reference scenario.
After 2030 around 20 billon € of annual investments are required to replace gas fired systems. Note that
those costs also include energy carrier change costs that are implemented in the building stock model
(Additional costs are assumed when buildings change from one energy carrier to another one). This also
explain the lower investments in the national champions pathway in which not all countries move away
from gas fired systems. Note that this assumes that the existing gas fired systems can also be operated
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with alternative gas sources. It should also be noted that the additional costs to set up an infrastructure
to deliver alternative “green” gas is not reflected in those figures. This is also the case for district heating
for which investments in the building stock model are defined as the costs for connecting a building to
the grid, while the costs for constructing and maintaining the heat networks is reflected in the energy
expenditures.

Figure 3.8: Investments in heating systems per technology in SET-Nav pathways and total subsidies for
heating systems (red diamonds)

Figure 3.8 also highlight the dramatic increase of investments in heat pumps after 2030. It can also be
seen that while investments in biomass systems increase from 2030 to 2040, new investments slow down
until 2050 which is due to the restricted biomass potentials assumed in the model. On the other hand
direct electric heaters are increasingly installed again after 2030. All pathways result in high investments
of solar thermal and PV systems and in combination with other heating systems.
Figure 3.9 shows the development of energy expenditures per end use category. It is expected that costs
for cooling will account for around 20% of energy expenditures. The share of space heating decreases
from around 73% in 2020 to around 60% or lower in all pathways. Energy expenditures for hot water
supply decrease from 50 billion € in 202, to around 40 billion € due to the contribution of hot water supply
by solar thermal systems and the use of efficient heat pumps. Figure 3.9 also shows that despite lower
total energy demand compared to the reference scenario, energy expenditures are more or less on the
same level. This is a result of higher costs for biomass and the switch from natural gas to electricity with
typically higher end-user prices.
Figure 3.10 which shows energy expenditures per energy carrier. In all pathways expenditures for
electricity account for the largest share of energy expenditures for heating and cooling in the year 2050
compared to only 32% in the reference scenario. These figures reveal the strong link between the
electricity sector and heating/cooling sector in strong decarbonisation scenarios. Figure 3.11 provides
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more insights into those electricity expenditures by showing the split between cooling, space heating,
hot water and auxiliary energy demand for all heating systems.

Figure 3.9: Development of energy expenditures per end use in SET-Nav pathways.

Figure 3.10: Development of energy expenditures per energy carrier in SET-Nav pathways

27 | P a g e

Comparative assessment and analysis of SET-Nav pathways

Figure 3.11: Expenditures on electricity in SET-Nav pathways per end use category

3.6 Conclusions and policy recommendations
•

•

•

•
•

•

The pathway analysis show that ambitious CO2 emission targets of more than 90% until the year
2050 can be reached. However strong measures to increase the thermal efficiency of the building
stock and to promote a high diffusion of low carbon heating systems are needed.
Very ambitious decarbonisation scenarios also go hand in hand with a phase out of natural gas in
the long term. Given the currently high market share and competitiveness of natural, the existing
gas infrastructure in Europe, and planned supply infrastructure project such a development can be
considered as a big challenge and would require strong policy measures. Considering the long
lifetime of heating systems such a phase-out would have to start latest in the year 2030 to reach CO2
emission reductions beyond -90% in the building stock. A phase out of natural gas heating systems
triggers large investments in alternative technologies for heating. Only if natural gas can be
substituted by a form of low carbon “green gas” (e.g. biogas, power to gas) the preservation of a gas
supply infrastructure for buildings is in line with high CO2 mitigation targets.
District heating can be a substitute for natural gas in urban areas and allows to integrate low carbon
heat sources which cannot be integrated in decentral heating system. E.g. waste heat, solar thermal
in combination with large storage, or large scale heat pumps that exploit mid to high temperature
heat sources. To ensure the competitiveness of district heating high market shares within district
heating supply areas are needed. These could be achieved by regulatory measures (e.g. zoning) that
go hand in hand with a phase of fossil heating systems in urban areas.
Heat pumps and solar systems are key technologies to reach low emissions in the building stock.
Both technologies show a strong increase in all calculated scenarios.
The use of biomass is also crucial in strong decarbonisation scenarios. However biomass potentials
are limited and demand for biomass is also expected to strongly increase in the industry and
transport sector. Although the number of installed biomass heating systems increases significantly
the increased efficiency of the building stock leads to only moderate increases of biomass use for
buildings in the pathways.
Thermal renovation measures are needed to conserve renewable resources, in particular biomass.
Furthermore, thermally renovated buildings support the integration of heat pumps as typically
higher efficiency can be reached in thermally efficient buildings. In addition, the more the overall
energy demand for space heating can be reduced the less additional electricity demand resulting
from the diffusion of heat pumps can be expected in ambitious decarbonisation scenarios.
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•

•

Cooling demand is expected to increase significantly until the year 2050. Measures to increase the
efficiency of cooling systems or the promotion of district cooling gain importance to reduce
electricity demand and the resulting pressure on the electricity system.
The decarbonisation of the buildings stock is strongly linked to the electricity system. A substantial
share of heating and cooling demand is expected to be covered by electricity. Only if the electricity
system is decarbonized in parallel overall CO2 emission reduction targets can be reached. The
analysis shows, that while for moderate CO2 emission reduction targets electricity demand for
heating is reduced or stays constant in the long term, very ambitious targets in combination with a
phase out of natural gas triggers a significant increase of electricity demand for heating in the
building stock.
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4 Pathways results: Transport
4.1 Model description ASTRA
ASTRA (ASsessment of TRAnsport Strategies) is an integrated assessment model for strategic policy
assessment in the transport and energy field. The model covers all EU28 member states plus Norway and
Switzerland. A strong feature of ASTRA is the ability to simulate and test integrated policy packages and
to provide indicators for the indirect effects of transport on the economic system. The ASTRA model
covers the time period from 1995 until 2050. Results in terms of main indicators are available on an annual
basis.
ASTRA simulates the development of passenger and freight transport per mode with an adapted classical
four stage modelling approach. The model is calibrated to match major indicators for the time series from
1995 until 2015 such as transport performance, fuel consumption, CO2 emissions and GDP according to
the main European reference sources such as Eurostat. For future trends until 2050, the EU Reference
Scenario (Capros P. et al. 2016) provides parameters like the development of GDP, population and energy
prices and serves for validation of the ASTRA model behaviour (e.g. transport performance and fleet
development) in the Reference scenario.
A key feature of ASTRA as an integrated assessment model is that the modules are linked together. An
overview on the modules and their main linkages is presented in the following figure. A more detailed
description of the ASTRA model can be found in Krail (2009) and Fermi et al. (2014) or on the ASTRA
website (www.astra-model.eu).

4.2 Assumptions for the pathway modelling
This section explains how the pathways descriptions have been interpreted to develop assumptions for
the transport modelling with the ASTRA model for each of the four SET-Nav pathways.
The pathways were developed based on the insights gained in the case study for transport (Ajanovic et
al, 2018). While the case study defined two extreme policy scenarios assuming all countries using either
hybrid trolley trucks in the first scenario or FCEV in the second scenario as decarbonisation option for
trucks, the pathways include much more variation of technologies between countries depending on the
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characteristics of the four pathways. Thus, biofuels, LNG and CNG vehicles are also foreseen as alternatives
for road transport, even if they seem less preferable compared to electrification via BEV, PHEV, FCEV or
trolley vehicles.
In addition, two limitations of the case study scenarios were considered for the pathway simulations. The
first limitation of the case study was that automated vehicles were not included. As their diffusion seems
relevant for some of the pathway storylines, scenarios for automated vehicles were integrated in the
model based on the study by Krail et al. (2019). The market entry of automated and driverless cars is
expected after 2035. Driverless vehicles have a higher fuel efficiency of 15-18%. Overall effects on
emissions will depend on its application - e.g. using driverless cars only as part of public transport, as
shared vehicles in car sharing fleets or permitting them also for private use. Driverless trucks and buses
are assumed to diffuse faster into vehicle fleets compared to cars due to higher cost saving potentials
with the reduction of driver costs and increased fuel efficiency gains. For the pathways, two scenarios for
connected and automated driving were applied based on the study by Krail et al. (2019). The first scenario
assumes a „World of vehicle ownership“, while the second scenario represents a "World of mobility
services“, in which automated ride sharing for passengers increases and shared automated vehicles for
freight lead to increased load factors and more multi-modal transport. This most recent implementation
in the model includes effects of connected and automated driving on fuel consumption, occupancy rates,
load factors, costs and time required per kilometre. Implications for the number of new vehicles per year
are assumed to be minor as higher annual kilometres of shared vehicles lead to faster scrapping and
substitution.
The second limitation mentioned for the scenario simulation in the case study was that changes in
behaviour and technology choice that are not mainly cost-driven are hard to predict and depend on
multiple factors including societal trends and the perceived attractiveness and convenience of more
sustainable alternatives. Thus, depending on the characteristics of the pathways, the acceptance levels
for car sharing and the active modes walking and cycling, for the diffusion of specific technologies and
investments in local public transport were varied. It was also assumed that home-owners with roof-top
PV have a higher probability to buy a BEV or PHEV car which becomes relevant in particular for scenarios
in which RES electricity supply is deployed with decentral solutions. A reduction of transport activity by
avoiding trips was not considered while mode shifts can occur within the model simulation to a certain
extent.
In the following, the interpretation on how the transport sector develops based on the individual SETNav pathway characteristics is described by highlighting the main differentiation factors.
Diversification: The pathway envisions a future in which the transport system transforms into a "mobility
as a service" system where multi-modal information platforms and services are deployed fast. New
business models based on shared vehicles lead to higher occupancy and load factors for passenger and
freight transport and increase the overall efficiency of the system. Car ownership declines in general while
the trend towards car sharing increases. An early market entry of autonomous driving further intensifies
multi-modal transport solutions and usage. Several alternatives to conventional power train technologies
and a range of different policies are adopted varying between different countries in Europe. The
described developments are enabled by a prevailing openness for new technologies, a regulatory
opening, high levels of digitalization and experimentation by diverse heterogeneous actors including
many new entrants.
Directed Vision: For this pathway, centralized policy and investment decisions across all EU countries
provide a strong, common direction for low carbon transport. Pure ICE vehicles for passenger and light
freight road transport are phased out. Trolley infrastructure for trucks is undertaken in most countries
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with good access to the EU power grid while islands with limited interconnections adopt fuel cells
instead. There is considerable support for public transport and rail freight also for national and
international distances enabling a significant modal shift to more efficient modes. Biofuels are mainly
foreseen for non-road modes for which alternative low-emission technologies seem not sufficiently
mature to prevail substantially by 2050. Behaviour change plays a relatively minor role, the private
ownership of cars is still prevalent.
Localization: This pathway moves towards transport systems for localized and sharing economies. The
role of car sharing, public transport, walking and cycling increases for local mobility. Urban planning
measures provide adequate infrastructure for active modes and investments for local public transport are
made. The adoption of new technologies differs between countries; big infrastructure projects such as
trolley truck infrastructure are avoided. Decentral electricity production via roof-top PV increases
incentives for households to buy electric cars. Overall, technological learning is slower due to more
diversity and weak spillovers. Therefore, and due to the focus on local resources, the demand for biofuels
is relatively high to achieve the GHG reduction targets for transport.
National Champions: The National Champions pathway has elements in common with the Directed
Vision pathway, as some countries adopt strong policies to achieve decarbonisation, however,
emphasizing national development of new technologies instead of international links. Biofuels are
adopted on a large scale also for road transport. Only urban ICE buses are phased out. Internal
combustion engine vehicles with the strategy to substitute fossil fuels by alternative fuels are considered
as acceptable technology solution for many areas of application. This strategy implies supporting
technological progress for sustainable biofuel production including advanced biofuels and an optimal
use of biomass. While existing filling station infrastructure can be maintained, supply with biofuels has to
be established. The institutions of mobility remain based on car ownership; car sharing is not a major part
of transportation. There is relatively little modal shift from road to rail.
Model assumptions for pathways
In order to achieve the overall GHG reduction target across all sectors, it is intended that the transport
sector reduces GHG emissions by -65% in 2050 compared to 1990 for all pathways. This strong
decarbonisation of the transport sector requires ambitious and effective policy measures. Thus, several
measures that were elaborated, these include:
•
•

•
•
•
•

policies to improve the efficiency of vehicles for all road modes,
measures to increase costs for conventional vehicles while decreasing them for low-emission
vehicles (vehicle registration tax and fuel tax based on emissions, R&D and subsidies for new
technologies),
the deployment of charging stations and alternative fuelling infrastructure,
measures for non-road modes, increased electrification for railways and emission standards for
aircrafts and ships,
policies to increase the share of biofuels for road and non-road modes, and
measures to achieve a modal shift from driving by individual cars to public transport, car sharing
and active modes (assuming e.g. urban planning measures, electronic multi-modal platforms
and services, etc.).

The main distinctive assumptions of the individual pathways are described in the following:
Trolley truck infrastructure is deployed for the Directed Vision pathway for all countries with good access
to the EU power grid, for the pathways Diversification and National Champions only for selected countries
with higher probability of deployment based on current pilot studies, while no deployment takes place
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in the Localization pathway due to public resistance to new big infrastructure. Hydrogen infrastructure
deployment and support for FCEV takes place to different levels in the Diversification and the Localization
pathway, for the Directed Vision pathway only for countries without trolley truck infrastructure. The
diffusion of CNG and LNG is not further supported in the pathways Directed Vision and National
Champions while there are moderate measures promoting these technologies in selected countries in
the two more decentralised pathways. The level of biofuel shares varies depending on the country, in
particular for the pathways Diversification and Localization. For road transport, the biofuel shares were
assumed to increase strongly in the National Champions pathway, while they rise least in the Directed
Vision pathway. The highest average biofuel share for aviation in 2050 is reached in the Directed Vision
pathway with 55%, while all pathways have a share above 40%.
Phase-out of pure internal combustion engine vehicles for new cars, vans and urban buses is
implemented in the Directed Vision pathway across all European countries by 2035 while this strong
policy measure plays a minor role in the other pathways for which its implementation varies concerning
vehicle scope, affected countries and year of completion.
Based on the storyline of the pathways, automated and connected driving was implemented with the
scenario "World of mobility services“ for the Diversification pathway, while the scenario „World of vehicle
ownership“ was chosen as most adequate for the three other pathways. Several parameters that affect
mode shifts towards car sharing, walking, cycling and public transport were varied according to the
described storyline of each pathway. The improvement of public transport was defined highest in the
Directed Vision pathway, the acceptance of car sharing lowest in the National Champions pathway, and
the trend for e-bikes has the highest level in the Localization pathway, just to name a few examples.
Table 4.1: Summary of varied technology and policy assumptions for the SET-Nav pathways
Diversification

Directed Vision

Localization

National Champions

Trolley truck
infrastructure

DE, NL, DK, FI, SE, NO

Trolley trucks in most
countries (wo islands)

-

DE, DK, FI, SE, NO

Measures for
FCEV diffusion

Different levels

in countries
wo trolley trucks
UK, IE, CY, MT

Different levels

Very low, selected
countries only

Measures for
CNG/LNG
diffusion

Different levels

Very low, selected
countries only

Different levels

Selected countries only

Biofuel share

Different levels low to
high

Low for road modes,
very high for aviation

Different levels low to
high

Very high in all
countries also for road
modes

Phase-out ICE
vehicles

Urban buses, cars &
LDV in selected
countries 2030-40

Urban buses in 2030,
cars & LDV in 2035

Urban buses in 2030 for
EU15/NO/CH, cars/LDV
in selected countries in
2035/40

Urban buses in 2030 for
EU15/NO/CH, in 2040
for EU13

Autonomous
driving

Scenario
„World of mobility
services“

Car sharing,
active modes

Variations of levels for several parameters, e.g. highest level of improvement of public transport in
Directed Vision, lowest diffusion of car sharing in National Champions, highest level of e-bike
penetration in Localization.

Scenario „World of car ownership“

4.3 Transport sector development across pathways
The CO2 emissions for the four pathways is depicted in Figure 4.1. All pathways exceed the European
reduction targets for the transport sector in 2030 and in 2050. In 2050, the targeted GHG reduction of 65% compared to 1990 is achieved for all pathways.
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Figure 4.1: CO2 emissions by transport mode in EU28 until 2050 in Mt CO2-equivalent

As for technology diffusion in the vehicle stock, Figure 4.2 shows the development of the powertrain
technologies in the European car fleet for the four pathways. The highest share of electric cars (BEV and
PHEV) in 2050 with over 90% is achieved in the Directed Vision pathway due to the phase-out decision
for pure ICE cars with completion for new sales by 2035 for all European countries. In the Diversification
and the Localization pathway battery electric car share reaches around 50% in 2050. The diffusion over
time is supported in these two scenarios by the more decentral deployment of RES: Households with rooftop PV have a higher probability to purchase a BEV or PHEV vehicle due to financial incentives as they
generate the electricity for charging the batteries with their PV system and due to stronger technical
familiarity. In addition, phase-out decisions were assumed in some countries. In the National Champions
pathway, the share of battery electric cars is about a third in 2050. The ratio of PHEV to BEV is with 2:1
relatively high in the Directed Vision pathway as result of the phase-out decision. It was assumed that this
strong intervention leads to higher PHEV purchases as it forces all new car buyers to choose an electric
car even if they have reservations about battery electric vehicles.

Figure 4.2: Car fleet composition by technologies in EU28 until 2050

Figure 4.3 depicts the technology diffusion in the light duty vehicle fleet. The development trends are
similar to the diffusion in the car fleet as similar policies apply, but result in higher shares of battery electric
vehicles. One reason is the increasing fleet of CEP (courier, express mail and parcels) operators delivering
parcels in cities that already tend to change to vehicles with electric drive. Also, other vehicle owners like
craftsmen want to ensure that they can enter cities to get to their clients.
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Figure 4.3: Light Duty Vehicle (LDV) fleet composition by technologies in EU28 until 2050

For the truck fleet, the technology diffusion over time is illustrated in Figure 4.4. In the Directed Vision
pathway, the diffusion of hybrid trolley trucks for the heaviest truck weight class becomes obvious. As
the trolley truck overhead cable infrastructure is assumed to be deployed as of 2020, trolley technology
starts diffusing from this time onwards for the road tractors and long-distance trucks. This is also the case
in some countries in the pathways Diversification and National Champions for which the respective
infrastructure deployment was assumed based on current pilot studies. The Diversification scenario
results with the lowest diesel share in 2050 of all pathways. Technologies in the vehicle stock are diverse
including a certain penetration of hydrogen trucks. The diffusion of fuel cell electric trucks starts later and
depends on the weight class due to challenges related to the technology, the hydrogen production and
its distribution to refueling stations. Except for the Directed Vision pathways, CNG and LNG trucks also
diffuse notably. However, their CO2 reduction potential is relatively low and requires higher shares of
biomethane to contribute to the reduction target. BEV and PHEV trucks diffuse to a certain extent in all
pathways for the lowest weight class.

Figure 4.4: Truck fleet composition by technologies in EU28 until 2050

Figure 4.5 visualizes the bus fleet composition. The fleet comprises urban buses and coaches. Depending
on the infrastructure deployment, learning effects between road modes and decisions on a phase-out of
urban diesel and CNG buses, low-emission technologies diffuse in the pathways to a different extent. For
urban buses, BEV, FCEV and CNG buses are the most visible alternatives chosen. The number of urban
trolley buses increases assuming infrastructure extensions and their suitability for bus lines with high
demand. However, their share in the urban bus fleet stays minor compared to other technologies due to
lower acceptance of the required infrastructure within the cities. Diesel plays still a major role for coaches
except for countries in which LNG and hydrogen is promoted for trucks. With a deployment of overhead
power lines on motorways for hybrid trolley trucks, trolleys might become also an option for coaches. As
this option has only recently been discussed and due to low modal share of long-distance coach
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transport, this technology option has not been implemented in the model yet and could not be
considered in the pathway simulation.

Figure 4.5: Bus fleet composition by technologies in EU28 until 2050

Development of transport performance and modal split: As already described above, transport
demand is assumed to increase over time, mainly caused by economic and population growth expected
in the future decades. However, in all pathways, kilometres driven by cars will grow less strongly
compared to total passenger transport performance due to policies and measures that encourage to use
public transport or to choose walking or cycling for local distances instead of using the car (see Figure
4.6).

Figure 4.6: Passenger Land Transport EU28 in Mio. passenger kilometres (pkm)

Figure 4.7: Passenger Transport EU28 - Modal split (based on pkm origin country)
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This impact is also visible when looking at the modal split for passenger total transport demand (see
Figure 4.7). The modal share of cars in the pathways is estimated to decrease by ~6% in 2050 compared
to 2015. The highest gains of modal share for public transport (trains and buses) are achieved in the
Directed Vision Pathway (+4% in 2050 compared to 2015), followed by the Localization (+3,5%) and the
Diversification Pathway (+3,3%).
While cars remain the main option for long-distance transport despite a slightly reduced role, more
sustainable modes gain modal share in short distances for local transport. These include besides public
transport services (bus, train, etc.) innovative mobility solutions (e.g. e-bikes) as well as active modes
(walking and cycling).
For the freight sector, road transport will remain the central mode in all pathways. Until 2030, the modal
share of trucks decreases slightly but regains share in the modal split towards 2050. This rebound effect
results from measures like improved fuel efficiency, emission standards and deployment of refuelling
infrastructure for alternative fuels that make road freight transport relatively clean and in addition
economically attractive over time. Moreover, prices of low-emission technologies like PHEV, BEV, FCEV
and trolley trucks decline due to economies of scale and learning. The smallest rebound effect could be
observed in the Directed Vision pathway for which the biggest improvement of railway infrastructure was
assumed.
Final energy demand: Figure 4.8 visualizes the development of the final energy demand for the
transport sector (excluding international shipping) by energy carrier. For all pathways, the total final
energy demand is decreasing over time despite a growing transport activity. The underlying strong
improvement of fuel efficiency is achieved through stricter standards for cars, vans, buses and trucks and
positive efficiency effects of autonomous driving towards 2050. In addition, the increasing electrification
of road transport has a favorable impact as battery electric vehicles and trolley trucks have higher
efficiency factors compared to ICE vehicles. Thus, the final energy demand is lowest in the Directed Vision
pathway as this pathway has the strongest electrification because pure ICE cars and vans were phasedout and trolley truck infrastructure on highways was deployed.

Figure 4.8: Final energy demand of the transport sector by energy carrier in TWh in EU28 until 2050

The electricity consumption by the transport sector increases noticeably in all pathways (see Figure 4.9).
The consumption is highest in the Directed Vision pathway with more than 800 TWh in 2050 representing
a third of the final energy demand of the transport sector and lowest in the National Champions pathway
with about 400 TWh. While trains consume more than 99% of the electricity from transport in 2015, cars
will dominate the electricity demand by 2050 in all pathways due to the diffusion of battery electric
vehicles.
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Figure 4.9: Final electricity demand in TWh in EU28 in 2050 by scenario and mode

Figure 4.10 shows the development of hydrogen consumption by pathway in 2050. While hydrogen
consumption is only marginal in the National Champions pathway, the other three pathways show a
certain diffusion of FCEV with respective quantities of hydrogen consumption in particular by trucks but
also by cars and buses. The highest amount of hydrogen with more than 110 TWh in 2050 is consumed
in the Diversification pathway where heterogeneous actors and experimentation lead to a higher
diffusion of FCEV technology.

Figure 4.10: Hydrogen demand in TWh in EU28 in 2050 by scenario and mode

Figure 4.11: Biofuel demand of the transport sector by type in TWh in EU28 until 2050

The development of biofuel demand is shown in Figure 4.11. As technological alternatives with higher
efficiency are not available for aircrafts, biokerosene plays an important role in all pathways in order to
achieve the GHG emission reduction targets. Biodiesel, bioethanol and biomethane are used for road
transport and for ships. The lowest amount of biofuels is consumed in the Directed Vision pathway where
the strategy lies on the electrification of road transport while biofuels are mainly intended for non-road
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modes. The highest amount of biofuels is required in the National Champions pathway where biofuels
are also seen as a solution for reducing emissions of road transport.
The higher the amount of biofuel consumption the more attention must be paid that sustainable biomass
is available in sufficient quantity. Therefore, availability of bioenergy feedstock potential has been
checked based on the EC study Biosustain (DG ENER, 2017) in which biomass potential was allocated to
different sectors including a certain share for the transport sector. In order to calculate the quantity of
bio-based fuels that can be produced with this allocated biomass, the biomass utilization efficiency (BUE)
for bio-based fuels was taken from Iffland et al. (2015; cf. table 2 on page 5). Based on these assumptions,
European biomass is sufficiently available to produce the consumed biofuels in all pathways. This
development implies learning effects for biofuel production and advanced waste-based biofuels. While
the pathways do not include PtX-fuels, these synthetic fuels could be further investigated as substitute
for biofuels.

4.4 Related investments and expenditures
Infrastructure investments
The diffusion of technologies as simulated in the case study scenarios and the pathways requires diverse
investments in infrastructure (refuelling/charging stations and their supply with alternative fuels,
pipelines for hydrogen transport as one distribution option, overhead-cable infrastructure on motorways
for trolley trucks) and in production capacities for hydrogen and biofuels. The infrastructure deployment
does not develop endogenously in the ASTRA model; instead, the extent of infrastructure deployment is
set exogenously as an input for the scenario simulation. The required investments will depend strongly
on the chosen configuration of the infrastructure. How the infrastructure should be configured for a most
cost-efficient deployment is still part of on-going studies. In the following, selected general insights from
technology-specific studies are described to provide a first indication on required investments for
infrastructure and to give an idea about alternative realization options under study.
-

-

Investments for setting up a sufficient hydrogen filling station infrastructure with a hydrogen
distribution network depend on various factors. The level of investment will depend on the number
and scale of the single stations and on the decision whether hydrogen is produced in larger
production sites and transported via pipelines and trailers or if hydrogen will be produced on-site
directly at the filling stations. Different strategies on combining various scales of filling stations
during ramp-up and for the final set-up are discussed as well. According to experts, investment costs
for a small-scale hydrogen filling station would be around 1 million Euros. Due to the different tank
capacities of passenger cars and long-haul trucks, hydrogen filling stations for trucks need to be
large-scale, requiring investments of 10 up to 36 million Euros per filling station. Kluschke et al.
(2019) suggest a set-up for Germany consisting of mainly large XXL size hydrogen fuelling stations
with a daily capacity of up to 30 t of hydrogen. A hydrogen filling station of this scale is estimated to
cost around 36 million Euro per station with additional investments of 111 million Euros for an
electrolyzer if hydrogen is produced on-site. Varying numbers and sizes of filling stations, the
deployment of a European network of 900 up to 5.000 hydrogen filling stations could lead to
infrastructure investments of around 50 billion Euros.
A study for deploying motorways in Germany with trolley infrastructure concludes that a sufficient
and cost-efficient deployment is achieved when a third of all motorways is covered with overhead
cables (Wietschel et al. 2017). Routes should be selected in a way that they represent the most highly
frequented and thus towards two thirds of the distances driven on motorways by the trucks.
Assuming a required infrastructure investment of 2 million Euros per kilometre, total investments
would add up to 51 billion Euros for EU28.
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-

Prices for battery electric vehicles decline fast, making them soon an attractive option from a cost
perspective. However, range anxiety is currently one of the biggest barriers to the purchase of
battery electric vehicles. Increasing the size of battery capacities is one solution, improving the
availability of fast charging stations an alternative. Funke et al. (2019) conclude in their study that
sufficient charging infrastructure for fast charging is key to ensure that users of BEV can complete all
their trips and from a cost perspective favourable compared with increasing battery capacities.

For the pathways, investments for the filling stations and catenary system were calculated using
assumptions based on the studies described above. Figure 4.12 shows the resulting investments for filling
and charging station infrastructure and for the deployment of a catenary system as defined for the
individual pathways in the respective years. These investments do neither include electrolyzers for the
production of hydrogen nor pipelines for the distribution of centrally produced hydrogen from larger
plants to the filling stations. Thus, overall investments that are required for the deployment of a hydrogen
filling infrastructure including hydrogen production and distribution will be significantly higher. Large
amounts for filling stations in 2035 and 2040 relate to the deployment of LNG and hydrogen filling
stations for trucks.

Figure 4.12: Infrastructure investments for new drive technologies in EU28 by pathway in million EUR

Figure 4.13: Infrastructure investments in EU28 by pathway in million EUR

In relation to all infrastructure investments that are required for maintaining and extending the transport
infrastructure, the yearly investments for setting-up a catenary system for hybrid trolley trucks and for
deploying fuelling and charging infrastructure for alternative drive technologies are comparatively low,
being in an order of below 5% of yearly total investments. Figure 4.13 visualizes this proportion. Transport
networks investments comprise the TEN-T investments intended for the development of a Europe-wide
network of roads, railway lines, inland waterways, maritime shipping routes, ports, airports and rail-road
terminals. Investments for biofuel production, hydrogen production and pipelines are not included.
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A mix of governmental and private investments seems necessary for funding the infrastructure and
alternative financing solutions have to be discussed including private-public partnerships. Investments
by the private sector might be preferable, only supported by governmental subsidies where needed.
Decisions and regulations on national and European level towards a specific technology and
infrastructure would reduce investment risks and could therefore support private investments.
Investments and expenditures of private households
Figure 4.14 shows the development of investments and expenditures by private households for land
transport in the different scenarios. While total spending increases steadily until 2050 in the Reference
Scenario and the National Champions pathway, they increase first, but decrease again towards 2050 in
the other three pathways due to the diffusion of electric vehicles and an increase in the use of transport
services. The Diversification pathway results in 2050 in the lowest investment in vehicles and related
expenditures for fuel, maintenance and insurance and the highest spending for transport services as car
ownership rates decrease and the popularity of "mobility as a service" solutions with shared rides and
vehicles increases in this scenario. Altogether, this leads to total spending for land transport by private
households being lowest in the Diversification pathway.

Figure 4.14: Investments and expenditures for land transport by private households in EU28 in million
EUR

4.5 Conclusions and policy recommendations
A combination of measures is required to accelerate the transition towards a decarbonized transport
system. The diffusion of low and zero-emission technologies depends on several factors, in particular
vehicle prices and running costs, sufficient filling and charging infrastructure, convenience and the
variety of available vehicle models. Measures to push sales of electric vehicles include stricter fuel
efficiency or CO2 standards that put pressure on the automotive industry to develop and offer more and
better electric vehicle alternatives to conventional ICE vehicles, infrastructure deployment to ensure
reliability and to reduce range anxieties and measures to reduce costs for new technologies while
increasing costs for conventional vehicles (such as fuel taxes and vehicle registration taxes based on the
related emissions). Decisions on phasing out pure ICE cars are an effective intervention to accelerate the
diffusion of alternative drive technologies and should be taken into consideration. By 2030, the
infrastructure required for low-emission technologies should be implemented at least for the core
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motorway network. This includes depending on the chosen technologies overhead cables for trolley
trucks, sufficient filling and fast charging stations including their supply with hydrogen and sustainable
biofuels.
Modal shift from cars to the more efficient modes public transport, car sharing, cycling and walking can
be achieved by making cars less attractive via urban policies (ban in cities at least for fossil-fuel based
cars, parking policies) while promoting and increasing the convenience of more sustainable modes
(multi-modal platforms enabling seamless ticketing, reduced waiting times and real-time trip planning;
town planning measures to improve infrastructure for active modes).
The diffusion of zero-emission vehicles like battery electric cars, fuel cell electric trucks and hybrid trolley
trucks generates an increasing electricity demand by the transport sector. Increasing biofuel shares as
blend for fossil fuels leads to a growth of required biomass. Biofuel production capacities need to be built
up. In contrast, the consumption of fossil fuels should decrease strongly over time.
The ambitious scenarios and pathways analysed reflect radical changes that need to be achieved within
only three decades. Policies need to be in place soon to drive this transition considering the lifetime of
vehicles, the required time for fundamental acceptance of new technologies and for changes in
behaviour, supply chains and business models.
If there are coordinated joint approaches between countries, prices for new technologies could decrease
faster due to learning effects and economies of scale. Intensive discussions are required on the best policy
mix on European and national level. Relevant discussion points include the current strategy of
technological openness versus a focus on the most cost-efficient technology pathway and most effective
and cost-efficient policy measures. Moreover, measures for the transition should ensure affordability and
inclusiveness of mobility. More research seems needed to evaluate alternative technologies and
strategies for the deployment of new infrastructure. Studies on acceptance, economic, social and
ecological impacts and secure supply of scarce resources should be considered when narrowing options
down to specific technological solutions.
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5 Pathways results: Industry
Industry accounts for about 25% of EU final energy demand and its dominant energy carriers are gas,
electricity, coal, and oil. This means the sector is critical for the achievement of European climate goals.
The EU Roadmap for moving to a competitive low-carbon economy in 2050 has set a target of -83 to 87% emission reductions in industry by 2050. Several analyses show that industry is unlikely to meet this
target without a major change in the policy framework. This section presents possible mitigation
pathways for the EU28 that achieve an ambitious reduction in GHG emissions of between 70 and 79
percent by 2050 compared to 2015 in the industrial sector - which equals an emission reduction of 82 and
87% compared to 1990. The transition scenarios contain a variety of different mitigation options
including higher energy efficiency, fuel switching to RES, CCS, power-to-heat, secondary energy carriers
based on RES, innovative production technologies and new products, material efficiency, substitution
and circular economy elements. Thus, the scope of mitigation options is very broad, particularly
compared to other studies, which are often based on CCS for the industrial sector. The results show that
RES and energy efficiency offer huge potentials for decarbonisation, but that additional measures are also
necessary, such as changes in the production structure resulting in new innovative technologies like
renewable hydrogen-based direct reduction in the steel industry or low carbon cement types.
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Figure 5.1: Overview of the bottom-up model FORECAST-Industry

5.1 Methodology and scenario definitions
The FORECAST modelling platform develops long-term scenarios for future energy demand of individual
countries and world regions until 2050. It is based on a bottom-up modelling approach considering the
dynamics of technologies and socio-economic drivers. The model allows addressing various research
questions related to energy demand including scenarios for the future demand of individual energy
carriers like electricity or natural gas, calculating energy saving potentials and the impact on GHG
emissions as well as abatement cost curves and ex-ante policy impact assessments. Energy-intensive
processes are explicitly considered, while other technologies and energy-using equipment are modelled
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as cross-cutting technologies. FORECAST is a simulation model used to support investment decisions,
taking into consideration barriers to the adoption of energy efficient technologies as well as various
policy instruments such as standards, taxes and subsidies. Different approaches are used to simulate
technology diffusion, including diffusion curves, vintage stock models and discrete choice simulation.
Figure 5.1 shows the simplified structure of FORECAST-Industry. Main macro-economic drivers are
industrial production for over 70 individually modelled basic materials products, gross value added for
less energy-intensive sub-sectors and the employment numbers. Five sub-modules cover: basic materials
processes, space heating, electric motor systems, furnaces and steam systems. For additional model
descriptions, we refer to the FORECAST website. 4
For the SET-Nav pathways, three sub-modules related to the CO2-intensive industries are of high
importance:
• Energy-intensive processes: This module covers 76 individual processes/products via their (physical)
production output and specific energy consumption (SEC). The diffusion of about 200 individual
saving options is modelled based on their payback period 5 . Saving options can represent energy
efficiency improvements, but also internal use of excess heat, material efficiency or savings of processrelated emissions.
• Space heating and cooling: Space heating accounts for about 9% of final energy demand in the
German industry. We use a vintage stock model for buildings and space heating technologies. The
model distinguishes between offices and production facilities for individual sub-sectors. It considers
the construction, refurbishment and demolition of buildings as well as the construction and
dismantling of space heating technologies. Investment in space heating technologies such as gas
boilers or heat pumps is determined by a discrete choice approach.
• Electric motor systems and lighting: These cross-cutting technologies (CCTs) include pumps,
ventilation systems, compressed air systems, machine tools, cold appliances, other motor appliances
and lighting. The module captures individual units as well as the entire motor-driven system, including
losses in transmission between conversion units. The diffusion of saving options is modelled in a
similar way to the approach used for process-specific saving options.
• Furnaces: energy demand in furnaces uses the bottom-up estimations from the module “energyintensive processes”. Furnaces are found across most industrial sub-sectors and are very specific to
the production process. Typically, they require very high temperature heat. The furnaces module
simulates price-based fuel switching using a random utility model.
• Steam and hot water systems: the remaining process heat (<500°C) is used in steam (and hot water)
systems. The module covers generation and distribution of steam and hot water. For distribution,
efficiency improvements for each scenario are based on available literature. Steam generation is
modelled using a vintage stock model simulating the replacement of the entire steam generation
technology stock. More than 20 individual technologies are taken into account including natural gas
boilers, CHP units, biomass boilers, heat pumps, electric boilers and fuel cells. Fuel switch is
determined as a result of competition among the individual technologies using the total cost of
ownership.

4

http://www.forecast-model.eu/

More details on implementations and results, we refer to the online SET-Nav library and the WP5 report summary:
http://www.set-nav.eu/sites/default/files/common_files/deliverables/D5.8%20SET-Nav_WP5_Summary_report_final.pdf
5
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Table 5.1: Pathway characterization by mitigation option
GHG
Across
targets sectors
Mitigation
options
Incremental
efficiency
improvements

based on the EU Roadmap, minimum of -83 to -87% reduction compared to
1990 reduction to be achieved by industry
Diversification
Directed Vision
Localization
National
champions
Faster diffusion of
incremental
process
improvements
(BAT & INNOV
≥TRL3 5).
-

Faster diffusion of
incremental
process
improvements
(BAT & INNOV
≥TRL3 5).
Radical process
improvements
(INNOV ≥TRL 5)

Faster diffusion of
incremental
process
improvements (BAT
& INNOV ≥TRL3 5).

Stronger
fuel
switching
to
biomass, power-toheat and power-togas technologies.
Radical changes in
industrial process
technologies take
place (e.g. switch to
hydrogen).
Low demand for
district heating.

Fuel switching to
power-to-heat
(<500°).
Use of existing
equipment
(no
radical changes in
industrial processes
technologies).

Stronger fuel
switching to
biomass, power-toheat and power-togas technologies.
Radical changes in
industrial process
technologies take
place (e.g. switch
to hydrogen).
Low demand for
district heating.

Fuel switching to
biomass and
electricity (<500°).

Carbon capture
and storage

No CCS

Recycling and reuse

Stronger switch to
secondary
production (e.g.
electric steel,
secondary
aluminium).
Decrease in clinker
factor. Increase in
material efficiency &
substitution.

CCS for major
energy-intensive
point sources.
Stronger switch to
secondary
production (e.g.
electric steel, sec.
aluminium).

Fundamental
process
improvement
Fuel switching to
RES

Material
efficiency and
substitution

Faster diffusion of
incremental process
improvements (BAT
& INNOV ≥TRL5).
Radical process
improvements
(INNOV ≥TRL 5)

More
district
heating demand.

Less effort in
material efficiency
& substitution.

No CCS
Stronger switch to
secondary
production (e.g.
electric steel,
secondary
aluminium).
Decrease in clinker
factor. Increase in
material efficiency
& substitution.

-

Use of existing
equipment (no
radical changes in
industrial processes
technologies).
More district heat
demand
CCS for major
energy-intensive
point sources.
Stronger switch to
secondary
production (e.g.
electric steel, sec.
aluminium).
Less effort in
material efficiency
& substitution.

5.2 Assumptions for pathway modelling - industry
The SET-Nav pathways can be translated into two pathways for the industrial sector (see Fehler!
Verweisquelle konnte nicht gefunden werden.):


Directed Vision/National champions: pathway with focus on the use of CCS in industry



Diversification/Localization: pathway using a portfolio of many different mitigation options
including low-carbon innovations, ambitious material efficiency and circular economy, hydrogen
as an energy carrier and feedstock as well as electricity for process heating.

In these pathways, any remaining energy efficiency potentials are almost completely exploited implying
that effective policies are in place to overcome barriers to improved energy efficiency (e.g. EMS, audits,
minimum standards). In addition, financial support for RES and RES based electricity is assumed to
support fuel switching to biomass, power-to-heat and power to gas. Furthermore, a CO2 price of 150
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euros/t CO2 in 2050 is assumed. Companies in the pathways can anticipate increasing prices ten years in
advance, implying a stringent and well-communicated commitment to the EU ETS or even a CO2 floor
price path.
In terms of physical production, blast furnace steel, electric arc steel, cement and ethylene are among the
most important industrial products. In the Directed Vision/National champions scenario only the cement
production shows an clearly increasing trend due to needed investment in infrastructure, refurbishment
and renewable energy sources (e.g. wind) for the achievement of an ambitious mitigation target.
Production in the European steel industry is stagnating assuming a constant development in established
steel producing countries (e.g. Austria, Germany) as well as a decoupling of value added and physical
production based on historic trends while for selected new member states, still slight increase in steel
production is assumed. In the Diversification/Localization pathway increased efforts in material efficiency
and substitution as well re-use are assumed leading to a lower crude steel and cement production in 2050
compared to the Directed Vision/National champions pathway. Recycling and secondary production
routes are considered for steel, aluminium, copper, paper and glass. For cement production, a reduction
of the clinker ratio (share of clinker input compared to cement output) is considered. Especially in the
steel industry, a strong increase of secondary production substituting blast furnace steel production is
assumed. In the Diversification/Localization pathway all remaining EAF potentials will exploited under
the assumptions of improve scrap collection/quality and broader applications for EAF steel compared to
today.
In the chemical industry two main products are discussed exemplarily: methanol and ethylene. While in
the Reference and the Directed Vision/National champions pathway the demand for ethylene is still
increasing, ethylene production is assumed to remain on the level of 2015 in the
Diversification/Localization pathway due to improvements in plastic recycling and the substitution by
bio-based products. In addition, large shares of conventional methanol and ethylene production are
substituted until 2050, using RES hydrogen based methanol production and RES H2 methanol based
ethylene production.
Illustrations of production data for steel, cement, methanol and ethylene are provided in Figure 5.2,
Figure 5.3, and Figure 5.4.
180
Electric arc furnace

160
140

Production [Mt]

DR electrolysis
120
100

Plasma steel (H2)

80
60

DR RES H2 + EAF

40
Blast furnace and
converter

20
0
2015

2050

Reference

2015

2050

2015

2050

Directed Vision/National Diversification/Localisation
champions

Figure 5.2: EU28 crude steel production by process in Mt. (2015-2050)
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Figure 5.3: EU28 cement production by process in Mt. (2015-2050)
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Figure 5.4: EU28 methanol & ethylene production by process in Mt. (2015-2050)

5.3 Results for energy demand and CO2-emissions
The following results show the impacts of the mitigation options, such as incremental and BAT energy
efficiency improvements, fundamental process improvements, fuel switching, recycling and re-use, as
well as material efficiency and substitution on the European CO2 emissions and energy demand until
2050.
The pathways are compared to a reference development, which reflects a future development based on
current policies and past trends. In both pathways, significant direct emission reductions of 70 to 79
percent compared to 2015 can be achieved. This corresponds to an 82 to 87% direct emissions reduction
compared to 1990. Final energy demand also decreases in both pathways for the EU28 by 16 and 27% in
2050 compared to 2015 - using electricity as dominant energy carrier.
The achieved emission reduction in 2050 of -87 to -82% compared to 1990 in the SET-Nav pathways in
line with the target of the European Roadmap for moving to a competitive low carbon economy in 2050
of -83 to -87% emission reductions for the industry sector in 2050 (European Commission 2011a).
Compared to the Reference Scenario - which only shows a slight decrease in direct CO2 emissions of -11%
in 2050 compared to 2015 for the EU28 - the Directed Vision/National champions pathway and the
Diversification/Localization pathway achieve a reduction in direct emissions compared to 2015 of -79
(761 to 163 Mt CO2-equ.) and -70% (761 to 228 Mt CO2-equ.), see Figure 5.5.
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Industrial direct emissions can be split into direct energy-related CO2 emissions from fossil fuel
combustion and direct process-related CO2 emissions from chemical reactions within the productions
process. Emission reductions in the Directed Vision/National champions pathway are mainly caused by
large scale diffusion of CCS throughout the whole industry sector as well as BAT and innovative energy
efficiency measures. Most captured emissions stem from cement and lime production, primary steel
production and the basic chemicals industry. However, also smaller point sources like glass and paper
production plants contribute to the 294 Mt captured CO2 emissions in 2050 in the pathway (Figure 5.5).
In the Diversification/Localization pathway energy related emissions decrease drastically from 598 Mt. in
2015 to 148 Mt in 2050 (-75%) due to higher energy efficiency, fuel switching to RES, power-to-heat,
secondary energy carriers, innovative processes and new products as well as improved material strategies
and increased recycling. Consequently, the weight of process related emissions in the
Diversification/Localization Scenario increases from 21% of total direct emissions in 2050 to 35% of total
direct emissions in 2050 followed by emissions from the use of natural gas (32%) (Figure 5.5).
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Figure 5.5: EU28 direct CO2 emissions by source in Mt CO2-equ. (2015-2050)

The non-metallic minerals sector is the biggest contributor of direct industrial CO2 emissions. It is
dominated by the production of cement clinker, which emits about 0.5 tonnes of process CO2 emissions
per tonne of clinker produced. Other CO2-intensive products of the non-metallic minerals sector include
lime, the calcination of dolomite/magnesite, glass, bricks and ceramics. The production of pig iron or steel
in the iron and steel industry is the second largest emitter of direct industrial CO2 emissions in 2015. The
main emissions are from the (technically required) use of coal and coke in blast furnaces. In addition,
chemical processes such as ammonia, ethylene or methanol production contribute to industrial
emissions, making the chemical industry the third biggest emitter of direct CO2 emissions (see Figure 5.6).
In 2050 the non-metallic minerals sector remains the largest contributor to industrial CO2 emission in
both pathways. While in the Directed Vision/National champions pathway nearly all emissions of the
sector (-80% compared to 2015) can be mitigated - using CCS for cement, lime and glass production - the
remaining emissions from non-metallic minerals in the Diversification/Localization pathway remain
considerably higher. In the Diversification/Localization pathway conventional Portland cement
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production is partly substituted by innovative low carbon cement sorts using new binders. These new
cement sorts can reduce the specific energy- and process-related cement emissions by between -30 and
-70%. However, this implies that even innovative cement production still emits process-related CO2. In
addition, material efficiency and recycling improvements in the construction industry contribute to the
achieved emission reductions of the sector. Further potentials in the non-metallic minerals sector are
tapped using electric melting processes in the glass industry as well as incremental process
improvements (e.g. oxyfuel combustion incl. waste heat recovery) and fuel switching. Overall, the direct
emission reductions in the non-metallic minerals sector amount to -54% in 2050 compared to 2015.
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Figure 5.6: EU28 direct CO2 emissions by subsector in Mt CO2-equ. (2015-2050)
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Figure 5.7: EU28 process emissions by subsector and product/process in Mt CO2-equ. (2050)

In the Directed Vision/National champions pathway, emissions from the iron and steel industry are
reduced by 85% in 2050 compared to 2015. This emission reduction is mainly achieved by replacing
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oxygen steel (BOF: Basic oxygen furnace route) with electric steel (EAF: Electric arc furnace route) in
combination with the use of CCS as major mitigation option. In the Diversification/Localization pathway,
an even stronger switch to secondary steel production (EAF) takes place. In addition, the remaining
oxygen steel production is completely substituted with innovative steel production technologies until
2050 using either renewable hydrogen (DR H2+EAF or DR H2 plasma) or renewable electricity (DR
electrolysis). This leads to an emission reduction of 87% in 2050 compared to 2015 in the
Diversification/Localization pathway.
In the chemical industry fuels - especially natural gas - are not only used for energy uses but also as
feedstock for the production of e.g. olefins (ethylene, propylene, others), ammonia and methanol. Using
CCS in the Directed Vision/National champions pathway leads to an emission reduction of 87% in 2050
compared to 2015. In the Diversification/Localization scenario substantial emission cuts of about 71%
take place, mainly by using hydrogen-based processes in ammonia, ethylene and methanol production
and switching process heat generation to the direct use of electricity. Figure 5.7 shows the remaining
emissions from smaller sources in the chemical industry.
On country level, Germany, France, United Kingdom, Italy and Spain are currently the largest CO2 emitters
in the European Union. Together they account for 59% of total EU28 direct industrial CO2 emissions in
2015. Germany being by far the largest emitter with 165 Mt CO2-equ. (22% of total EU28) in 2015. In
comparison, France has emitted 79 Mt CO2-equ. in 2015 (see Figure 5.8).
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Figure 5.8: Direct CO2 emissions by country, source and scenario in Mt CO2-equ. (2015, 2050)
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5.4 Final energy demand
In the reference case industrial final energy demand (FED) for the EU28 is stagnating as efficiency effects
are nearly equalled out by activity effects (e.g. gross value-added growth) from 3739 TWh in 2015 to 3707
TWh in 2050. In the decarbonisation pathways, FED is decreasing in both scenarios until 2050, however a
lot slower than GHG emissions (Figure 5.9).
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Figure 5.9: EU28 Final energy demand by energy carrier in TWh (2015-2050)
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Figure 5.10: EU 28 Final energy demand by energy carrier in percent of Total (2015-2050)

In the Directed Vision/National champions pathway final energy demand decreases by 16% compared to
2015 to 3137 TWh including energy demand for industrial CCS. The decrease in FED in the Directed
Vision/National champions pathway is mainly driven by energy-efficiency innovations. Biomass and
ambient heat gain shares while fuel oil is nearly phased out by 2050 and coal demand is falling
substantially (Figure 5.9, Figure 5.10). In the Diversification/Localization pathway, FED decreases by 27%
compared to 2015 to 2806 TWh in 2050. In this pathway, electricity becomes the dominant energy carrier
in 2050 while the use of biomass is limited on current level. In addition, final energy demand for hydrogen
(58 TWh) mainly from the steel industry becomes relevant until 2050. As in Directed Vision/National
champions fuel oil is nearly phased out by 2050 and coal demand is falling substantially. In both
pathways, natural gas still plays an important role in 2050.
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The picture at country level is similar. Germany, France, Italy, United Kingdom and Spain are currently the
countries with the highest energy demand in the European Union (see Figure 5.11). Together they
account for 59% of total EU28 final energy demand in 2015. It is interesting to note that Italy and the
United Kingdom have switched places in the ranking of the highest final energy demand compared to
the ranking of emissions. This means that Italy has a higher final energy consumption but only a similar
high emission level of CO2 as the United Kingdom in 2015. This is partly due to Italy's production structure.
Italy mainly produces electric steel, which is much less energy- and CO2-intensive than the blast furnace
route (see Figure 5.11).
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Figure 5.11: Final energy demand by country and energy carrier in TWh (2050)

Feedstock demand: In addition to the final energy demand already shown, the
Diversification/Localization pathway creates an additional demand for renewable hydrogen, which is
needed as feedstock for the chemical industry for the production of ammonia, methanol and
consequently ethylene (see Figure 5.12). Total hydrogen feedstock demand for the EU28 adds up to 384
TWh in 2050 in the Diversification/Localization pathway. In the Directed Vision/National champions
pathway feedstock for chemicals is still based on fossil fuels: natural gas feedstock and naphtha feedstock
(Figure 5.13).
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Figure 5.12: Feedstock energy content by country in TWh (2050)
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Figure 5.13: EU28 Total energy demand by energy carrier incl. feedstock in TWh (2015-2050)

Electricity and biomass: Two types of electricity demand can be distinguished in the following. On the
one hand, there is direct electricity use as final energy mainly for mechanical energy and heating (e.g.
electric furnaces, DR electrolysis steel). On the other hand, is the indirect use via secondary energy carriers
- in this case hydrogen. The Reference case (+11% from 1041 to 1152 TWh) and the Directed
Vision/National champions pathway (+7% to 1118 TWh) only slight increases in electricity demand takes
place until 2050 compared to 2015 (Figure 5.14).
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Figure 5.14: EU28 Total electricity demand from FED and hydrogen in TWh (2015-2050)

The drastic increase in electricity demand (+107% from 1041 to 2157 TWh) in the
Diversification/Localization pathway is driven by the large-scale use of electricity for process heating: this
includes heat pumps where applicable, but also electric boilers for industrial steam generation and
electric furnaces e.g. in glass melting or even electric clinker kilns. As well as the use of hydrogen: 549
TWh electricity for hydrogen feedstock plus 83 TWh electricity for hydrogen in the steel industry. In the
chemical industry, innovative processes using hydrogen enter the market in 2030 and substitute large
shares of the conventional methanol and ammonia production in 2050.
In the Directed Vision/National champions pathway high financial support for biomass leads to a use to
broad use of biomass where it is technical feasible (e.g. cement and lime production). In the Directed
Vision/National champions pathway the demand for biomass increases from 251 TWh in 2015 to 506 TWh
in 2050. In comparison the demand for biomass decreases in the Diversification/Localization pathway to
229 TWh in 2050 (see Figure 5.15).
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Figure 5.15: EU28 final biomass demand in TWh (2015-2050)

Fuel switch: Steam and hot water generation is used across all industries, but has very high demands in
chemicals, pulp and paper as well as the food industry. It covers a temperature range of up to 500°C and
uses relatively comparable technologies in all sectors. The temperature range allows the use of combined
heat and power (CHP) technologies. In total, final energy demand for steam and hot water accounts for
about 25% of industrial final energy demand in the EU28.
The Figure 5.16 show the evolution of the fuel mix in the final energy demand used for steam and hot
water generation in the Directed Vision/National champions pathway and the
Diversification/Localization pathway. The share of biomass in the Directed Vision/National champions
54 | P a g e

Comparative assessment and analysis of SET-Nav pathways

pathway increases in nearly all sectors, due to higher financial support for RES. The share of electricity
(power-to-heat) is increasing in both pathways, while the increase is much higher in the
Diversification/Localization scenario. Again, this is due to financial support, which is also provided for RESbased PtH. The use of fossil fuels on the other side is decreasing in both scenarios. Coal and fuel oil are
nearly completely phased out and natural gas is decreasing drastically. Still, in 2050, some natural gas is
remaining in most sectors. The main reason is a slow turnover of the technology stock in combination
with new gas-based capacities being constructed in the coming years. A more drastic phase-out of gas
would require a stronger policy frame, which could include either stronger financial incentives or a ban
on the use of fossil fuels even before 2030.
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Figure 5.16: EU 28 Final energy demand for steam and hot water by energy carrier (2015-2050)

Another important field for fuel switching are industrial furnaces. Comparted to steam systems, furnaces
are very diverse and specific to the related production process. They often work at high temperatures
above 1000°C, e.g. in the cement, glass and steel production. Fuel switching is possible, but the use of
energy carriers experiences more technical restrictions and RES are sometimes difficult to integrate.
Figure 5.17 show the fuel shares in final energy demand for process heating via furnaces in the three main
industries: Chemicals, iron and steel and non-metallic minerals (cement, lime and glass). It can be
observed that even in the Directed Vision/National champions pathway, coal is reduced substantially and
only remains in the iron and steel industry, where it is needed as a reduction agent. On the other hand,
biomass gains shares in the chemicals and the non-metallic minerals sector, where it is already today used
in clinker kilns. In the iron and steel industry, the shift away from oxygen steel towards electric steel drives
down coal demand and increases electricity demand. Due to the lower final energy demand of electric
steel, this shift also drives down total final energy demand in the iron and steel industry.
The Diversification/Localization pathway experiences an even stronger shift towards electricity and
hydrogen. The increase in electricity demand is driven by a shift away from oxygen steel towards electric
steel and process changes that include for example electric furnaces in the glass industry and RES DR
electrolysis in the steel industry. Across all sectors and scenarios, also in 2050 still a substantial amount of
natural gas is used.
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Figure 5.17: EU 28 Final energy demand for process heating (>500°C) by energy carrier in TWh

5.5 Energy expenditures and investment

Million Euro 2015

In the following, investment expenditures (CAPEX) and energy cost spending (OPEX) are discussed for
investments in the industry sector. Investments and costs are reported as the difference compared to
Reference case. Only costs related to the technical energy system are reported. This excludes e.g. external
costs, macro-economic effects, etc.
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Figure 5.18: EU 28 annual differential investment by scenario compared to reference

Additional investments from 2015 to 2050 compared to the reference case are dominated by energy
efficiency investments in building renovation, process optimisation and steam distribution systems in all
scenarios. Investment in the Directed Vision/National champions pathway is higher than in the
Diversification/Localization pathway, driven by the CCS capture, transport and storage infrastructure
costs (see Figure 5.18). Innovative low-carbon production processes like low-carbon cement, hydrogenbased chemicals or steel production routes have a lower need for additional investment expenditures.
This is caused by the assumption that investment cycles are unchanged and that investment in innovative
technologies takes place when re-investment would be undertaken anyway. In addition, it is assumed
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Million Euro 2015

that H2 is produced centralized and industry does not bear the costs of large scale hydrogen electrolysers.
Furthermore, before 2030 investments in low-carbon production processes are marginal, main activity is
R&D, which is not reflected in the cost assessment. In addition, due to the lower production of some of
the relevant energy-intensive products (e.g. steel, cement) in the Diversification/Localization pathway
investments is lower as smaller or no additional capacities will be needed.
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Figure 5.19: EU28 annual differential energy expenditures by scenario compared to reference (20152050)

While the switch to electricity increases energy expenditures in the Diversification/Localization scenario,
the material efficiency progress in this scenario overcompensates this increase (Figure 5.19). The
combination of energy and material efficiency, recycling and increasing fossil fuel prices compensates for
the extensive use of high-value energy carriers like hydrogen and electricity resulting lower energy
expenditures as in the reference scenario. It has to be underlined that the costs of improvements of
material efficiency and circular economy have not been included in this assessment.
Finally, it needs to be underlined that the energy expenditures are highly sensitive to energy price
assumptions, which per definition are very uncertain and not predictable and the assumed support for
RES. The assumed increase in fossil fuels prices reduces the additional costs of the decarbonisation
scenarios compared to the reference scenario. Thus, results have to be interpreted in the light of these
assumptions and uncertainties.

5.6 Conclusions & recommendations
From the pathway analyses the following conclusions can be drawn:
•

•
•

•

Even if remaining energy efficiency potentials are ambitiously exploited, the basic materials
industries will still remain major energy consumers and the possible contribution to CO2
mitigation is limited.
Efficiency potentials in cross-cutting technologies are still higher and can substantially reduce
electricity demand - if effective policies are implemented.
When fundamentally new production technologies enter the market, efficiency improvements
and optimisation of existing technologies has no effect in the long-term, when these
technologies are anyway replaced. Such efficiency improvements, however, reduce cumulated
emissions along the pathway. Thus, for fundamental transition scenarios, the role of energy
efficiency optimisation needs to be discussed.
Biomass has a large potential at relatively low cost (if sustainable resources are available).
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•

•
•

RES electricity can contribute substantially:
o For steam generation it requires high financial support due to high electricity prices
compared to fossils or biomass. Due to the high importance of OPEX (compared to
CAPEX), financial support needs to address running costs. Investment grants are less
effective.
o For furnaces, using electricity requires fundamental process and technology changes like
e.g. a new steel production route. The use of electricity is also strongly related to the use
of hydrogen and power-to-gas. Also here, high operation costs are a major barrier and
need to be addressed by the policy frame.
Other technologies based on RES like solar thermal or heat pumps only have limited applications
due to high temperature levels needed in furnaces.
In general, long lifetime of capital (>20 years) requires early changes, if fossil fuels should be
phased out by 2050.

In the Diversification/Localization pathway, radical changes to industrial production systems like
innovative processes and large-scale power-to-heat for steam generation mainly enter the market in the
time horizon after 2030. Before 2030, energy efficiency improvements combined with fuel switching to
biomass and progress towards a circular economy are the main mitigation options that drive CO2
emissions downward. However, in order to have new process technologies and innovations ready by
2030, substantial research, development and innovation activities need to take place in the coming
decade. Pilot and demonstration plants need to be built to prepare for market introduction. It might easily
take 10 years for new processes in the materials industry to progress from lab-scale to market.
Certification processes such as those needed for new cement types can prolong the time taken even
more.
Consequently, the current policy mix needs to be adjusted in order to effectively support R&D activities
directed at the decarbonisation of industrial production. This includes the following elements:
-

EU Emissions Trading Scheme (ETS): At the current level of certificate prices (EUAs), the ETS is
not effective in reducing industrial emissions. For investments in low-carbon technologies,
companies' expectations of future prices are even more important than the current price levels.
If companies cannot rely on rising EUA prices, they will not invest in CO2 abatement technologies.
Extending the ETS with a minimum price path (i.e. a floor price) could provide more long-term
clarity and the certainty needed for investors in low-carbon innovations.

-

In the context of a highly uncertain environment and large potential investments, public RD&I
funding can play an important role in accelerating the market introduction of innovative lowcarbon processes. The current proposal of the European Commission to establish an EU
Innovation Fund as a follow-up to the ongoing NER300 programme is an important step in this
direction.

-

In addition, targeted public procurement can support the market introduction of low-carbon
products by establishing niche markets. For example, considering life-cycle CO2 emissions when
procuring building materials might encourage the cement industry to develop and provide more
low-carbon alternatives.

-

Although a major share of industrial GHG emissions is covered under the EU ETS emissions cap,
a high amount of industrial CO2 emissions remains outside the ETS and thus does not receive
a CO2 price signal. These companies currently have no incentive to switch to renewable or lowcarbon fuels for heat generation. A CO2 tax as the central element of a broader energy tax reform
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could provide the incentives needed for fuel switching. This must avoid any double burden on
companies inside the ETS.
-

Boosting material efficiency and a circular economy approach along the value chain requires
a broad policy mix. Examples of individual policies include:
- Re-evaluation of value added tax according to the carbon-footprint of products and a lower
value added tax for repair services.
- Reform the EU ETS to keep CO2 price signals along the value chain visible for downstream
consumers and companies.
- Evaluate building codes and the regulative framework in the construction industry to
facilitate the use of sustainable building products and the efficient use of materials.
- Sector-specific measures to increase recycling rates where these are still very low like in
plastics or concrete.

-

Implementing policies to overcome barriers to energy efficiency (energy management
schemes, audits, soft loans, and energy service market) is a prerequisite for other (price-based)
policies to work effectively as well. On the EU level, the Energy Efficiency Directive already
provides important incentives by requiring regular energy audits for large enterprises, asking for
national measures to support audits in small companies and setting up national energy efficiency
obligation schemes. Some countries go beyond the Directive and implement additional
measures. For instance, in Germany, companies receive tax discounts for using a certified
energy management system, which has led to a drastic increase in ISO 50001 certifications here.
Further, the country supports so-called learning energy efficiency networks. Both measures
could be used as a blueprint for EU initiatives.

-

Energy-intensive industries can also help other sectors to decarbonise, e.g. by providing excess
heat to nearby district heating networks. While large potentials are available here throughout
Europe, various barriers are preventing its uptake. Policies can support the uptake by e.g.
hedging high risks in individual projects, engaging top management by offering adequate
incentives, regulating excess heat release in national emission control acts, strengthening local
heat planning and providing investment grants.

In general, it is necessary to set incentives towards a low-carbon industry as early as possible to
accelerate the market entry of efficient and innovative processes as increases of CO2 price probably
take place after 2040 and consequently affect only a small share of investment decisions taken.
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6 Pathways results: Power system infrastructure
6.1 Methodology: Linking power system models
Two models computed the joint expansion of the generation, storage, and transmission in the European
system, as well as the operation of the system in the study period considered. Three time horizons, or
target years, have been considered in the pathway analyses: 2030, 2040 and 2050. Within each pathway,
the development of the supply and infrastructure of the electricity system for each time horizon has been
taken as the starting point to compute the optimal expansion and operation of the system in the
following time horizon, i.e. for the following target year.
The models employed are Enertile and TEPES models. Enertile focuses on computing the optimal
expansion of the power system, including generation, storage, and transmission at an aggregate level.
Taking as an input the optimal expansion of the generation and transmission provided by Enertile, as well
as the optimal operation of the flexible demand and the storage facilities, TEPES is used, afterwards, to
compute the optimal expansion of the transmission grid in Europe considering a finer level of granularity
than Enertile. The exchange of information between the models, and the results produced by each of the
two models are depicted in Figure 6.1

Figure 6.1 Interactions between the Enertile and TEPES models, exchange of information between
them, and results produced by each within the pathway analyses

In the following paragraphs describe main features of the two models.
•

Enertile is an energy-system optimization model developed at the Fraunhofer ISI Institute for
System and Innovation Research. It focuses on the computation of the optimal development of
the power sector, including generation, and infrastructure (transmission and storage), but also
includes other sectors (heating/cooling, transport). Together with the expansion of the power
system, it computes the optimal operation of the system, i.e. it is jointly computing the optimal
expansion and operation of the power system, taking the gross demand as an input to be
managed. It has a high technical and temporal resolution. The Enertile model includes
conventional generation, renewables, CHP or DSM with a high level of resolution. Thus, the
potential for RES is calculated at a very detailed (grid) level. A representation of the electricity
transmission grid considered by the Enertile model within Europe is provided in Figure 6.2.
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•

TEPES performs power transmission expansion planning for large-scale systems. It is a model
developed at the Comillas Pontifical University. When employed within the pathways analyses in
SetNav, TEPES considers a detailed description of the grid (around 250 nodes, linearized power
flows with ohmic losses), and around 80 time snapshots to represent the yearly system operation.
This model identifies the main optimal transmission corridors to reinforce. TEPES is a dynamic
and stochastic (in demand, RES, etc.) optimization model. The candidate lines to be built are
internally proposed by the model and include HVDC and PSTs. The output of the model includes
a detailed estimate of the transmission grid development costs, the set of reinforcements of the
transmission grid to undertake, the optimal operation of the system taking as an input the
management of load and that of storage capacity, and other side variables related to the system
operation like the nodal prices, the amount of production per power generation unit considered,
the amount of fuel burnt, the amount of CO2 emissions, etc. The model of the European
transmission grid considered within the pathway analyses is depicted in Figure 6.2.

Figure 6.2 Representation of the zones within the European system by the Enertile model (right).
Detailed network considered by TEPES model (left).

6.2 Pathways analysis for the power networks
This section provides a summary of the main results computed for the several pathways in the analyses.
Figure 6.3 provide the additional amount of transmission capacity built per Pathway and time horizon on
top of that existing in the year 2020 (based on the results of the Ten-Year Network Development Plan
published every two years by ENTSO-e 6 ). Figure 6.4 provide the overall size of transmission network
investments undertaken in each Pathway and time horizon taking as a starting point the 2020 network.
Network investments are measured in terms of GW*000’km of transmission lines built. Lastly, Figure 6.5
provide the annualized cost of all the transmission network investments carried out in each Pathway and
time horizon. The network investments reported correspond to all those undertaken between the year
2020 and the time horizon considered. In other words, the figures provided correspond to the
accumulated transmission investments since 2020, and not only to those occurring between each two
time horizons considered. The investments reported may be undertaken in any of the transmission

See more details in: https://www.entsoe.eu/Documents/TYNDP documents/TYNDP 2016/rgips/TYNDP2016
market modelling data.xlsx
6
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corridors within the detailed network model considered in the transmission analyses, which comprises
127 nodes in the AC network, potentially connected to the corresponding DC ones. Annualized costs are
computed considering a factor to derive the annual expenses in each network reinforcement undertaken
based on the total capital, operation and maintenance cost of this reinforcement. It is also relevant to take
into account that, for any pathway, the new transmission network investments in each time horizon are
computed taken those computed for the previous time horizons as already present in the grid. Thus, the
transmission network reinforcements reported for each time horizon have been computed as those
occurring in the previous time horizons plus the additional ones required to jointly minimize the
transmission network development and the system operation costs.

Figure 6.3 Total additional transmission network capacity built per horizon year and Pathway on top
of the network existing in the year 2020 (starting point). Results in GW of transmission capacity built
over all the corridors considered in the detailed transmission network model

Figure 6.4 Size of the aggregate transmission network investments per Pathway on top of the network
existing in the year 2020 (starting point). Results in GW*’000km of transmission built over all the
corridors considered in the detailed transmission network model

As shown in the aforementioned figures and tables, the transmission network investments are largest
and transmission network investment costs are highest in the Diversification Pathway. The annualized
transmission investments in the pathway in 2050 amount to 13,559M€ Europe wide. Then, investments
in the Directed Vision and the Localization Pathways are similar in terms of overall size and cost. The
annualized transmission investments in Directed Vision and Localization in the 2050 time horizon amount
to 7935M€ and 8068M€ respectively. Lastly, the required level of development of the transmission grid is
smallest in the National Champions pathway, where the annualized cost of the required network
investments in the 2050 time horizon amounts to 4919M€ Europe wide. All pathways, therefore, lead to
significant investment, although the Diversification pathway results in a much larger investment. This
means that a system development that goes into a decentralized direction needs substantially more
network improvements to back renewable generation.
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Figure 6.5 Total annualized cost of transmission network investments undertaken per horizon year
and Pathway on top of the network existing in the year 2020 (taken as the starting point). Results
provided in M€/year of transmission investments undertaken over all the corridors considered in
TEPES.

RES generation developments are largest in the Diversification and the Localization pathways (RES
production amounts to 3906 and 3805TWh in the year 2050, respectively), and significantly smaller in the
Directed Vision and the National Champions pathways (where RES production amounts to 2417 and
2667TWh in the year 2050, respectively). Integrating RES generation in the transmission grid is, generally
speaking, costly, since its geographical distribution and profile are significantly different from those of
the conventional generation. According to this, one could expect the transmission investment costs to
be highest in the Diversification and Localization pathways and lower in the Directed Vision and the
National Champions pathways. However, the level of concentration of RES generation in the
Diversification pathway, where both large RES developments and a multiplicity of small, distributed, ones
take place, is significantly larger than that in the Localization pathway, where RES developments are, for
their most part, distributed ones largely matching the geographical distribution of demand. Integrating
in the new transmission grid 7 (mostly HVDC) the power produced in sites where large RES generation
developments occur, within the Diversification pathway, requires building significant converter capacity.
This is not necessary in the Localization pathway. On the other hand, the demand is largest in the
Localization pathway. Integrating new demand also requires incurring additional transmission
investments, since most of the RES generation is intermittent and there are times when other
(conventional) generation located further away from demand must supply it. Then, the size and distance
covered by the new flows created by RES generation and demand in the Diversification pathway are
larger than those in the Localization pathway, but differences are not that large. However, the size of
transmission investments, considering both new lines and new converter capacity, is significantly larger
in the Diversification pathway than for Localization.
As mentioned previously, new RES generation to integrate is smallest and similar in the Directed Vision
and National Champions pathways (RES production amounts to 2417 and 2667TWh in the year 2050,
respectively). However, the distribution of new RES generation across Europe is significantly different in
these two pathways. Within the Directed Vision, new RES generation is installed where it is most
convenient according to the centralized expansion plans developed by regional (European) authorities.
This results in large developments of RES generation located in specific areas, whose production need to
be transported over long distances to other areas, where it is consumed. On the other hand, within the
National Champions pathway, the development of RES generation is largely left in the hands, or it is
7
Many of the new transmission lines are HVDC. In 2030 between 40 and 50 % of the lines are HVDC depending on the
pathway and that percentage increase for the remaining horizons.
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guided, by former national champions (that is, incumbents), who tend to install generation within the
same country where it is to be consumed, according to a national entrenchment strategy. This results in
power produced by new RES generation, even if being produced in large RES generation sites, not having
to be transported over long distances to be consumed. Additionally, demand is larger in the Directed
Vision pathway (mainly due to increased electrification) than in the National Champions one, which
involves that additional network reinforcements are needed in the former to integrate it. All this taken
together results in the cost of the transmission reinforcements needed in the Directed Vision pathway
being about 60% larger in the Directed Vision pathway than in the National Champions one, despite the
amount of new RES generation to integrate being similar in both pathways.

6.2.1

Results for the Diversification pathway

Within this pathway, substantial investment is needed to integrate large amounts of RES generation and
transport part of the electricity produced by it to other areas in Europe. Figure 6.6 provides the total
amount of transmission capacity built in each of the main corridors in the period 2020-2050 within the
Diversification pathway. Related to this, the analysis provides the annualised accumulated transmission
network investment costs incurred within each country, from the year 2020, by each time horizon
considered in the study (2030, 2040, and 2050). Annualised costs have been computed by applying an
annualization factor to the total investment costs incurred within the corresponding period of time 8.
Lastly, Figure 6.6 Transmission capacity (in GW) built to strengthen the interconnection among the main
EU regions shows the transmission interconnection capacity built from 2020 until 2050 among the main
regions in Europe, which include the Iberian peninsula, Italy, Great Britain and Ireland, France, the Nordic
countries, the Benelux, Germany, Poland and the Baltic countries, Central Europe, and South-eastern
Europe.
According to Figure 6.6, extensive transmission capacity enhancements are needed to strengthen the
transmission grids of France and the UK, to significantly increase the interconnection capacity between
the north and the south of each of these two countries. Besides, there is the need to increase the increase
the transfer capacity between Spain and France; between Poland and the Baltic countries; between
Germany and many of its neighbours; between the UK and Continental Europe; between Poland and
Central Europe, and between Italy and its neighbours. Besides, there are some specific relevant
reinforcements to be undertaken strengthening the interconnection among the Nordic countries. Based
on these results, the countries where the largest investments take place are the UK and France (both
within these countries and on the interconnections between them and their neighbours). Significant
network investments also take place within Spain, Germany, Poland, Sweden, and the Benelux, while
those in the remaining Nordic countries and Italy are non-negligible. In short, Figure 6.6 shows that the
network reinforcements result in large increases of the transfer capacity between Spain and France, the
UK and continental Europe, Germany and its neighbours, Italy and its neighbours, the Baltic region and
the neighbouring regions, and the Nordic countries and Germany and the Baltic region.

6.2.2

Results for the Directed Vision pathway

Within the Directed Vision pathway, new RES generation to integrate is smallest and similar to that in the
National Champions pathway. However, within the Directed Vision, new RES generation is installed where
it is most convenient according to the centralized expansion plans developed by regional (European)

8
Here, we are assuming that investments undertaken any time during this period will have to be paid back by means of
annual instalments carried out, at least, until the end of the study horizon (year 2050). Full detail on investment results and
other study outcomes are available in the SET-Nav WP6 Summary report (http://www.set-nav.eu/content/pages/results ).
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authorities. This results in large developments of RES generation located in specific areas, whose
production needs to be transported over long distances to other areas, where it is consumed.
Figure 6.6 also provides the total amount of transmission capacity built in each of the main corridors in
the period 2020-2050 within the Directed Vision pathway. Similarly, the figure shows the transmission
interconnection capacity built from 2020 until 2050 among the main regions in Europe. As it can be seen,
those corridors among zones in Europe whose transfer capacity is increased to the largest extent are the
ones between the north and the south of France, on the one hand, and the UK, on the other; the one
between Spain and France, those linking Germany to its neighbours, and, to a smaller extent, those
connecting the UK to Continental Europe and Italy to France and Germany.
In short, Figure 6.6 shows that the largest increases in the transfer capacity among regions occur between
France and the neighbouring regions, Germany and the neighbouring regions, and the UK and
Continental Europe.
National Champions

Localization

Directed Vision

Diversification

Figure 6.6 Transmission capacity (in GW) built to strengthen the interconnection among the main EU
regions.
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6.2.3

Results for the Localization pathway

Within the Localization pathway, large amounts of RES generation capacity need to be integrated into
the system. However, this generation is, mainly distributed ones, whose location resembles that of
demand. Then, network investments are significantly smaller than those in Diversification and similar in
overall size to those in Directed Vision. Figure 6.6 shows the transmission interconnection capacity built
from 2020 until 2050 among the main regions in Europe. As it can be seen, those corridors whose transfer
capacity is increased to the largest extent are the ones between the north and the south of the UK, France,
and Germany; the ones linking France to its neighbours; those linking Germany to its neighbours, and,
therefore, Italy and the UK both to Germany and France, and, to a smaller extent, those connecting Poland
to its neighbours. Based on these results, the countries where the cost of transmission network
investments is largest include Germany, France, the UK, and Spain, and, to a lower extent, Poland,
Sweden, and Italy.
In short, Figure 6.6 shows how the development of the network results in largest increases of the transfer
capacity between France, Germany, and the Baltic countries and their neighbouring regions.

6.2.4

Results for the National Champions pathway

Within the National Champions pathway, network investments are the smallest of the four pathways. This
is in line with the expectations, since, within this pathway, conventional generation is especially relevant
and RES generation developments are meant to supply the local load. Then, flows in the grid in this
pathway are closest to the current ones, while the new flows created by RES generation developments
largely remain within the borders of the country where this generation is installed, i.e. RES based flows
do not cross large distances. Again, Figure 6.6 provides the total amount of transmission capacity built in
each of the main corridors in the period 2020-2050 within the Localization pathway. In this pathway,
those corridors among zones in Europe that are strengthened to the largest extent are, first and foremost,
the national ones linking the north and the south of France, Germany, and the UK. Also, those corridors
linking Germany to its neighbours, France to its neighbours, and, therefore, Italy and the UK to both
Germany and France, have some relevance. Based on these results, the most costly transmission
investments occur within France, the UK, Spain, and Germany. Investments within Sweden, Poland, and
Italy are smaller, but not irrelevant.
In short, Figure 6.6 shows that the largest increases in the transfer capacity among regions occur between
France and its neighbouring regions (Italy, Spain, Germany, and the UK); between Germany and some of
its main neighbouring regions (France, Central Europe, the Baltic countries, and the Benelux); and the
Nordic countries and Germany.

6.2.5

Comparison of the transmission expansion results across pathways

Significant investment in the transmission network will be needed in any of the pathways considered.
Thus, the transmission network will play a relevant role in any case. However, it should be kept in mind
that this investment is only a fraction of the investments needed for generation infrastructure.
In particular, those pathways where large amounts of renewable generation are deployed within some
selected locations (Directed Vision and, mainly, Diversification) are the ones where transmission network
developments will be largest. The interconnection between the Central region and the rest of the
Continent will need to be significantly increased in all the pathways. Additionally, the level of investments
to increase the transfer capacity between France and Spain will be very relevant in all the pathways as
well. One last common feature of the development of the transmission network in all the pathways is the
fact that interconnection between the UK and the rest of the Continent will be heavily developed.
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It should also be highlighted that around 50% of all new lines are built using HVDC across all pathways,
so this technology should be given enough focus.

6.3 Distribution network expansion costs
In the case of the distribution network, we are not providing an estimate of the overall network
investment costs given the difficulty of accurately adapting to the particularities of each geographical
region. Distribution-network upgrades are needed to cope with generation and demand developments.
In this section, we estimate only the costs that result from the changes in generation. The cost of the
investments in the distribution network necessary to integrate distributed generation has been
estimated making use of the results of previous projects. The DG-driven distribution expansion cost
considered here has been calculated from the amount of rooftop PV generation installed in each
pathway, as a proxy for distributed generation, multiplied by a median cost of 10 €/kW per year. We have
based our estimate of the average per-unit distribution network cost of integration of DG on the results,
in this regard, produced in several previous research projects and studies. These include the IMPROGRES
project, the MIT Future of Solar project, and OFGEM’s Electricity Distribution Price Control Reviews (DPCR).
It should be noted, however, that, depending on the characteristics of the specific zone, the cost can vary
from needing virtually no investment to a very high cost of up to 80€/kW. In order to refine the cost
estimation carried out here, extensive work would be needed to identify the factors that underlie this cost
at a European level and apply this to the distribution zones at European level based on their features
according to these factors. Therefore, the cost estimate provided should be taken as an indicative figure
only, emphasizing the high level of uncertainty associated with it.
Table 6.1 provides the total amount of rooftop PV generation capacity deployed by each time horizon in
each pathway. Then, based on the assumptions just discussed, Table 6.2 provides the annualized level of
the estimated distribution network investments required to integrate this rooftop PV generation. As
shown in this table, these costs range between 1,170 M€ for the national Champions pathway, where
there is less RES generation than in the rest of pathways and most of it is centralized one, and 3,252 M€
in the Localization pathway, where RES generation is more abundant and most of it is small-scale one.
Table 6.1 Total accumulated amount of rooftop PV generation deployed
Rooftop PV Installed [GW]
Pathway
Diversification
Directed Vision
Localization
National Champions

2030
248
141
199
108

2040
250
141
204
110

2050
280
141
325
117

Table 6.2 Total accumulated distribution network investments related to the integration of DG
Accumulated Distribution Expansion Costs [M€/year]
Pathway
2030
2040
2050
2,481
2,496
2,801
Diversification
1,410
1,410
1,412
Directed Vision
1,987
2,042
3,252
Localization
1,083
1,098
1,170
National Champions
As can be seen in the numbers above, the distribution-network cost is large in all pathways, particularly
in the Localization and Directed Vision pathways. This cost is comparable to that of transmission, but still
much lower than the investment needed for generation infrastructure.
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6.4 Policy takeaways regarding the development of electricity networks
Electricity network development is central to integrating new RES generation, especially when this is
concentrated in specific areas where the primary renewable energy resource is more abundant. But, even
in those scenarios, or pathways, where RES generation is well spread across Europe, transmission capacity
should play a relevant role in balancing excesses and deficits of electricity production in different areas
within Europe. This is due to the fact that the chronological distribution of the power production by
intermittent RES generation in different European areas tends to be complementary. Additionally, the
integration of large volumes of Distributed Energy Resources (DER) will result in very relevant changes of
the flows in distribution grids, potentially leading to the need to undertake relevant upgrades in these
grids. Then, policies aimed at promoting the deployment of RES generation should be complemented
with others facilitating the development of the grid infrastructure required to integrate the new RES
developments. This may also be true for certain storage technologies. Thus, with an appropriate amount
of transmission interconnection capacity in place, there may be areas in the European system where large
hydro storage capacity could also balance excesses or deficits of electricity in other areas, which may be
locater far away from the former. New transmission technologies will be very relevant (in some scenarios,
around 50% of the new capacity is built using HVDC lines).
Summary of important elements, drivers and factors in the SET-Nav pathways
In the Pathways ‘Diversification’ and ‘Directed Vision’, significant coordination efforts take place at
European level, and the most promising energy resources are to be exploited at length using appropriate
technologies regardless of their geographical distribution. This should lead to large energy exchanges
among areas that may differ substantially from those traditionally existing. As a consequence of this, large
developments of the European electricity transmission grid are needed.
On the other hand, in the Pathways ‘Localization’ and ‘National Champions’, transmission network
development needs are smaller. In ‘Localization’, countries rely primarily on local resources to supply their
load. Thus, energy exchanges among areas in Europe are limited. On the other hand, large amounts of
DER are to be deployed, potentially leading to very relevant network development needs at electricity
distribution level. In ‘National Champions’, traditional incumbents will be in charge of leading the
decarbonisation efforts according to national strategies. Then, conventional technologies may play a
relevant role. A relevant amount of nuclear generation will still be in place, while relevant amounts of
thermal generation will be used in combination with CCS. This will result in energy exchanges across
Europe being limited and relatively similar to the traditional ones, which explains why accommodating
these flows does not require building large amounts of transmission capacity. Given that centralized
solution is preponderant, rather than DER, distribution network development needs are not to be large
either.
Achieving the construction of large new pan-European transmission developments, as in ‘Diversification’
and ‘Directed Vision’, requires addressing three main challenges: 1) implementing an appropriate
institutional framework for the governance of the development of the cross-border network; 2) allocating
the cost of the cross-border network investment projects in an efficient way that is perceived as fair by
the national authorities; and 3) putting in place the appropriate conditions for these projects to attract
funds at a reasonable cost.
As for the requirements related to the development of distribution networks in line with the needs of all
the Pathways, but especially those that rely primarily on DER, namely ‘Localization’, one main need,
besides implementing and preserving favourable financing conditions, is to put in place a remuneration
scheme for DSOs that takes into account the extra costs that these entities may incur when integrating
large amounts of new forms of DER, like distributed generation and storage. These extra costs have to do
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with the additional network investments that are needed, but also with the communication infrastructure
that will have to be put in place to control generation, demand and storage in the DSO grids. Other
aspects relevant to achieve the deployment of the required infrastructure at distribution level are related
to the regulation to be put in place to manage the access of suppliers and the DSO to consumer data,
which needs to achieve a trade-off between the protection of confidential information about the
consumers and the flexibility required for the retailing market and the distribution system operation to
work efficiently. As suggested earlier, the network infrastructure to be deployed should probably be
owned by the DSO.
Long-term impacts of alternative mitigation options and technology development
Not achieving a sufficient development of transmission networks will result in significant increases in the
cost of deploying and operating RES generation at European level, since electricity generation excesses
and deficits within each area should be balanced locally, which, among other things, would prevent the
deployment of large RES developments of a European scale. This could negatively affect the development
of the RES generation industry in Europe, as well. Local generation and storage would have to be
deployed at very large scale regardless of the cost of it.
Additionally, if appropriate distribution network infrastructure were not implemented, the activation of
small consumers to increase efficiency in energy use and the exploitation of DER in general would not be
possible, or would be much more limited, which would largely impact the environmental footprint of the
energy sector, as well as the cost of electricity supply. The development of RES generation technology of
a distributed type (like PV) within Europe would also be negatively affected.
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7 Pathways results: Supply perspective
7.1 Modelling Approach
A schematic sketch of the modelling approach is shown in Figure 6.1. The approach links very detailed
sectoral models to provide an unprecedented level of detail for the pathway analysis.
In a first step, the demand for energy carriers such as electricity, heat, and hydrogen in the different
pathways is calculated with the models Forecast for the industry sector, Invert for the building sector, and
ASTRA for the transport sector. The modelled demand is given as input to a first optimisation of the energy
supply with Enertile®. The total electricity demand and the resulting market values for renewable energy
technologies are then passed over to the Green-X model. The rationale of linking Green-X and Enertile is
the different modelling approach regarding deployment of renewables. Green-X simulates deployment
of renewables based on policy interventions like dedicated RES targets or corresponding support
schemes dedicated to renewables. This appears more adequate for the analysis of short to medium term
developments concerning RES deployment than the optimisation procedure in Enertile. Thus, within the
pathway analysis Green-X is used to calculate the capacity and generation of renewables in the period up
to 2030, considering the recently agreed overall 2030 EU RES target. The resulting renewable electricity
generation values from the year 2030 are then used as minimum conditions to a second optimisation
with Enertile. In 2030 the renewable generation in the Enertile optimisation has to be equal to the Green
-X values. In the years 2040 and 2050 renewable expansion is optimised in Enertile, the renewable
generation may be higher but not lower than in 2030. The results from the second Enertile optimisation
serve as an input for the TEPES model, which recalculates the expansion of the transmission grid. The
Enertile model contains a transport model of interconnectors between countries. This representation is
improved by the detailed calculations in the grid model TEPES: The revised grid is then fixed in the third
and last optimisation with Enertile based on the results of the TEPES model. The results of this last
optimisation are analysed in detail and provided to the gas supply models and the macroeconomic
models for further analysis.

Figure 7.1: Modelling approach and interlinkages between models for pathway analysis

The following paragraphs describe the main models involved in the analysis of energy supply. These are
Green-X for the modelling of the diffusion of renewable electricity generation technologies, Enertile® for
the optimisation of energy supply and TEPES for the detailed analysis of the electricity grid. All models
involved in the analysis of gas supply are described in detail in the work package 6 summary report.
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Enertile model. As explained before, it is used for long-term scenario studies and is explicitly designed
to depict the challenges and opportunities of increasing shares of renewable energies. A major
advantage of the model is its high technical and temporal resolution.
Enertile conducts an integrated optimization of investment and dispatch. It optimizes the investments
into all major infrastructures of the power sector, including conventional power generation, combinedheat-and-power, renewable power technologies, cross-border transmission grids, flexibility options, such
as demand-side-management and power-to-heat and storage technologies. The model chooses the
optimal portfolio of technologies while determining the utilization of these in all hours of each analysed
year.
Enertile includes a detailed picture of renewable energy potential and generation profiles for the
optimization. The potential sites for renewable energy are calculated on the basis of several hundred
thousand regional data points for wind and solar technologies with consideration of distance regulations
and protected areas. The hourly generation profile is based on detailed regional weather data.
The Green-X model performs a detailed assessment on the future deployment of renewable energies in
the European Union. The Green-X model is a well-known software tool with respect to forecasting the
deployment of RES in a real-world policy context. This tool has been successfully applied for the European
Commission within several tenders and research projects on renewable energies and corresponding
energy policies, e.g. FORRES 2020, OPTRES, RE-Shaping, EMPLOYRES, RES-FINANCING and has been used
by Commission Services in the “20% RE by 2020” target discussion. It fulfils all requirements to explore
the prospects of renewable energy technologies:
•

•

It currently covers geographically the EU28 (all sectors) as well as neighbouring countries and
regions (e.g. the Contracting Parties of the Energy Community, Northern African countries,
Norway, Switzerland).
It allows investigating the future deployment of RES as well as accompanying generation costs
and transfer payments (due to the support for RES) within each energy sector (electricity, heat
and transport) on country- and technology-level on a yearly basis up to a time-horizon of 2050.

The modelling approach to describe supply-side generation technologies is to derive dynamic costresource curves by RE option, allowing besides the formal description of potentials and costs a suitable
representation of dynamic aspects such as technological learning and technology diffusion.
It is perfectly suitable to investigate the impact of applying different energy policy instruments (e.g. quota
obligations based on tradable green certificates, (premium) feed-in tariffs, tax incentives, investment
subsidies) and non-cost diffusion barriers.
Within the Green-X model, the allocation of biomass feedstock to feasible technologies and sectors is
fully internalised into the overall calculation procedure, allowing an appropriate representation of trade
and competition between sectors, technologies and countries. Moreover, Green-X allows an endogenous
modelling of sustainability regulations for the energetic use of bioenergy. Within Green-X a broad set of
results can be gained for each simulated year on a country-, sector-, and technology-level:
•
•
•
•
•
•

RES generation and installed capacity,
RES share in total electricity / heat / transport / final energy demand,
Generation costs of RES (including O&M) and Capital expenditures for RES,
Impact of RE support on transfer costs for society / consumer (support expenditures),
Impact of enhanced RES deployment on climate change (i.e. avoided CO2 emissions)
Impact of enhanced RES deployment on supply security (i.e. avoided primary energy)
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With Green-X a thorough assessment of impacts of various forms of energy policy interventions on RES
deployment can be performed. The model is perfectly suitable to investigate the impact of applying
different energy policy instruments to facilitate the market deployment of low carbon energy supply
technologies – e.g. quota obligations based on tradable green certificates, (premium) feed-in tariffs with
administrative price setting or price determination through auctions / tenders, tax incentives, investment
subsidies as well as the impact of non-cost diffusion barriers. The model contains a support policy
database of all current RES support policy instruments, including their concrete implementation via
design elements, for the EU28, Switzerland, Norway, the Western Balkan countries, North Africa and
Turkey.

7.2 Data and assumptions for the pathway analysis
The interest rate for the calculation of capital cost is assumed to be constant at 7% for all technologies.
The fossil fuel prices follow the IEA 450 scenario of the World Energy Outlook 2016 (International Energy
Agency 2016).
Table 2.1: Development of fuel prices in the pathway analysis with Enertile

Fuel prices in €/MWhth
2030
2040
2050

gas
28.9
30.5
31.2

hardcoal
7.4
6.6
6.2

oil
48.4
44.5
42.5

lignite
3.7
3.7
3.7

nuclear
3.1
3.1
3.1

The pathway calculations take into account a carbon budget to assure comparability between the four
pathways. The carbon budget is based on the PRIMES EUCO30 scenario and includes all CO2-emissions to
the atmosphere from the electricity sector and district heating in Europe (European Commission 2016).
The carbon budget is implemented as an upper bound for CO2-emissions in all four pathways. In 2030
not more than 734 Mt of CO2 may be emitted into the atmosphere. The other limits are 146 Mt of CO2 in
2040 and 60 Mt of CO2 in 2050.
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Figure 7.1: Development of the European electricity, heat and hydrogen demand in the different
pathways

Demand for electricity, heat and hydrogen. The resulting demand for electricity, heat and hydrogen
from the demand models Forecast, Invert and Astra are used as input to the supply model Enertile. The
demand data comprises five categories: 1) the general demand for electricity from all sectors, 2) the heat
demand for heat grids in the building sector, 3) the heat demand for decentralized heat pump systems
in buildings, 4) the electricity demand in the transport sector and 5) the hydrogen demand in the industry
and transport sector. The development of the European demand in the pathways is shown in Figure 7.1.
All four pathways have an increasing electricity demand from 2030 until 2050. The Diversification and the
Localization pathway have a higher electricity demand than the Directed Vision and National Champions
pathways. The heat demand for heat grids in the Diversification pathway is moderate and constant in
Europe. The Directed Vision pathway has a strong rise in heat demand and the highest demand in
comparison, whereas the National Champions has a decreasing and rather low heat demand. The heat
demand for heat pumps in buildings is increasing in all four pathways. The Localization and the
Diversification pathway have a substantially higher demand than the other two pathways. The electricity
demand from the transport sector is similar in all four pathways in 2030 and increases until 2050. The
demand in the Diversification and Localization increases moderately, whereas the demand in the
Directed Vision increases substantially. The four pathways differ tremendously in terms of hydrogen
demand in industry and transport sector. The National Champions pathways has a hydrogen demand
close to zero and the Directed Vision pathway has a comparatively low hydrogen demand. The
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Diversification and Localization pathway have a much higher hydrogen demand. Differences between
the pathways are particularly pronounced in the scenario year 2050 for all demand categories.
CCS and nuclear developments. The cost assumptions for all generation technologies are the same for
all four pathways with the exception of CCS technologies. The availability and cost of CCS is a defining
part of storyline of the pathways. CCS plants are only available in the Directed Vision and National
Champions pathways. In the Directed Vision pathway, CCS is available at quickly decreasing costs,
whereas in the National Champions pathway CCS is available but at relatively high costs.
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Figure 7.2: Development of installed nuclear capacity in Europe in the four different pathways

As nuclear power generation is driven by political preferences rather than economic decision-making,
nuclear generation capacity is not subject to the cost optimisation procedure in the models. Rather,
nuclear is a defining part of the storyline and therefore included as an exogenous assumption. Figure 7.2
shows the total installed nuclear capacity in Europe. In the Diversification pathway, the lifetime of nuclear
plants is fixed to 40 years, which results in a rapid phase out. The Localization pathway allows a lifetime
extension of the nuclear power plants up to 60 years but replacements are not allowed. In the Directed
Vision pathway, the European nuclear power park develops according to the PRIMES EUCO30 scenario.
In the National Champions pathway, nuclear power plants are prolonged and replaced. In comparison,
the Diversification has the lowest nuclear capacity and the Directed Vision has the highest installed
capacity.
Expansion of the electricity grid: In all pathways we assume that the current Ten Year Network
Development Plan of ENTSO-E in 2018 is implemented as a minimum status for the transmission grid in
2030 (ENTSO-E 2018). The expansion of cross border transmission capacities is subject to the optimisation
procedure in Enertile. However, the limits set for the expansion of the transmission grid are defined by
the storyline of the pathways. This parameter reflects public acceptance and willingness for European
cooperation. The allowed expansion of these capacities differs in the four pathways. In the Diversification
pathway, the expansion is not limited at all. In the Directed Vision, the values in 2030 are fixed and no
increase in capacity is allowed, but in the years 2040 and 2050 there is no limit on capacity expansion. In
the Localization pathway, the capacity of every single interconnection can increase by a maximum of 15%
per decade. Similar restrictions apply to the National Champions pathway with a maximum increase by
30% per decade.

7.2.1

Representation of renewable energy technologies

The expansion of wind and solar energy in Enertile is based on a spatially highly resolved potential
analysis, which results in regionally defined cost potential curves including potential capacity, annual
specific cost and full load hours. For the pathway analysis, the generation of renewables in the period up
to 2030 is calculated with the Green-X model first and then given as input for the Enertile optimisation.
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The rationale of linking Green-X and Enertile, and of putting for the 2030 perspective Green-X upfront is
the different modelling approach regarding deployment of renewables. Green-X simulates deployment
of renewables based on policy interventions like dedicated RES targets or corresponding support
schemes dedicated to renewables. This appears more adequate for the analysis of short to medium term
developments concerning RES deployment than the optimisation procedure in Enertile. Thus, within the
pathway analysis Green-X is used to calculate the capacity and generation of renewables in the period up
to 2030, considering the recently agreed overall 2030 EU RES target. The resulting renewable electricity
generation values from the year 2030 are then used as minimum conditions to a second optimisation
with Enertile. In 2030 the renewable generation in the Enertile optimisation has to be equal to the Green
-X values.
In the follow-up period, i.e. the years 2040 and 2050, renewable expansion is entirely decided in Enertile
since here, from a policy perspective, decarbonisation serves as the guiding principle and no longer a
dedicated sectoral policy intervention. 9
Green-X modelling of RES deployment up to 2030: a least-cost allocation in line with the pathways:
Within the pathway analysis the Green-X model is used to deliver an outlook of future RES deployment
across EU Member States in the period up to 2030, with particular focus on the electricity sector. In this
context, Green-X modelling incorporates the following aspects:
•
•
•

It derives a least-cost allocation of RES deployment across all sectors, technologies and countries
in accordance with the given 2030 EU RES target
It incorporates differences in financing conditions for (renewable) energy technologies in
modelling and applies a distinction on that across assessed pathways
In certain pathways it assumes and exemplifies the impact of a prioritisation of decentral supply
solutions, shown for the case of decentral PV.

As a general concept for all SET-Nav pathways, a least-cost approach is followed to allocate RES
deployment across EU Member States in the period up to 2030. Once the Council agreement was taken
in June 2018, we modified our assumption on the overall EU RES target for 2030, now set to 32% as RES
share in gross final energy demand at EU level. In short, the selection of RES technologies in the period
post 2020 in all assessed pathways follows a least-cost approach, meaning that all additionally required
future RES technology options are ranked in a merit-order, and it is left to the economic viability which
options are chosen for meeting the presumed 2030 RES target. This allows for a full reflection of
competition across technologies and countries (incorporating well also differences in financing
conditions etc.) from a European perspective. Support levels and related expenditures follow then the
marginal pricing concept where the marginal technology option determines the support level (like in the
ETS or in a quota/certificate trading regime, or similar to the concept of liberalised electricity markets).
Incorporating the impact of investor’s risk – the (possible) impact of cooperation: Green-X is
capable of incorporating the impact of risks to investors on RES deployment and corresponding (capital
/ support) expenditures. In contrast to any detailed bottom-up analysis of illustrative financing cases,
green-X modelling aims to provide an aggregated view at the national and European level with fewer
details on individual direct financing instruments. More precisely, the debt and equity conditions
resulting from specific financing instruments are incorporated by applying different weighted average
cost of capital (WACC) levels.

9
A constraint was however implemented in modelling: renewable generation in 2040 and 2050 may only be higher but
not lower than in 2030.
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Determining the necessary rate of return is based on the weighted average cost of capital (WACC)
methodology. WACC is often used as an estimate of the internal discount rate of a project or the overall
rate of return desired by all investors (equity and debt providers). This means that the WACC formula 10
determines the required rate of return on a company’s total asset base and is determined by the Capital
Asset Pricing Model (CAPM) and the return on debt. Within the model-based analysis, a range of settings
is applied to accurately reflect the risks to investors. Risk refers to three different issues:
A “policy risk” is related to the uncertainty about future earnings caused by the support scheme itself –
e.g. refers to the uncertain development of certificate prices within a RES trading system and / or
uncertainty related to earnings from selling electricity on the spot market
A “technology risk” refers to uncertainty about future energy production due to unexpected production
breaks, technical problems, etc. Such problems may cause (unexpected) additional operational and
maintenance costs or require substantial reinvestments which (after a phase-out of operational
guarantees) typically have to be borne by the investors themselves. In the case of biomass, this also
includes risks associated with the future development of feedstock prices.
The third risk component is named as “country risk”: At present differences across Member States with
respect to financing conditions are commonly acknowledged. This leads to a higher risk profiling of
investments in countries more strongly affected by the financial and economic crisis compared to more
stable economies within Europe. In modelling we assume that an alignment of these conditions might
take place, depending on the chosen policy framework:
•

Thus, for the “Diversification” and “Directed Vision” pathways where cooperation represents a
common attitude, this might be driven by a further “Europeanisation” of RES policy making.
Examples for that include a market opening of national policy schemes, enhanced RES
cooperation between Member States or at the ultimate extent via harmonisation. This approach
would trigger a convergence of country-specific financing conditions in the period beyond 2020.

•

For the “Localization” and “National Champions” pathways where entrenchment acts as guiding
principle, differences in country-specific financing conditions remain for the years up to 2030.

Prioritisation of decentral (PV) supply in selected pathways: One guiding question within the
conception of SET-Nav pathways has been how decentral or central our (energy) future may look like. In
the supply-related modelling we take this question up and incorporate it in the pathway conception.
More precisely, two distinct scenario settings come into play:

10

•

No higher market value for decentral PV (at the retail level): This scenario illustrates the impacts that
arise if no prioritisation of decentral PV generation will be undertaken in future years. Thus, within
the pathways “Directed Vision” and “National Champions”, we treat decentral PV systems
similarly to other forms of central electricity supply as a supply option to compete in the
wholesale electricity market. In other words, we do not acknowledge the higher value of
decentral generation that is applicable at household level for prosumers when used for selfconsumption.

•

Higher market value of decentral PV (at the retail level): In contrast to above, within the pathways
“Diversification” and “Localization”, we assume that a prioritisation of decentral PV is maintained
in future years. In other words, we acknowledge the higher value of decentral electricity supply
when used for self-consumption (as represented by the energy-related part of retail electricity
tariffs). Regarding the future development of retail electricity tariffs, we take the assumption that

The WACC represents the necessary rate a prospective investor requires for investment in a new plant.
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a convergence and alignment of tariff structures will take place across the EU. As part of that
process we assume that capacity-related fees increase by 50% compared to default, and that, in
turn, the energy-related part is reduced accordingly.
Renewable generation potential in Enertile
The existing renewable and conventional generation installations are fed into the model. Then, the model
makes expansion decisions autonomously on the basis of the technological and economic assumptions
along with any expansion targets created in the scenarios. In short, the calculation of the potentials for
renewable energies takes place in five steps: 1) determination of the usable area, 2) determination of the
installable capacity, 3) calculation of the possible output, 4) calculation of specific generation costs, and
5) aggregation of potentials within a region.

Figure 7.3: Evolution of the European electricity supply mix in the four different pathways.
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Figure 7.4: Evolution of the electricity generation capacity installed in the four pathways.

7.3 Electricity supply results
The evolution of the electricity supply mix, aggregated over all the 30 European countries, is shown in
Figure 7.3. In the comparison of the four pathways, the differences in total electricity demand, the
availability of CCS and the restrictions concerning nuclear power become apparent.
Wind power is the most important energy source in all the pathways. The generated amount of electricity
from wind in 2050 ranges from 3364 TWh (926GW) in the Diversification and 3304 TWh in the Localization
pathways to 2042 TWh in the Directed Vision and 1857 TWh (465 GW) in the National Champions
pathways, which has the lowest electricity demand. The most important countries in terms of wind power
generation are the UK, France, Germany, and Poland.
Wind power is mainly used onshore, only in the Localization pathway the more expensive offshore wind
power is extended in 2050 (mostly in Germany and the Netherlands), probably because areas with lower
onshore wind generation costs are already largely used in these countries and the transmission grid
restrictions do not allow for a higher electricity import.
After wind, solar power is the most important energy source. The generated amount in 2050 ranges from
1332 TWh in the Diversification and 1254 TWh in the Localization pathways to 695 TWh in the National
Champions and 668 TWh in the Directed Vision pathways. The countries with the largest solar power
generation are Spain, Italy, France, and Germany. Solar power mainly consists of photovoltaics (PV, both
utility scale and roof top), but concentrated solar power (CSP) also plays a role in southern Europe
especially in the Diversification and Localization pathways due to the high demand for electricity
generation.
In all pathways most of the electricity comes from renewable sources. As the capacities of biomass and
hydro are fixed in the model, the share of volatile wind and solar power increases with time, especially in
the pathways with high electricity demand and no or little nuclear (Diversification and Localization).
The generation of nuclear power, of which the installed capacities are strongly determined by political
decisions, in 2050 ranges from 801 TWh in the Directed Vision pathway, over 372 TWh in the National
Champions pathway, and 164 TWh the Localization pathway, to 29 TWh in the Diversification pathway.
In the pathways without CCS (Diversification and Localization), coal disappears almost completely and
gas plays a minor role due to high CO2 prices, while CCS allows a higher (though still rather low) share of
fossil fuels in the Directed Vision and National Champions pathways in 2050. The amount generated with
fossil fuels (excluding nuclear) in 2050 ranges from 504 TWh in the Directed Vision and 429 TWh in the
National Champions pathways to 148 TWh in the Localization and 122 TWh in the Diversification
pathways. A large part of this generation occurs in Germany and Italy.

7.3.1

Renewable electricity generation

Within the pathway execution, the Green-X model is used to deliver an outlook of future RES deployment
across EU Member States in the period up to 2030, with focus on the electricity sector. Table summarises
the assumptions taken in Green-X modelling to incorporate the pathway characteristics.
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Below we provide an illustration of the outcomes, indicating for 2030 for all assessed pathways
technology-specific RES-E deployment at EU level (Figure 7.5) and, complementary to that in Figure 7.6
overall country-specific RES-E deployment. The corresponding illustration in relative terms, indicating
RES use as share in gross electricity demand at country level, is provided by Figure 7.7. These graphs allow
for a comparison among the pathways that is a consequence of the perceptions taken in Green-X
modelling as summarised above – but it is also a consequence of differences in the underlying electricity
demand, i.e. specifically the amount of sector-coupling that is prescribed by demand modelling in the
overall SET-Nav modelling suite.
Table 2.2: Pathway-specific assumptions used in Green-X for modelling RES deployment in the 2030
context
Pathway-specific
assumptions used in
Green-X modelling
General approach for
allocating RES
deployment (up to 2030)

Diversification

Localization

Directed Vision

National
Champions

Least-cost allocation across all countries, sectors and technologies (in line with
32% RES by 2030 at EU level)

Financing conditions /
Country risk

Smoothening
(due to
“Europeanization”)

Default
(differences
across MSs
remain)

Smoothening
(due to
“Europeanization”)

Default
(differences
across MSs
remain)

decentral (PV) systems

Yes

Yes

No

No

Localization

Directed Vision

National Champions

700
600
500
400
300
200

Wind offshore

Wind onshore

Tide & wave

Solar thermal
electricity

Photovoltaics

Hydro smallscale

Hydro largescale

Geothermal
electricity

Biowaste

0

Solid biomass

100
Biogas

Electricity generation from RES in 2030 [TWh]

Diversification

800

Figure 7.5: Technology-breakdown of electricity generation from RES in 2030 at EU level according to
SET-Nav pathways (Green-X modelling)
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Figure 7.6: Country breakdown of electricity generation from RES in 2030 according to SET-Nav
pathways (Green-X modelling)
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Figure 7.7: Country-specific RES share (in gross electricity demand) in 2030 according to SET-Nav
pathways (Green-X modelling)

The graphs above illustrate the overall ambition level imposed by both the pathway conception (where
a deep decarbonisation is aimed for in subsequent years until 2050) and the agreed political target set
for RES by 2030 at EU level. Thus, a strong uptake of renewables is needed in the near to mid future to
achieve the given RES target of 32% overall RES share by 2030 at EU level. A technology comparison as
provided by Figure 7.5 then confirms the central role wind energy, and here specifically onshore wind,
has to play. A strong contribution by 2030 is however also applicable in the case of photovoltaics – here
the differences in policy conception across pathways is also observable: the SET-Nav pathways like
Diversification or Localization (where a priorisation of decentral PV systems is presumed) lead to a
(substantially) higher overall PV deployment in 2030. Country-specific differences in financing conditions
affect investments in RES and, consequently, overall RES deployment but impacts are generally smaller
in magnitude compared to other differences and assumptions taken in the pathway conception.

Renewable Potential Usage in 2050: Wind onshore
Figure 7.8 show the fraction of the wind onshore potential used in 2050 in the four different pathways.
Due to the optimisation in the Enertile model, renewable capacities first extend on areas with the lowest
cost (i.e. in the case of wind often near the coast) and then spread to areas with higher generation cost.
However, this does not hold completely on the European level, because the results of the Green-X model
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serve as minimum conditions (in terms of electricity generated per technology and country) for the
optimisation. Therefore, potentials are used to a certain degree in every country, even if generation cost
in comparison to other countries are higher. The wind potential is used to a high degree in the northwest
of Europe (i.e. northern France, Belgium, the Netherlands, northern Germany, Denmark, UK), but also in
certain parts of the Mediterranean region, eastern Central Europe and around the Baltic Sea.
Diversification

Localization

Directed Vision

National Champions

Figure 7.8: Fraction of the wind (onshore) potential used by Enertile in 2050 in the SET-Nav pathways.

In the Localization and the National Champions pathways, the potential usage is lower in some regions
with low generation cost (e.g. UK and Denmark). This is caused by the fact that lower transmission grid
capacities do not allow for the export of more electricity. In contrast, in the pathways with unlimited
expansion of the transmission grid (Diversification and Directed Vision) the installation of renewable
capacities is more concentrated on areas with low cost potential.
The high renewable electricity demand in the Diversification and the Localization pathways causes a
higher usage of areas with medium generation cost (e.g. further away from the coast), because areas with
low generation cost are already largely used.
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Renewable Potential Usage in 2050: Solar PV
The maps in Figure 7.9 show the fraction of the utility scale photovoltaic (PV) potential used in 2050 in
the four different pathways. Rooftop PV is also considered in the model, but not discussed in this section.
Generally the optimisation procedure prefers utility scale PV to roof top PV due to the lower generation
cost. As stated in the section above, certain minimum conditions for the electricity generated with a
certain technology are fixed for every country. But apart from this, the model can optimise the installation
of renewable capacities. The result of the optimisation procedure is a very high utilisation of the existing
generation potential for utility scale PV in Europe. It is used to a high degree in southern and central
Europe, but also in certain parts of northern and eastern Europe. Overall, the potential usage is higher for
solar than for wind power and distributed more homogeneously over and within most of the countries.
This is caused by the fact that the regional differences in solar radiation are lower than the differences in
local wind conditions.
In the pathways with restricted electricity grid low cost potentials in Southern Europe cannot be utilised
completely (Localization and National Champions), because additional electricity export is not possible.
For the same reason, potential usage is higher in countries with higher generation cost (e.g. Finland,
Ireland, and Poland) in these pathways. Due to the higher electricity demand, the solar potential usage is
higher in the Diversification/Localization pathways, especially towards the North and East, where
potentials are not used to a high degree in the Directed Vision/ National Champions pathways due to the
lower demand.

Diversification

Localization
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Directed Vision

National Champions

Figure 7.9: Fraction of the solar (utility scale photovoltaic) potential used in 2050 in the four different
pathways by Enertile.

The potential usage of rooftop PV in 2050 is shown in Figure 7.10. Generally, the optimisation procedure
prefers utility scale PV to rooftop PV due to the lower generation cost. This can be seen in the overall
lower potential usage of rooftop PV. In most of the countries, potential usage is high in the South where
generation cost is lower. Potentials are (almost) not used in Northern Europe, where utility scale PV is
preferred to reach national minimum targets for PV. In contrast, rooftop PV potentials are used more
where there are only few utility scale PV potentials left (especially in Italy and Germany).
The potential usage in 2050 shown on the maps corresponds to installed solar PV capacities of 595 GW
(utility scale) and 289 GW (rooftop) in the Diversification, 579 GW (utility scale) and 325 GW (rooftop) in
the Localization, 367 GW (utility scale) and 141 GW (rooftop) in the Directed Vision, and 405 GW (utility
scale) and 117 GW (rooftop) in the National Champions pathway.
Diversification

Localization
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Directed Vision

National Champions

Figure 7.10: Fraction of the rooftop solar PV potential used in 2050 in the four pathways.

7.3.2

Electricity Grids & Trading

The transmission grid represents an important flexibility option to handle the volatility of wind and solar
power generation. The capacity of the cross-border transmission grid interconnections in the four
different pathways is shown in Figure 7.11. It increases over time in all the pathways, but with different
growth rates.
In 2050, interconnections with a capacity of 835 GW are installed in the Diversification pathway. This
represents an extreme increase with respect to the current state of the electricity grid, but the
optimisation in Enertile favours these strong grid extensions over other options that would result in
higher costs. In the Directed Vision pathway, still 489 GW interconnection capacity are installed, while the
stronger grid restrictions in the remaining pathways result in lower 2050 capacities (349 GW in the
National Champions and 329 GW in the Localization pathway).
In the Localization pathway, grid extensions are limited to 15 % per decade (for every single connection).
With 13 % per decade, the actual growth on the European level almost reaches this limit, meaning that
most of the interconnections are extended by 15 % and only few are not extended to the limit. In the
National Champions pathway, grid extensions are limited to 30 % increase of net transfer capacity per
decade (for every single connection). With 19 and 14 % per decade, the actual growth on the European
level stays well below the limit, probably due to the lower share of volatile wind and solar power in this
pathway and the overall lower electricity demand. In the Directed Vision pathway, the grid is only limited
in 2030 and then subject to free optimization. In the first decade, a very high increase of 64 % occurs,
while it is only 15 % in the second decade. Finally, the Diversification pathway does not include any
restrictions concerning the grid. This results in the strongest grid extensions: One first large step in 2030,
then 59 % increase in 2040, and 31 % increase in 2050.
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Figure 7.11: Capacity of cross-border transmission grid interconnections in the four pathways.

The volume of the cross-border electricity trade, which is shown in Figure 7.12, evolves in a similar way.
Interestingly, in 2050 it is only slightly smaller in the Localization pathway than in the Directed Vision
pathway and larger than in the National Champions pathway, although the interconnector capacities are
considerably lower. This is probably due to the high electricity demand and the higher share of wind and
solar power in the Localization pathway, which increases the need for cross-border electricity trade.

Figure 7.12: Volume of cross-border electricity trade in the four different pathways.

7.4 Heat supply
This section describes the heat supply modelled with Enertile, which comprises district heat grids with
multivalent heating on the one hand and decentralized heat pump systems on the other.

7.4.1

District heat grids
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Figure 7.13: European heat supply mix in district heat grids in the four different pathways

Figure 7.13 shows the heat supply mix in heat grids in Europe in the four different pathways. There are
several technology options available to cover the heat demand in heat grids. These are combined heat
and power plants (CHP), gas boilers, electric heaters and large heat pumps based on electricity and
ambient heat. Additionally, hydrogen boilers can be used in the Localization pathway.
The Diversification pathway has a rather constant and low heat demand in heat grids. In 2030 no
electricity-based heating technologies are used and the heat demand is fully covered with gas-fired
technologies. Gas CHP is used more often than gas boilers. From 2040, electricity based heating
technologies replace major parts of the fossil heat generation. This fuel switch also becomes apparent in
the electricity supply mix as the amount of gas fired electricity generation decreases after 2030. In 2040
the heat pumps become relevant and are the major supply technology in 2050. Electric heaters cover
small shares of heat demand in 2040 and 2050. Heat pumps are heavily used when residual load in the
electricity sector is around zero, whereas electric heaters in hours with negative residual load.
The Localization pathway has a medium heat demand. In 2030 gas-fired technologies dominate in the
heat supply mix, whereas gas boilers cover a larger share of heat demand than gas CHP. In 2040 and 2050
gas CHP becomes more important than gas boilers. However, the use of heat pumps and electric heaters
increases strongly over time. In 2050 the major share of heat demand is covered with the heat pump. As
grid expansion is very limited and international electricity balancing of renewable energies is constrained,
the electricity-based heating technologies can provide flexibility for the energy system. The Localization
pathway is the only pathway with hydrogen boilers in the heat grids. These hydrogen boilers are only
used in 2050, where they cover a small share of heat demand and replace the gas boilers. It is the only
pathway where the availability of hydrogen boilers may be important as it has very high energy demand,
fast reduction of nuclear capacities, very limited grid expansion and CCS is not available. This results in a
high decarbonisation pressure and high CO2 prices, where the use of hydrogen boilers in heat grids
becomes a relevant option.
The Directed Vision pathway has an increasing and very high heat demand in heat grids. The heat pump
dominates in the generation mix and already covers about half of the heat demand in the year 2030. The
share of heat pumps in the heat grid increases strongly to around 80% in 2050. Gas boilers cover the
remaining share of the heat demand until 2040. Gas CHP is only used for small amounts, predominantly
in 2040. The electric heater is primarily used in 2030. In 2040 and 2050 electric heaters are hardly used
any more. This pathway has a high nuclear capacity, grid expansion is unlimited after 2030 and CCS is
available. Therefore, the market potential of CHP technologies in the electricity sector is limited, which is
also apparent in the heat supply mix. Furthermore, this is the only pathway where the CHP gas turbine
(GT) is preferred over the CHP gas and steam turbine (GUD). The GUD has higher efficiencies but is also
associated with higher investments requiring a higher utilization to be competitive. As the electricity side
86 | P a g e

Comparative assessment and analysis of SET-Nav pathways

is already adequately covered, the CHP technologies have only a small application range in the heat
supply. The heat demand not met by the heat pumps and the CHP is therefore covered with the use of
gas boilers.
The National Champions pathway has a decreasing and low heat demand in heat grids. Already 2030 the
heat pump covers the largest share of the heat demand. The use of heat pumps increases in 2040 and
2050, whereas the use of gas boilers declines considerably over time. There are no electric heaters in the
supply mix in this pathway. Gas CHP is mostly used in 2040 and covers about 25% of heat demand. In
2030 and 2050 gas CHP plays a minor role. The National Champions pathway has a general low demand
and the availability of CCS and the amount of nuclear capacity limit the use of CHP in the electricity and
heat supply. The electric heater is not used as the electricity grid and the use of heat pumps in heat grids
provide sufficient flexibility for the electricity sector.
Overall, the heat pump is the most important technology in the generation mix for all pathways. From
2040 onwards, the heat pump is increasingly used in the heat grids. Gas boiler and CHP are mainly
relevant in 2030 and partly in 2040. Later on, the fossil generation is drastically reduced to achieve the
high decarbonisation in 2050. In highly decarbonized energy systems, the heat grids should be expanded
in such a way that heat pumps can be integrated efficiently. The role of CHP technologies is more
uncertain as they are a transition technology and their use are very limited in highly decarbonized energy
systems. The hydrogen boiler may become more relevant when CO2 prices reach a very high level.

7.4.2

Decentralised heat pumps

Figure 7.14 shows the development of heat demand in buildings with heat pumps in the four pathways.
The heat demand rises from 2030 to 2050 in all pathways. The Diversification and Localization pathway
have a substantially higher heat demand than the Directed Vision and National Champions pathway.
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Figure 7.14: Heat demand in buildings with heat pumps in the four different pathways

The decentralised heat pumps are modelled as air-based heat pumps, which use ambient air as a heat
source. As the efficiency of an air-based heat pump is strongly dependent on the variable temperature of
the outside air, the efficiency is determined in hourly resolution as a function of the ambient temperature
and therefore also affected by the dispatch decision of the model.

Specific heat generation costs of heat pumps
Figure 6.16 shows the specific heat generation costs of heat pumps in the four pathways. These values
do not include investments in heat pump and storage. Differences between the pathways arise in relation
to the electricity costs and CO2 prices. In general, the specific heat generation costs increase from 2030 to
2050 in all four pathways. The Localization pathway has the highest specific heat generation costs,
whereas the Directed Vision pathway has the lowest specific costs. These costs depend on the electricity
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price and the dispatch decision of the model. The values correspond to wholesale prices and the actual
heat generation costs are typically higher due to taxes and levies.
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Figure 7.15: Specific heat generation costs of heat pumps in the four different pathways (averaged
over all the 30 countries, weighted with the national heat demand in buildings with heat pumps).

7.5 Hydrogen supply
This section describes the hydrogen supply modelled with Enertile. Unless otherwise noted, results for
the year 2050 are shown and discussed, because the hydrogen economy does not reach a relevant size
before this date. The demand for hydrogen in the different pathways, mainly for the use in the industry,
but also in the transport sector, is a result of the demand side modelling and given as a minimum
condition to the optimisation. Additional hydrogen production can result from the reconversion of
hydrogen for electricity or heat supply. Figure 7.16 shows the evolution of the European hydrogen
demand (excluding reconversion). Obviously, with roughly 500 TWh in 2050 the demand is much higher
in the Diversification and Localization pathways than in the Directed Vision (60 TWh), and National
Champions (24 TWh) pathways. This results in even larger differences in electricity demand (which,
excluding hydrogen, is already higher in the Diversification and Localization pathways).

Figure 7.16: European hydrogen demand (excluding reconversion).

In order to generate the required amount of hydrogen, a certain electrolyser capacity has to be installed.
The European electrolyser capacity in 2050 is 281 GW in the Localization, 231 GW in the Diversification,
30 GW in the Directed Vision, and 13 GW in the National Champions pathway.
It is important to note that we do not assume cross-border transport of hydrogen in the model. Therefore,
electrolysers able to supply the domestic hydrogen demand have to be installed in every country. We
also assume unlimited storability of hydrogen. As most of the hydrogen demand is arises in industrial
processes the assumption of localised electrolysis seems to be adequate.
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Figure 6.18 shows the distribution of the electrolyser generated over the European countries in 2050 in
the different pathways. The generation is distributed over many countries in the Diversification and
Localization pathways, but the large countries Germany, France, and the UK dominate. In the Directed
Vision and National Champions pathways, the UK clearly dominates the electrolyser generation. The
utilisation of the electrolysers is highest in the Diversification pathway (3153 full load hours/year), of the
same order in the Directed Vision (2941 hours/year), Localization (2836 hours/year) pathways, and lowest
in the National Champions pathway (2298 hours/year), which also has the lowest electrolyser capacity.

Figure 7.17: Generation of hydrogen with electrolysers per country in 2050.

These low to medium utilisation values of hydrogen electrolysers are far from base load operation.
Therefore, the relatively high capital cost and fix operation and maintenance (O&M) cost of the
electrolysers makes up about 30 % of the total cost of hydrogen (cost of electricity, capital, and fix O&M)
in the Diversification and Localization pathways, about 40 % in the Directed Vision, and over 60 % in the
National Champions pathway.
Reconversion of Hydrogen. Besides its direct use in the industry and the transport sector, hydrogen can
also be used to generate electricity with hydrogen gas turbines (with an assumed efficiency of 40 %), or
to generate heat with hydrogen boilers (only implemented in heat grids in the Localization pathway).
The installed hydrogen gas turbine capacity in Europe in 2050 is 92 GW in the Localization, 38 GW in the
Directed Vision, 27 GW in the National Champions, and 24 GW in the Diversification pathway. These
capacities generate an electricity amount of 39 TWh in the Localization, 5 TWh in the Directed Vision, 9
TWh in the National Champions, and 11 TWh in the Diversification pathway. These numbers indicate that
hydrogen is only used to cover peak demand due to the high fuel cost.
Figure 6.19 shows the distribution of the hydrogen gas turbine generation over the European countries
in 2050 in the different pathways. The electricity generation from hydrogen mainly takes place in
countries in the European periphery with a high share of wind and solar power, e.g. in the UK, Ireland,
and Spain (except for the Diversification pathway, where grid interconnections of Spain are strongly
extended). There, hydrogen electrification serves as a flexibility option for compensating, at least partly,
for the limited electricity import and export capacity. Additionally, in the Localization pathway, a
relatively large amount of electricity is generated from hydrogen in the rather central countries France
and Poland.
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Figure 7.18: Generation of electricity with hydrogen gas turbines per country in 2050.

The gas turbines used to generate electricity from hydrogen have much lower utilisation values than the
electrolysers. Here again, the utilisation is highest in the Diversification (458 hours/year) and Localization
(431 hours/year) pathways, considerably lower in the National Champions pathway (331 hours/year), and
lowest in the Directed Vision pathway (140 hours/year).The utilisation is rather low for hydrogen gas
turbines, because they are mostly used for short periods of peak load. Fossil gas turbines, which would
usually serve for this purpose, are partly replaced by hydrogen due to the high decarbonisation pressure
(low CO2 cap, high CO2 price), especially in the Localization pathway. The hydrogen boiler, available only
in the Localization pathway, in 2050 has a capacity of 42 GW and generates 48 TWh of heat in the heat
grids.

Figure 7.19 shows the distribution of the hydrogen boiler capacity over the European countries in 2050
and the generated amount of heat per country. Hydrogen boilers are most used in the UK and France,
but also in the Nordic and a few other countries. With 1219 hours/year, the utilisation of hydrogen boilers
is considerably higher than the one of hydrogen gas turbines. Hydrogen boilers are mostly used as an
alternative to fossil gas boilers and CHP when less electricity is available for heat pumps.

Figure 7.19: Capacity of hydrogen boilers (right) for heat generation per country in 2050 in the
Localization pathway. Heat generation with hydrogen boilers (left) per country in 2050 in the
Localization pathway.

7.6 CO2 prices and market values
In the pathway calculations, we use a carbon budget to assure comparability between the four pathways.
Figure 7.20 shows the carbon budget (CO2 cap), which is implemented as an upper bound for CO290 | P a g e
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emissions in all four pathways. Furthermore, Figure 7.20 shows the CO2 emissions in the pathways.
Captured CO2-emissions with CCS technologies are balanced separately for the pathways, where CCS
options are available. These emissions are not emitted into the atmosphere and therefore not included
in the carbon budget. Figure 7.20 also shows the captured CO2-emission by CCS technologies in the
pathways where CCS is available, which applies to the Directed Vision and National Champions pathway.
The costs for CCS technologies differ between the two pathways and therefore the amount of electricity
generation with CCS and the captured emissions. CCS technologies are introduced in the year 2040 and
they still play only a moderate role in 2050, which is also apparent in the electricity mix (see previous
sections). The captured emissions in the Directed Vision pathway are higher than in the National
Champions pathway as the CCS technologies are more expensive in the National Champions pathway.

Figure 7.20: CO2-emissions into the atmosphere, captured CO2-emissions (hollow bars) and carbon
budget (CO2 cap) from the electricity sector and district heating in Europe in the four pathways.

By using a carbon budget in the optimization the corresponding CO2-prices are a part of the solution. The
CO2-prices are the shadow costs of the emission equation in the linear problem formulation. Figure 7.21
shows the resulting CO2 shadow costs in the four pathways. The National Champions pathway has with
139 €/Mt the lowest CO2 price in 2050. In 2040, the Directed Vision has a lower CO2 price. The Localization
pathway has the highest CO2 prices in all scenario years and the price reaches a level of nearly 300 €/Mt
in 2050. The CO2 prices in the Diversification and Directed Vision pathway rises close to 200 €/Mt in 2050.
Compared with current levels of the CO2 price this means a drastic increase until 2050. The emissions in
2030 are below the CO2 cap in all pathways, which results in CO2 shadow prices equal to zero. This means
the carbon budget for this year is sufficient and does not exert pressure on the electricity generation. This
does not mean that Europe will reach these emissions automatically but it is a result of the definition of
the pathways in 2030. Even if the CO2 shadow prices in 2030 are zero they rise substantially in the years
afterwards.

Figure 7.21: CO2 shadow prices in the four pathways.
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Market values of electricity, heat and hydrogen in the four pathways
Whereas most other quantities discussed in this report can easily be summed up in order to analyse them
on the European level, market values have to be averaged in a certain way over the 30 considered
countries. We chose to weight the national market values with the national demand when computing a
European average.
The market value of electricity is shown in Figure 7.22 for the years 2030, 2040, and 2050. In all the
pathways, the market value shows a strong increase between 2030 and 2040, while it increases much less
or even remains constant between 2040 and 2050. The market value is highest in the Localization
pathway (except for 2030), followed by the Diversification pathway. The Directed Vision pathway has the
lowest market value, but the one in the National Champions pathway is only slightly higher.
Figure 7.23 shows the same for the market value of heat in heat grids. The general trend is similar to that
of electricity, with a larger increase in the first and a smaller increase in the second decade. Again, the
Localization pathway has the highest market value, followed by the Diversification and the Directed
Vision pathway. The National Champions pathway has the lowest market value of heat in heat grids.

Figure 7.22: Evolution of the market value of electricity in the four different pathways (averaged over
all the 30 countries, weighted with the national inflexible electricity demand).

Figure 7.23: Evolution of the market value of heat (in heat grids) in the four different pathways
(averaged over all the 30 countries, weighted with the national heat demand in heat grids).
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Figure 7.24: Evolution of the market value of hydrogen in the four different pathways (averaged over
all the 30 countries, weighted with the national hydrogen demand).

The market value of hydrogen, shown in Figure 7.24, has a more complex behaviour. It is highest and
does not change much in the Diversification pathway (except for 2040). It is also high in the Localization
pathway, where it increases in the first and decreases again in the second decade. An initial increase
followed by a decrease of the market value, can also be observed in the Directed Vision pathway, which
has overall much lower values than the pathways described above. The market value of hydrogen is
lowest in the National Champions pathway, but this should be interpreted cautiously due to the very
small scale of the hydrogen economy in this pathway. Overall, the market value of hydrogen is
considerably lower than the one of electricity, although the generation of 1 MWh of hydrogen requires
more than 1 MWh of electricity. This is because electrolysers are mostly used in periods with low electricity
price due to large supply of renewables.

7.7 Summary & Conclusion
The modelling results presented in this report demonstrate, that a stable European electricity and heat
grid system is possible even for the ambitious decarbonisation goal of 96 % reduction. In order to achieve
this GHG emission target, CO2 prices will have to be much higher than today, in our results well above
100 €/t in 2050. However, energy prices do not show such a large increase, because the energy supply
mix is dominated by low carbon technologies. In order to achieve this result efficient regulation of
linkages between the different energy sectors is required. Heat supply and energy supply of other sectors
such as the transport sector need to follow the real time situation of the electricity sector in an
undisturbed way to react to weather situations.
The four scenarios discussed above show that there are different technology pathways to reach the
target. But despite the differences it is a robust finding, that renewable energy sources and especially
wind power will play a major role in the future energy supply. Furthermore, heat grids able to distribute
heat from fossil or renewable fuels or power-to-heat are an important option to adapt to different
developments in technology.
A strong power transmission grid helps to limit the energy system costs, because it allows to generate
renewable electricity where generation costs are lowest and it reduces the need for other (more
expensive) flexibility options. Another important measure to keep costs low, is the direct use of electricity
in other sectors such as power-to-heat in heat grids or electric vehicles for transport.
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The direct use of electricity in other sectors reduces the requirements for the generation infrastructure
compared to pathways with a stronger usage of hydrogen or "synthetic hydrocarbons", because these
result in less efficient conversion processes.
Our results show that in world which is heavily dominated by renewable electricity generation electrolysis
of hydrogen is a shoulder load technology rather than a base load technology. This results in a high share
of capital costs in overall hydrogen production cost. The reconversion of hydrogen to electricity is mainly
an option to cover rare peaks which cannot be covered with natural gas in a world with tight carbon
budget.
The comparison of the pathways and the spatial results for the allocation of renewable generation units
clearly indicates that public acceptance for generation infrastructure will be crucial aspect for the road
ahead. All pathways show infrastructures which will raise acceptance issues, such as grid renewables
deployment, CCS or nuclear. Even the Localization pathway requires large amounts of generation
infrastructures which are concentrated in certain regions of Europe.
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8 Pathways results: gas sector
8.1 Methodology for pathways analysis
To model the possible infrastructure need of natural gas markets of Europe and to see how the
stakeholders of gas sector are impacted by the decarbonization, gas demand was derived based on the
building sector (Invert/EE-Lab model), industry sector (FORECAST model), transport sector (Astra model)
and heat and power sectors (Enertile/TEPES model). Gas demand is a primary input for EGMM. Gas
modelling main outputs are the consumption level of natural gas per country on monthly granularity,
wholesale price of natural gas, utilisation of gas infrastructure (interconnectors, gas storages, LNG
regasification infrastructure), main sources of imports to European markets. Detailed results on the
workings on the gas market allow for welfare analysis of new infrastructure. In short, the EGMM model
assesses the infrastructure need in the natural gas sector for all the SET-Nav Pathways while the GGM
model analysed two pathways to verify consistency and robustness on the conclusions.
GAS
PRICES

INVERT/EE-Lab
Building
sector

EGMM
Gas market

POWER
DEMAND

GAS
DEMAND

Gas market

ENERTILE/TEPES

FORECAST

Power and
heat sector

Industry
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EGMM

Partial gas
market
equilibrium

Gas demand

Transport

PCI project
evaluation

Figure 8.1 Schematic representation of data flows between models

As a first step of data flows between models EGMM provided modelled country-level natural gas prices
based on PRIMES EUCO30 and Reference 2016 demand assumptions for the demand sectoral models
(Invert-EE/Lab, FORECAST and Astra. country-level prices provided to demand models are included in the
Annex), which used this price as an input to assess energy consumption in their respective sector. An
output of the sectoral models was the natural gas consumption with which the decarbonisation targets
can be reached. This disaggregated sectoral gas consumption was then fed into EGMM to see how the
new demand assumptions affect the gas market and what infrastructure developments are needed on
the existing grid on the 2020-2050 time horizon. 11
Defining pathways storylines for modelling the gas sector
As 2050 decarbonisation targets are mainly affected by the demand sectors, not the infrastructure: the
results of the demand sectors (i.e. the level of gas consumption) will have an effect on the natural gas
markets in Europe. Our modelling highlights these effects on the stakeholders of the sector and how this
affects market outcomes.
Besides simply plugging in the demand figures of other modelling teams to our market model, we have
identified the main messages of the Pathways scenarios for the gas markets. Also, a reference scenario
11
GGM uses the same consumption and production data as the calibration reference. Actual model outputs vary by a few
percent compared to reference values.
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Natural gas and biomethane production
injected in to the gas network,
TWh/year

was created, which served as a business as usual case assuming non-decreasing gas demand in the main
consuming sectors. We used Primes 2016 gas demand in the Reference scenario. Concerning all other
assumptions, Reference scenario is identical with the National Champions scenario.
1400
1200

Diversification and Localisation

1000
800
600
400
200

Directed vision, National Champions and
Reference

0

Figure 8.2 Domestic gas production in the EU28 for the pathways and the reference case. Assuming that
its pricing strategy will not change, Russia is expected to keep or increase its market share in the
shrinking European market for the Directed vision and the National champions pathways, while lower
market shares are to be seen in the Localization and Diversification scenarios.

On the pathways decentralisation/path dependency axis we envisaged two main trends in gas markets –
the future of biomethane and Russian strategy (including infrastructure plans regarding Europe):
•

•

Decentralisation means higher use of local resources and shifting the sector from the highly import
dependent Europe to the increased production of greener gas. To model this effect, increasing
biomethane production to the natural gas network was added in the Diversification and Localization
pathways, based on ENTSOG 2018 TYNDP Distributed Generation scenario. 12 This scenario was
selected because it had the highest level of biomethane injection to the natural gas networks. For
the other scenarios (Reference, Directed Vision and National Champions) no additional biomethane
production was considered. Increasing biomethane injections to the gas grid are assumed to keep
EU gas production at 1000 TWh/year by 2050 in the Decentralisation scenarios (Localization and
Diversification) as opposed to the more conservative Path dependency scenarios (Reference,
Directed Vision and National Champions), which show 500 TWh/year domestic production for the
EU28.
Russian gas marketing strategy regarding Ukraine and the future of major transit pipelines is of high
uncertainty. TurksStream 1 is considered to be part of all scenarios. Nord Stream 2 and TurkStream 2
are assumed to be commissioned in the Path dependency scenarios (Directed Vision and National
Champions, as well as Reference), while are not part of the scenarios in the Decentralisation cases
(Diversification and Localization). Consequently, if the alternative pipeline infrastructure Nord Stream
2 and TurkStream 2 are in place in the Path dependency scenarios, Russian long-term contracts are
delivered on a different route to Europe, bypassing Ukraine. Routing and delivery points remain
unchanged compared to 2018 market situation in the Decentralisation scenarios (Diversification and
Localization). Russian gas sales are possible via the Ukrainian system based on short-term, flexible
contracts but not on long-term basis in all scenarios.

ENTSOG TYNDP 2018 Final Scenario Report Supply https://www.entsog.eu/sites/default/files/entsogmigration/publications/TYNDP/2018/entsog_tyndp_2018_Final_Scenario_Report_Supply.xlsx
12
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On the cooperation/entrenchment axis pathways dimension, the future development of the internal EU
natural gas market was considered. In the cooperation scenarios (Diversification and Directed Vision), we
assumed that no internal tariffs are to be paid in inter-EU28 interconnecting points, while for the
Entrenchment scenarios, current (as of early 2019) tariffs are kept constant for the modelling period.
Table 8.1 Main assumptions of Pathways and Reference scenarios

Cooperation/
Entrenchment
Path
dependency/
Decentralisation
EU28
biomethane
production
Nord Stream 2,
TurkStream 2
Russian transit
via Ukraine
EU28 gas
consumption
Internal tariffs
on EU28 system

Reference

Diversification

Localization

Directed Vision

National
Champions

Entrenchment

Cooperation

Entrenchment

Cooperation

Entrenchment

Path
dependency

Decentralisation

Decentralisation

Path dependency

Path dependency

Current

High

High

Current

Current

yes

no

no

yes

yes

only spot

yes

yes

only spot

only spot

PRIMES
reference

Pathways

Pathways

Pathways

Pathways

current tariffs

no tariffs

current tariffs

no tariffs

current tariffs

8.2 Gas demand projections across the SET-Nav Pathways
Building sector results for the Pathways scenarios were obtained from Invert/EE-Lab modelling.
Decarbonisation targets for the building sector may only be reached by strong degasification of the
residential and non-residential building stock, assuming a complete ban on connection to the gas grid
after 2030. Development of gas demand for the Localization, Directed Vision and Diversification
pathways is identical on the modelling horizon, dropping below 200 TWh/year in the EU28 by 2050
Industry sector modelling was performed with FORECAST model. As noted earlier, results are identical for
the path dependency scenarios (Directed vision and National Champions) and the decentralisation
scenarios (Diversification and Localization). Aggregated natural gas demand of the industry sectors is
expected to fall below 1400 TWh/year by 2050 in the path dependency scenarios and below 750
TWh/year by 2050 in the decentralisation scenarios.
As illustrated in preceding chapters, the transport sector shows a considerable increase in gas demand:
compared to the 2010 basis of 4 TWh/year, combined natural gas, LNG, CNG and biomethane demand of
the sector ranges from 85 TWh/year to 350 TWh/year. Strongest demand growth is observed in the 20302040 period. Currently gas consumption in the transport sector is marginal, but even by 2050 this sector
will be the least significant part of aggregated natural gas consumption in the Directed Vision and
National Champions scenarios. In Diversification and Localization scenarios however, this sector has the
second highest gas consumption among the four. Lastly, the Power and district heating sector 13 gas
consumption were provided by Enertile. Demand in the Pathways scenarios is shrinking to 300-400
TWh/year from the 1200 TWh/year in 2015. Increasing demand in the reference case is not a modelling
result.

13
Heat demand of local heat grids and district heating is included in the power and heat sector, while heat produced and
consumed in the buildings in site is included in the building sector heat demand.
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Total gas demand is the sum of the four sectors (buildings, industry, transport, power and heat sector).
From the 2015 basis of 5000 TWh/year, all pathways scenarios display a significant decrease in gas
demand. Reference scenario (based on Primes 2016 reference gas demand) is stagnating at the 5000
TWh/year level.
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Figure 8.3 Total natural gas demand of the EU-28, TWh/year

In the Diversification pathway, gas consumption in the building sector shrinks with ~1500 TWh/year from
2015 to 2050. Heat demand of the buildings is supplied from other, renewable sources of energy.
Considerable technological developments in the industry sector make it possible to decrease natural gas
consumption by 40%, ~1400 TWh from 2015 to 2050. Gas consumption in the transport sector surges
from 8 TWh/year in 2015 to 285 TWh/year. Power and heat sector gas consumption shrinks from 1250
TWh/year in 2015 to 270 TWh/year by 2050.
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Figure 8.4 Share of the four demand sectors in total gas consumption, TWh/year
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In the Localization pathway, building sector gas consumption falls with ~1500 TWh/year from 2015 to
2050. Industry sector gas consumption is identical with the diversification scenario, i.e. ~1400 TWh
decrease in consumption from 2015 to 2050. Gas and renewable gas consumption in the transport sector
increases to 350 TWh/year by 2050. Power and heat sector gas consumption diminishes with 1000
TWh/year by 2050.
In the Directed vision pathway, gas consumption of space heating and hot water in buildings is reduced
with ~1500 TWh/year. Compared to Localization and Diversification scenarios, gas consumption of
industry drops at a smaller extent by ~700 TWh/year from 2015 to 2050, but still considerably compared
to the Reference scenario. Transport sector gas consumption increases to 100 TWh/year. Power and heat
sector gas consumption contracts with ~800 TWh/year from 2015 to 2050.
In the National Champions pathway, gas consumption in buildings is shrinking somewhat slower than in
other scenarios, with 1100 TWh/year from 2015 to 2050. Industry sector trajectory of gas consumption
follows the same path as the directed vision, dropping by ~700 TWh/year. Power and heat sector gas
demand is ~900 TWh/year lower in 2050 than in 2015.
To sum up, all pathways show:
•
•

Significant decrease of total gas consumption: Total gas consumption falls from the current ~5000
TWh/year to the ~1500-2500 TWh/year range.
Change in patterns of sectoral gas consumption: Relative share and significance of highly
temperature-dependent and seasonal gas consuming sectors such as building sector and power
sector accounted for 60% of gas consumption. Consumption levels in these sectors shrinks to ~30%40% in the pathways. Industry and transport sector gas consumption has no seasonal pattern
whatsoever. This shift from the currently seasonal nature of gas consumption has detrimental effect
on the existing gas infrastructure, as storage facilities and pipelines are accommodating highly
seasonal swings. 14

Table 8.2 Relative share of the four demand sectors in total gas consumption, %

Reference

Diversification

Localization

Directed vision

National champions

Buildings
Industry
Transport
Power and heat sector*
Buildings
Industry
Transport
Power and heat sector
Buildings
Industry
Transport
Power and heat sector
Buildings
Industry
Transport
Power and heat sector
Buildings
Industry
Transport
Power and heat sector

2015

2020

2025

2030

2035

2040

2045

2050

33%
42%
0%
25%
33%
42%
0%
25%
33%
42%
0%
25%
33%
42%
0%
25%
33%
42%
0%
25%

31%
41%
0%
29%
32%
39%
0%
28%
33%
41%
0%
25%
34%
43%
0%
22%
35%
42%
0%
23%

28%
40%
1%
31%
31%
38%
1%
30%
34%
41%
1%
25%
35%
46%
1%
17%
36%
45%
1%
19%

27%
41%
1%
31%
30%
36%
2%
32%
34%
41%
2%
23%
36%
52%
1%
10%
36%
49%
2%
13%

25%
41%
1%
33%
26%
39%
4%
31%
28%
42%
5%
25%
28%
56%
2%
14%
32%
51%
3%
14%

24%
41%
1%
34%
21%
44%
8%
27%
20%
42%
10%
28%
19%
60%
3%
18%
28%
51%
6%
15%

23%
40%
1%
36%
14%
48%
13%
25%
14%
45%
16%
25%
11%
65%
4%
20%
25%
52%
8%
14%

22%
39%
2%
38%
9%
52%
20%
19%
8%
49%
24%
19%
5%
68%
5%
22%
22%
54%
10%
14%

Source: REKK based on demand sector models (Invert/EE-Lab, FORECAST, ASTRA), Enertile, PRIMES 2016
*Calculated from PRIMES 2016 reference, not a modelling result.
14

Modelling did not consider the effect of this phenomenon of the pathways.
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8.3 Infrastructure and global market assumptions
Model infrastructure dataset is based on ENTSOG Transmission Capacity Map 1. July 2017 edition. Minor
adjustments were performed, e.g. L-gas network was not considered in the network representation and
some storage points were re-located to the transmission system they are actually linked to (e.g. some
German storages connected to the Dutch gas transmission system).
Pipeline infrastructure: New capacities compared to the 2017 ENTSOG capacity map included in the
2020 infrastructure were pipelines which received a final investment decision (FID) and will be
implemented with high probability. The interconnectors listed below are those future infrastructures that
are included in all Pathways scenarios as well as the Reference scenario.
LNG regasification infrastructure: Technical capacities were extracted from the ALSI+ database. Daily
DTRS (Declared Total Reference Send-out) capacities were considered on a country level. LNG
regasification tariffs were obtained from the terminal operators’ website. LNG terminal investments were
based on ENTSOG TYNDP Low infrastructure scenario, and additionally the Croatian LNG terminal was
included, since it received an FID and financing from the Croatian Government in early 2019.
Table 8.3 New Pipeline infrastructure included in the Reference scenario and the Pathways
Border
HR-SI
IT-AT
GR-AL_TAP
RO-HU
HU-RO
FI-EE
EE-FI
PL-LT
(GIPL)
LT-PL
(GIPL)
EE-LT
LT-EE
AZ-GE
PL-SK
SK-PL
RU-TR
RU-TR
RU-DE
RO-BG
BG-GR

162
189
40
49
77
79
79

Date of
commissioning
2018
2018
2018
2018
2019
2019
2019

73

2018

x

x

x

x

x

51

2020

x

x

x

x

x

105
42
855
175
144
425
425
3798
715
109

2019
2019
2019
2019
2019
2019
2020
2020
2020
2020

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x

x
x
x
x
x
x

x
x

x
x

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

Capacity,
GWh/day

Reference

Diversification

Localizatio
n

Directed
vision

National
Champions

x
x
x
x
x
x
x

x
x
x
x
x
x
x

x
x
x
x
x
x
x

x
x
x
x
x
x
x

x
x
x
x
x
x
x

Table 8.4 LNG regasification terminal capacities to be included in modelling

Terminal
Country Status
Capacity, GWh/day
HR
FID
109
Krk (HR)
HR
FID
163
Krk (HR) Phase 2
PL
FID
246
Świnoujście LNG expansion
Source: REKK assumptions based on ENTSOG TYNDP

Commissioning
2021
2024
2024

Storage facilities: 2018 December revision of the GIE Storage database was utilised for the storage
working gas, injection and withdrawal capacities. Storage injection and withdrawal curves were also
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considered in the analysis, i.e. lower storage fill-up rates allow for lower availability of withdrawal
capacities. 15
Country-level technical working gas, injection and withdrawal data are presented for reference in the
Annex. Storage investments are minor compared to the existing capacities. Storage tariffs are fixed on
the level of 1 €/MWh for each facility – that are close to the variable cost of the facilities. This minimum
tariff value is based on observed summer winter spreads between 2016-2018.
Table 8.5 New storage investments in the Reference scenario and all Pathways scenarios

Facility
Bordolano phase II
Botas Tarsus
Silivri (Marmara)

8.3.1

Country
IT
TR
TR

Working gas
TWh
7
11
46

Injection
GWh/day
109
319
638

Withdrawal
GWh/day
185
319
638

Star-up
2019
2020
2020

Other assumptions - EGMM

Flat oil price was assumed for the modelling horizon. Long-term contracts in force were based on the
data collection of REKK. Price and delivery point of long-term contracts is fixed, but we consider no
minimum take-or-pay obligations to be effective. Russian and Norwegian spot gas is sold to Western
European markets. The pricing of this gas is set to maximize profits of the gas suppliers.
Domestic European gas production is priced to be the cheapest source of natural gas for European
consumers, on a marginal cost basis. Production figures were based on ENTSOG and PRIMES inputs.
External suppliers (Russia, Norway and North African producers) provide gas on a marginal cost basis and
are only constrained by the infrastructure capacity.
LNG shipping rates applied consider the daily charter rate of the LNG vessels, the fuel consumption and
all applicable canal fees. LNG supply is flexible and is priced based on the notion that Europe is a market
of last resort for LNG. LNG liquefaction terminals are allowed to sell their gas to Asian markets (China,
South Korea and Japan) and to European markets. Price of LNG supply from each liquefaction terminal is
calculated to each individual regasification terminal as the opportunity cost of not selling to Asian
markets, considering the relevant transport costs. Monthly gas consumption patterns were based on
historical data on country level. No adjustment was made in the 2020-2050 time horizon due to the
possibly changing seasonal pattern (i.e. higher share of non-seasonal sectors such as industry and
transport, and diminishing gas consumption in historically relevant seasonal consumers such as buildings
and heat plants).

8.3.2

Other assumptions - GGM

The Global Gas Model is multi-period partial equilibrium model accounting for market power in world
natural gas markets. It takes as inputs country level reference projections for production and
consumption values and end-user prices; various infrastructure investment and operational costs,
capacities, depreciation and loss rates, seasonal demand loads, sector shares and price-demand
elasticities, production costs, and market power assumptions. The model endogenously determines
country level seasonal production, consumption and trade patterns and prices, pipeline, liquefaction,

15
Analysis of the storage withdrawal curves in REKK-Tractebel- Energy Markets Global (2017): Follow-up study of the LNG
and storage strategy.
https://ec.europa.eu/energy/sites/ener/files/documents/follow_up_study_lng_storage_final_01.pdf
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regasification and storage infrastructure expansions and utilisation, price variations in scenarios, and
sector profits, costs, consumer surplus and social welfare impacts.
Compared to the PCI case studies, the GGM infrastructure, production and consumption input data sets
have been updated to reflect the global situation per ultimo 2018.
Accounting for the market power assumptions, GGM has to be calibrated to exogenous reference values
for production and consumption. The reference values from WEO have been broken down to the (sub)
country level, and extrapolated beyond the year 2040. To parameterize the input parameters for non-EU
countries and global LNG markets, the main sources we have used are:





WEO 2017 projections from IEA for production and consumption.
EIA data for pipelines.
GIIGNL data for liquefaction and regasification capacities.
IEA, EIA and Cedigaz data for storage capacities.

For specific items, we have complemented these with data from other sources. The data documentation
provided with the open source version of the GGM made available as part of the SET-Nav project provides
more details. In the analyses, we have paired the SET-Nav scenario Directed Vision (Vision) with the WEO
2017 scenario Sustainable Development (SDS), and the Primes reference scenario 2016 (Ref) with the
WEO 2017 scenario New Policies (NPS).
6000

500

5000

400

4000

2050

2045

2040

2035

Cons NPS-Ref

2030

2025

2020

SDS-Vision

2050

2045

NPS-Ref

2040

0

2035

0
2030

100
2025

1000
2020

200

2015

2000

2015

300

3000

Cons SDS-Vision

Figure 8.5 Total global demand (right) and EU natural gas demand and production (right), in
bcm/year.

In the NPS-Ref scenario, EU share in global consumption will reduce from 12.8% to 7.3% between 2015
and 2050, due to increasing consumption in the rest of the world. In contrast, in SDS-Vision the EU
consumption share will drop to 4.5%, merely due to the decrease in EU consumption.
Directed Vision is not the pathway with the sharpest decline in EU gas consumption over the entire
horizon until 2050. As discussed below, the results do clearly illustrate what the consequences are of a
drastic decline in EU gas consumption.

8.3.3

Summarizing effects in the gas sector

By introducing structural changes and detrimental assumptions on the gas demand of the EU28, a bleak
picture of the natural gas sector is shown. Although consumers realise considerable cost reduction
compared to the reference case, infrastructure operators, producers, traders lose their traditional revenue
streams and need to re-think the current business model. Cost reductions on the consumer side need to
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be contrasted with the investment costs of switching to alternative fuels and the operating cost of new
fuels (noted in the demand sector analyses).
•

•
•

•

Consumers switch to alternative fuels and realise savings in their gas bill due to price and volume
effect. We expect that decreased import dependency helps the negotiation potential of Europe.
Oversupply on international gas markets brings lower import prices for Europe.
Midstream gas supply actors (Infrastructure operators) are losers of the decarbonisation.
Lower infrastructure use may induce technical problems on the gas network (e.g. pressure
problems) as well as jeopardize the financing of the current network with current tariff levels.
Considerable increase in tariffs is envisaged.
Storage operators would experience higher utilisation and revenue streams in the Reference
scenario. However, in the Pathways scenarios their market disappears and no need for seasonal
storage is observed. Power sector results indicated that short-term flexibility provided by
storages may be necessary in the decarbonisation pathways. The current tariff structure and
operating mode of storage infrastructure is not focusing on much more the volumes and shortterm products bring only small part of the revenue. A restructuring of the business model is
needed, otherwise the existing storage capacities will run under-utilized and may be
decommissioned.

8.4 Evaluation methodology
PCI projects were evaluated according to requirements set forth in Regulation 347/2013. Our evaluation
process follows ENTSOG methodology 16 as closely as possible, especially regarding the assumptions to
build the base case scenario and the parameters for the CBA.
In order to evaluate the infrastructure projects, we calculate NPV, one of the main indicators of cost
benefit analysis. Accordingly, changes in socio-economic welfare are estimated with the discounted net
benefits (benefits minus cost) that the individual project can bring to EU28.
According to the guidelines the following benefits of the project have to be taken into account:
-

Contribution to market integration and price convergence
Security of gas supply
Contribution to enhanced competition
Sustainability which includes contribution to reduce emission (CO2 savings)

These social-economic benefits were monetized using market modelling carried out with EGMM. This
model calculates for the evaluation period the discounted sum of overall welfare change of all market
participants (welfare changes of stakeholders are equally weighed):
-

Consumer surplus [to consumers]
Producer surplus (or short-run profit, excluding fixed costs) [to producers]
Profit on long-term take-or-pay contracts [to importers]
Congestion revenue on cross-border spot trading [to TSOs]
Cross-border transportation profit (excluding fixed costs) [to TSOs]
Storage operation profit (excluding fixed costs) [to Storage System Operators]
Profit on inter-temporal arbitrage via gas storage [to traders]
Congestion revenue due to constrained regasification capacities [to LNG operators]

The approved Energy System Wide Cost-Benefit Analysis Methodology is available
https://www.entsog.eu/public/uploads/files/publications/CBA/2015/INV0175-150213_Adapted_ESWCBA_Methodology.pdf
16

here:

The 2nd CBA guideline is available here: https://www.entsog.eu/methodologies-and-modelling#2nd-cba-methodology
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-

Profit of LNG operators [to LNG operators]

In line with the ENTSO-G methodology we assume a Social Economic Discount Rate (SEDR) of 4% and 25
years lifetime of projects. Changes in these welfare components due to price changes capture the market
integration benefits and competition related benefits.
The security of supply benefits are measured by the change in economic welfare in the case of a gas
supply disruption. This disturbance is assessed as a 100% reduction of gas deliveries on the
interconnectors from Russia to Germany (through Nord Stream 1 and 2) in January for one month. 17 The
difference in welfare between supply shocks scenarios with and without the project represent the SOS
benefit.
To calculate the project related aggregate change in socio-economic welfare for a given year, we
calculate the weighted sum of project related welfare changes under normal and SOS conditions.
Weights are the assumed probabilities for normal and SOS scenarios to occur (95% normal, 5% supply
disruption).
Sustainability benefits are estimated by the reduction in greenhouse gas emissions. For gas infrastructure
projects, this is estimated by multiplying the corresponding change in the countries’ CO2 emissions with
an exogenous carbon value. The modelled change in gas demand alters the average primary energy mix
without crowding out renewables.
The incremental impact of a project is highly dependent on the level of infrastructure development it is
compared against. In line with ENTSO-G methodology, the incremental approach is used, according to
which projects are evaluated compared to a reference case which includes only infrastructure projects
already possessing an FID or being under construction by the time of this Report).
Projects are assessed in a PINT methodology (Put-in-one-at a time), which means the following logic: a
without-project case for the time period 2020-2050 is simulated, then projects are inserted to the
without-project case on a one-by-one basis. Welfare results are calculated for both with project and
without project scenarios, and the difference of welfare in these two cases is considered the gains offered
by the project, while one-off investment cost is assumed the only cost incurred by the investment. O&M
costs are considered to be recovered by tariffs applied on the new infrastructure element.

8.4.1

List of projects to be analysed

In our Issue Paper on Projects of Common Interest and gas producers pricing strategy 18, the PCI projects
of the 2nd PCI list were analysed in 2017. There, we have identified Krk LNG, ITB, pipelines interconnecting
the Baltic States and the GIPL interconnector as PCIs with positive net social benefits, i.e. projects to be
supported, and these infrastructures received and FID. One project for which we could not identify
positive NPV received an FID as well: the PL-SK interconnector. Note that GALSI pipeline, GR LNG and
Tallin LNG are not analysed in the Pathways, since they were not included in the 3rd PCI list. 19

To largest volumes from the largest supplier are delivered to Europe by Nord Stream 1+2 in all scenarios, hence it was
selected for simulation of an N-1 supply disruption.
17

The Issue Paper on Projects of Common Interest and gas producers pricing strategy is available at the project website.
http://www.setnav.eu/sites/default/files/common_files/deliverables/WP6/D6.5%20Issue%20Paper%20on%20PCI%20and%20gas%20pr
oducers%20pricing%20strategy.pdf
18

19
Commission Delegated Regulation (EU) 2018/540 of 23 November 2017 amending Regulation (EU) No 347/2013 of the
European Parliament and of the Council as regards the Union list of projects of common interest. https://eurlex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32018R0540
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We have formulated a shortlist based on the same principles listed in the case study report. Using predefined selection criteria, we narrowed down this list to a more manageable number of projects for
analysis, which helps to conduct a sound but efficient analysis. Selection criteria applied were:
1) PCI should have effect on cross-border capacities or LNG import capacities. Since in all models
involved in the analysis each node represents a country-level market, projects affecting internal
market capacities can only be analysed if they have significant cross-border effect.
2) Storages are not analysed. Storage infrastructure in the European market is over-built and underutilised. Summer-winter spreads have diminished and do not allow cost recovery. For this reason,
investment into storages is not considered.
3) One project is selected from competing infrastructure. PCI projects may present a possibility of
developing either one route or another, or placing an LNG terminal in either one of two neighbouring
ports. In this case, only one infrastructure is selected. Out of the competing projects, the one with CEF
funding will be selected. (Eg. BRUA/TESLA/Eastring)
4) Project connects a market with no gas consumption to the grid. Modelling new market
connections is possible but poses great difficulties for correctly estimating demand. Therefore, we
omit connection to new gas markets.
5) Stand-alone reverse flow projects are not evaluated. Stand-Alone reverse flows are to be
considered obligatory projects by the regulation 994/2013
Using the 3rd PCI list as reference, the following shortlist was created and assessed on the aforementioned
Pathways and Reference scenarios.
Table 8.6 List of PCI projects to be analysed
No.

Short name

1

SHANNON LNG

2

ES-PT

3

MIDCAT

4

EASTRING

5

STORK 2

6

BACI

7

HU-SI

8

BRUA

9

Balti

10

BALTIC PIPE

11

GOTHENBURG

From
market

To
market

Maximum
flow

Year of
commissioning

Investment
cost from
market

Investment
cost to
market

LNG
ES
PT
ES
FR
TR
BG
RO
HU
BG
RO
HU
SK
PL
CZ
AT
CZ
HU
SI
RO
HU
HU
LT
LV
PL
DK
LNG

IE
PT
ES
FR
ES
BG
RO
HU
SK
TR
BG
RO
HU
CZ
PL
CZ
AT
SI
HU
HU
RO
AT
LV
LT
DK
PL
SE

191
70
70
230
160
618
618
618
618
618
618
618
618
153
219
201
201
38
38
77
77
146
57
60
91
307
51

2022
2024
2024
2024
2024
2025
2025
2025
2025
2025
2025
2025
2025
2022
2022
2024
2024
2023
2023
2023
2023
2023
2023
2023
2022
2022
2022

81
333
0
496
0
1025
0
419
0
115
418
71
50
0
312
0
499
-

551
137
0
0
0
0
0
0
0
0
0
346
10
55
19
0
79
499
100
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8.5 With project case
Projects are assessed as described before: new infrastructure is added to the without project case, and
the relative changes in welfare of consumers, producers, infrastructure operators and traders are listed as
the welfare gains of the project. Benefits are calculated for 25 years of lifetime from commissioning. Annul
benefits are discounted to real 2018 € applying a 4% social discount rate as suggested by ENTSOG
methodology. One-off CAPEX of infrastructure is considered as the only cost of the new pipeline. OPEX
costs are considered to be financed from the tariffs applicable for the use infrastructure.
Table 8.7 lists the NPVs of all infrastructure projects assessed. In the Reference scenario, only the LNG
terminals display a positive NPV, i.e. we suggest that other interconnector projects should not be
supported, as flows on those infrastructures do not recover the CAPEX. In Pathways scenarios, only the
small-scale LNG terminal in Sweden has a positive NPV.
Table 8.7 NPV for the projects analysed in Pathways scenarios and the Case study for the EU28, M€ real
2018
EU28
GAS_01
GAS_02
GAS_03
GAS_04
GAS_05
GAS_06
GAS_07
GAS_08
GAS_09
GAS_10
GAS_11

Shannon LNG
ES-PT
Midcat
Eastring
Stork II
BACI
HU-SI
BRUA
Balti
Baltic Pipe
LNG Gothenburg

Reference

Diversification

Localization

Directed
vision

National
champions

581
-239
-348
-2307
-795
-93
-105
-1912
-89
-1020
32

-550
-219
-327
-1369
-761
-81
-104
-1186
-79
-791
3268

-338
-219
-305
-1563
-763
-81
-105
-1359
-79
-921
481

-552
-219
-320
-1495
-722
-81
-93
-1261
-82
-986
1069

-545
-220
-325
-1566
-750
-81
-103
-1359
-79
-839
1372

Case
study
Reference
229
-219
-333
n.a.
-1031
-81
9
1026
2794
-982
n.a.

Case
study
EUCO30
-148
-219
-333
n.a.
-680
-82
-102
-433
3527
-967
n.a.

Comparing our result to the previous case study, some differences appear. These are caused by different
reference setting and project identification:
•

•

•

HU-SI interconnector had a positive NPV in the case study, but a negative one in the Reference
scenario of this Pathways analysis. The reason for this was that competing infrastructure (Krk LNG
terminal) was now part of the reference case, and this is a competing project for HU-SI (delivering gas
to the Hungarian market).
BRUA pipeline had a positive NPV in the case study, but a negative one in the Reference scenario of
this Pathways analysis. In the case study, first phase of BRUA was analysed, while in this paper we
already had BRUA phase 1 in the reference, as it received an FID and BRUA phase 2 was considered.
This means that the model does not suggest to invest into BRUA second phase if decarbonization
goals are achieved.
Baltic cluster had a positive NPV in the case study, but a negative one in the Reference scenario of
this Pathways analysis. The Baltic Cluster is not a cluster any more, as most of it has been already
implemented. Originally the Baltic cluster projects included Tallin/Paldiski LNG, Balticconnector and
LT-LV interconnectors. Out of these projects, only LT-LV interconnector remained to be analysed, as
most received an FID or disappeared from the PCI list.

Overall, based on the current reference setting and Pathways scenarios, we suggest that no additional
PCI interconnection investment is made in the natural gas infrastructure. Even with stagnating demand
and failing European production (Reference) no interconnection projects show positive NPVs.
Congestions on the European network only appear for a few years in the 2030s and disappear by 2050.
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Our results are extreme in the sense that the demand drop challenges the current TSO, SSO and LNG
operator business model. Since the EU targets the decarbonisation goals by 2050 and sectoral modelling
suggests that these can be reached by phasing out gas from the primary energy mix, we suggest that no
further investment is made into the EU natural gas infrastructure apart from TYNDP FID projects. This
means that no PCI status should be granted to gas infrastructure, as it would give mixed signals to the
stakeholders about the role of gas in the future EU energy mix.
Upon evaluating the infrastructure scenarios, security of supply events were simulated. A full supply cut
on the major import infrastructure of the EU28 was assumed, i.e., Nord Stream 1 and 2 was cut in all
scenarios. The positive effects of interconnectors were also measured in SOS scenarios. However, gas
flows were not observed on the interconnectors even in SOS case.
Eurogas performed a gas market modelling with PRIMES 20 in 2018 and drafted four decarbonisation
scenarios (Conventional wisdom, Innovative gas, Electrification, Fuel Switch), which meet the 2050
targets of the EU. In Conventional Wisdom, gas consumption share remains stable in primary energy mix,
but high penetration of renewables makes the decarbonisation targets reachable. In Electrification
scenario, high shares of nuclear and renewable crowd out gas and other fossil fuels. Innovative gas
scenario shows high RES gas production by 2050, while natural gas consumption stagnates. In Fuel switch
scenario, coal and oil are replaced in power generation by 2030’s with natural gas. Eurogas argues that
cost of decarbonisation is much lower if renewable gas is supported, compared to the electrification
scenario, which needs much more network investments than the support of RES gas. Eurogas study
suggests that the gas network investments are justified, but most gas flowing in the network will
originate from power-to-gas.
To sum up, most gas industry organisations believe that gas will stay in the supply mix at the current or
somewhat lower levels. The EU28 gas consumption as modelled in Pathways was not shared in any of the
scenarios we found.
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Figure 8.6 Main suppliers to EU over time (bcm/year) GGM results (in BCMA)

8.6 The EU in a global setting
In NPS-Ref the supply shares in 2020 of Norway (105) and Russia (109) are about the same, and slightly
lower than EU own production (117). Of the remaining 108, almost half comes from Algeria (45) and about

Eurogas, Gasterra: Scenario study with PRIMES, DG Ener Meeting 14 February 2018.
https://www.asktheeu.org/en/request/5188/response/17579/attach/7/C%202018%203709%200%20ANNEX%20EN%20V
1%20P1%20981612.PDF.pdf
20
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a quarter from Qatar (25). The rest is provided the Caspian region, other African countries, Trinidad and
Tobago, and the US.
In SDS-Vision, total supply in 2020 is 58 bcm lower. Russia (22) and Qatar (12) make up for more than half
the lower supply. Algeria 7 lower, the EU and Norway both supply 5 less. The remaining 7 is spread over
several countries.
In both scenarios, the EUs own production decreases a lot. In NPS-Ref reduces by about 50% until 2050,
and in SDS-Vision by about 65%.
In NPS-Ref Norwegian supplies gradually reduce, whereas Russian and African supplies increase
significantly. In contrast, SDS-Vision Norwegian supplies decrease more than in NPS-Ref, but supplies by
Russian and Africa decrease very much. After 2030, except for some sporadic LNG imports and modest
supplies from Ukraine, the only external suppliers to EU are Norway, Russia, Algeria and Libya.
In NPS-Ref, EU imports increase by about 16%. In SDS-Vision, the EU gas imports reduce by about half
from 269 to 143 bcm. If the EU and Norway were to maintain slightly higher production levels than
foreseen in the scenarios, than Norway would be able to cover the entire import needs of the EU in 2050.

8.6.1

European infrastructure expansions and utilization

Naturally, the differences in import flows are reflected in the utilization and development of
infrastructure.
Import pipelines: Considering the Russian export pipelines to the EU, there are some expansions in the
NPS-Ref scenario. After 2030, even a new pipeline through the Ukraine is invested in. In SDS-Vision, no
expansions occur, and utilization rates are lower, with one exception: exports to Finland.
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Figure 8.7 Pipelines from Russia to Europe capacity (BCMA) and utilization
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Figure 8.8 Russian pipelines to Europe (II)

The pipelines from Africa to EU have lower utilization rates in SDS-Vision compared to NPS-Ref. In neither
scenario are any of them expanded.

Pipelines from Africa into Europe capacity (BCMA) and utilization
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Figure 8.10 EU regasification terminals: capacities and usage (BCMA)
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Regasification terminals: In 2020, in SDS-Vision, total LNG imports are 67 bcm, compared to 45 in NPSRef. Most of this gap is explained by France that imports 16 bcm more compared to NPS-Ref. In later years,
LNG imports decrease and diminish by 2040.
EU pipelines: In SDS-Vision, two internal pipelines are reinforced early in the time horizon: from Germany
to Denmark (2015, 1.5 bcm) and from Denmark to Sweden (2015-2025, 3 bcm in total). These will allow
re-exports of Nordstream flows from Russia to Germany. The pipeline DEU-DNK is used at (close to) full
capacity throughout the years. The pipeline DNK-SWE is used at (close to) fully capacity at in the high and
peak demand seasons in the periods after the expansion.
Total within EU expansion are 4.5 bcm/y. This is 0.5% compared to the available capacity.
In NPS-Ref, the same two EU pipelines are reinforced, and with higher expansions. Several other pipelines
are reinforced too. Estonia to Finland, Lithuania to Poland, Albania to Italy, Greece to Italy, Romania to
Hungary, Hungary to Slovenia
Total within EU expansions are 15 bcm/y. This is 1.7% compared to the available capacity.
In SDS-Vision, Russia expands to Turkey in 2030-2035 in total 10 bcm (Ref Turkstream II). In NPS-Ref,
Azerbaijan expands to Turkey, and Russia to Belarus and Ukraine. 21
In summary, oligopolistic suppliers diversify suppliers. Therefore, market power assumptions affect
internal transmission capacities in the EU, and GGM will invest in more capacity than an optimization
model would. In contrast, import capacities into the EU have to accommodate the needed imports (the
supply gap). With abundant regasification capacity, this is not a problem.
Norwegian production plateaus or declines somewhat. Norway has not other outlets (except for a small
liquefaction terminal). This makes Russia, (Northern) Africa and Middle East look for other destinations
when EU imports (and willingness to pay) decline. In contrast, when EU import needs increase and its
willingness to pay stays relatively high, Qatar, USA and other LNG suppliers benefit by supplying to the
EU.

8.7

Main findings and policy recommendations

Large fall-back in gas consumption. According to the demand models used in the SET-NAV project, the
gas supply need in Europe (EU28) by 2050 falls back from the current approximately 5000 TWh/year to
1500-2500 TWh/year in the different decarbonization scenarios.
Change in patterns of main consuming sectoral gas consumption. Relative share and significance of
highly temperature-dependent and seasonal gas consuming sectors such as building sector and power
sector account now for 60% of gas consumption. Consumption levels in these sectors is expected to
shrink by 2050 to ~30%-40% in the Pathways scenarios. Industry and transport sector gas consumption
has hardly no seasonal pattern. This shift from the currently seasonal nature of gas consumption has
detrimental effect on the existing natural gas infrastructure, as storage facilities and pipelines are
currently designed to accommodate highly seasonal swings.
Huge tariff increase or decommissioning of infrastructure. In the decarbonization scenarios the welldeveloped and mature European gas infrastructure does constantly loose the gas flows and arrives to an
average 10-15% yearly utilization by 2050.

21
It was anticipated that Russia would stop Ukrainian transit flows in 2019. This is reflected in the model. If we would not
have allowed to invest in a Russia-Ukrainian transit route in the long term, very likely the pipeline to Turkey would have
been invested, and flows though Nordstream II higher.
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Could the transmission system operators (TSOs) convince the regulators that all their assets are inevitable
to secure the necessary flexibility of the system (for security of supply reasons) the regulated capacitybased exit tariffs to consumers should be increased Europe-wide by 1-3 €/MWh to cover the large fix costs
of the system.
As the demand for the sectors with high seasonality is decreasing relatively more than the total demand,
it is highly unrealistic to assume that the daily peak demand of the system would increase. For this reason,
the underutilization will certainly call for decommissioning part of the infrastructure: storages, LNG
facilities and pipelines as well.
No strategic pricing possible in the shrinking market. With falling EU gas production no considerable
price increase is expected. Although the domestic gas production drops to half of the current levels in
the EU28, globalising LNG markets, increased LNG supply and shrinking European gas markets create
more intense competition between LNG and main suppliers of Europe. Thus we do not expect strategic
pricing from the main suppliers to be an option.
Gas import dependency problem of the EU is solved by decarbonization. The drop in demand
especially when biogas and power to gas options are considered leads to a massive drop in import
dependency from about 75% down (Reference 2020) to 30-40% by 2050. Without new gases the import
dependency would stagnate or in the reference case increase to 90% by 2050. Russian shares in the EU
gas supply mix are highly sensitive to demand. In case of current EU demand by 2050, Russian share
might be up to 38%, while in the most extreme diversification scenario could be down to 15%.
No new infrastructure is needed. Neither in the reference, nor in the decarbonization scenarios no new
pipeline infrastructure would be socio-economic feasible. Small LNG terminals might be needed to help
covering temporary demand increase in Scandinavia. Some projects are needed, the PCIs we identified
in the Case study with the joint modelling of three gas models. To give the right signal to the market the
support for PCI gas interconnectors should be rather directed to electricity infrastructure and energy
efficiency. Some support for LNG or security of supply related projects could be still kept.
SET-Nav Pathways are not the only option. Demand outlooks of the gas industry seem however not to
count on the demand drop presented in this report. Decarbonisation is achieved in the IEA, Eurogas,
Eurelectric scenarios and other outlooks by other technologies (CCS, RES gas) and consider the gas as an
important part of the supply mix on the longer term and keep the infrastructure alive.

111 | P a g e

Comparative assessment and analysis of SET-Nav pathways

9 Pathways results: Macroeconomics perspectives
The socio-economic assessment of the SET-Nav pathways has been done by two different macroeconomic models of the EU economy: NEMESIS and REMES models. These models belong to different
families of macro-economic model: neo-Keynesian for the former and general equilibrium i.e. neoclassical for the later. By principle, macro-economic models cover the overall sectors involved in the
decarbonisation and then model them more or less explicitly. But, in the SET-Nav project, there is very
important richness in the modelling capacity of energy sectors for the demand side as well as for the
supply side. So, it has been decided to take advantage of them for the macro-economic modelling,
allowing also to keep consistency between models’ outcomes. Consequently, a “soft-linkage” (Holz et al.,
2016 and Crespo del Granado et al 2018a) has been developed between macro-economic models and
energy-system models. This linkage has allowed to keep the internal coherency of each energy-system
model aggregated together in the macro-economic models and benefits from the global economic
perceptive and the related coherency in place in the macro-economic models.
Practically, the macro-economic models have used the results provided by “energy demand side” models
and “energy supply and infrastructure” models. The demand side were described by three different
energy demand sectors: “Building” sector using the INVERT-EE model, “Industry” sector based on the
FORECAST model and “Transport” sector with the ASTRA model. On the “energy supply and
infrastructure”, the results from the combination of the ENERTILE, GREEN-X and TEPES have been
aggregated on a unique set of results for the macro-economic models.
This chapter is organised in two main sections, a first one presenting and analysing the results with the
NEMESIS model and the second with the ones provided by the REMES model. A last section provides
some conclusions and discusses the results of both models.

9.1 Pathway analysis with the NEMESIS Model
The NEMESIS model is based on detailed sectorial models for each EU member state 22. The construction
and the description of macro-economic pathway established by the NEMESIS model could be viewed as
a "hybrid", i.e. "bottom-up" forces resulting from sectorial dynamics and interactions and "top-down"
ones coming from macro-economic strength (labour force, international context, financial aspects, etc.).
The sectorial interactions come mainly only from input/output matrix. The NEMESIS model is
"econometric", implying that equations are not directly derived from the traditional optimality condition
even if the agents’ behaviour is implicitly governed by utility or profit maximization. This helps to adjust
the model for breakthrough scenarios (consumer tastes, saving rate, etc.).
On the supply side, NEMESIS distinguishes 30 production sectors. Production in sectors is represented
with CES production functions with 5 production factors: capital, low skilled labour, high skilled labour,
energy and intermediate consumption. Interdependencies between sectors and countries are finally
caught up by a collection of convert matrices describing the exchanges of intermediary goods and of
capital goods and the description of substitutions between consumption goods by a very detailed
consumption module. On the demand side, representative households’ aggregate consumption is
dependent on current income, population structure, etc. Consistent with the other behavioural
equations, the disaggregated consumption module is based on the assumption that there exists a long22
The version of the NEMESIS model used for the SET-Nav project does not integrated the energy/environment module
(Capros et al., 2014b and Boitier et al., 2016) as well as the endogenous growth module (Le Mouel et al., 2016) in order to
avoid inconsistency (and overlapping) with energy-system models that will be interlinked the NEMESIS model.
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run equilibrium but rigidities are present which prevent immediate adjustment to that long-term
solution. Altogether, the total households aggregated consumption is indirectly affected by 27 different
consumption sub-functions through their impact on relative prices and total income. For external trade,
it is treated in NEMESIS as if it takes place through two channels: intra-EU, and extra-EU trades. The intraand extra-EU export equations can be separated into two components, income and prices.
NEMESIS is a detailed macro sectoral simulation model for the EU economy. It includes every EU-28
countries that can be simulated altogether or individually. The rest of the World is not explicitly modelled
but the model allows a simplified modelling of the external trade of EU with the other world regions that
are regrouped as follows: Australia, Brazil, Canada, Switzerland, China, India, Indonesia, Japan, South
Korea, Mexico, Norway, Russia, Turkey, Taiwan, USA and other
The main exogenous variables: The usefulness of a model relies on its ability to describe the impacts of
the variations of exogenous variables (inputs of the model) on endogenous variables (outputs of the
model), in a theoretically and empirically consistent way. The exogenous variables are of two types: those
resulting from the incapacity of the model to represent every phenomenon and reflecting the limitations
of the model, and those that are by nature exogenous. The first type of exogenous variables groups
notably a set of assumptions related to interest rates, exchange rates, activity proxies for the rest of the
world, prices of wholesale commodities and especially oil; demographic assumptions by country such as
total population, population and participation rates to labour force by gender, by skill and by age per 5year cohorts. The second type of exogenous variables is mainly composed of government-related
decisions: assumptions on national policies and notably fiscal policies (indirect and direct taxes, social
security benefits and contributions), government expenditures (defence, health, education,
infrastructures, and other expenditures).
For the SET-Nav project, the exogenous variables have been defined on the basis of the 2015 Ageing
Report (EC, 2016), particularly regarding population projections and the national long-term Gross
Domestic Product (GDP) growth rates. Furthermore, the 2015 Ageing Report is also the reference for the
economic and demographic part of the “EU reference scenario 2016 – Energy, Transport and GHG emissions
trends to 2050” (EC, 2016), used as base scenario in the SET-Nav project.
The main endogenous variables: On the output side, NEMESIS can deliver results at EU and country
levels for key economic indicators calculated by the model. There are three main layers of economic
indicators:
•

•
•

Macro-economic, such as GDP (European, national) and its counterparts (final consumption, gross
fixed capital formation, exports, imports, etc.), employment for two skill levels of workers,
unemployment rates, etc.,
sectoral, such as production, value added and employment per economic sector or sector clusters,
those related to agent accounts with five categories: Government, Non-Financial Corporations,
Financial Corporations, Households including NPIH, and others.

The inclusion in the model of detailed data on population and working force allows, finally, NEMESIS to
deliver many social indicators, such as employment, unemployment and labour force. All these indicators
result from the mechanisms incorporated in NEMESIS.
NEMESIS general functioning
On the supply side, NEMESIS distinguishes 30 production sectors. Production in the sectors is represented
by CES (Constant Elasticity of Substitution) production functions with 5 production factors: capital, lowqualified labour, high-qualified labour, energy and intermediate consumption. Interdependencies
between sectors and countries are finally caught by a collection of conversion matrices describing the
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exchanges of intermediary goods and capital goods and the description of substitutions between
consumption goods by a very detailed consumption module.

Figure 9.1: Simplified scheme of main economic mechanisms of the NEMESIS model

On the demand side, the representative households’ aggregate consumption is dependent on current
income, population structure, etc. Consistent with the other behavioural equations, the disaggregated
consumption module is based on the assumption that there exists a long-run equilibrium but rigidities
are present which prevent immediate adjustment to that long-term solution. Altogether, total household
consumption is indirectly affected by 27 different consumption sub-functions through their impact on
relative prices and total income.
External trade is treated in NEMESIS as if it takes place through two channels: intra-EU and extra-EU trades.
The intra- and extra-EU export equations can be separated into two components: income and prices.
NEMESIS can be used for many purposes as short- and medium-term economic and industrial projections;
analysing Business As Usual (BAU) scenarios and long-term structural economy change, research and
innovation policies, energy supply and demand, environment and more generally sustainable
development. NEMESIS is regularly used to study BAU as well as alternative scenarios for the EU in order
to reveal future economics, environmental and societal challenges (projections of sectorial employment,
short- and medium-term economic path, long-term economic path, etc.).
We propose here at first to present the methodology used for implementing the results of sectoral
models in NEMESIS, and secondly to present the macroeconomic assessment of the SET-Nav pathways.
Methodology
The main characteristic of the methodology used for the SET-Nav pathways assessment with the macroeconomic model is the implementation of a “soft-linkage” between the NEMESIS model and the energy
sectors and then energy system models used in each of them. This linkage can be qualified as “softlinkage”, even if some formalised routines bring them close to a “hard-link” (Holz et al., 2016 and Crespo
del Granado et al. 2018a), because it is uni-directional, from energy-system models to macro-economic
models.
Figure 9.2Fehler! Verweisquelle konnte nicht gefunden werden. schematises the general linkage
done for the macro-economic impact assessment of the SET-Nav pathways done with the NEMESIS
model. Starting from the outputs of the energy-system models on the demand side and the supply and
infrastructures side, we selected a set of inputs relevant for the macro-economic models, especially the
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main (more or less aggregated) monetarised variables, such as investments or energy expenditures.
Thereafter, these input variables are transformed in order to implement them in NEMESIS. In the following
step, when all inputs have been transformed appropriately to be implemented in the NEMESIS, the
macro-economic model runs and delivers a set of outputs, such as GDP, employment, etc.
In the case of the four SET-Nav pathways, four different “energy sectors” inputs have been used by the
NEMESIS model. On the demand side, NEMESIS uses as inputs detailed data from the three different
sectors: transport (ASTRA model), building (INVERT-EE model) and industry (FORECAST model). On the
supply and infrastructure side, the results of the ENERTILE, GREEN- X and TEPES modelling tools have
been combined in a unique dataset.

Figure 9.2: Energy system models linkage with NEMESIS for pathways analysis

All these four “energy sectors” have provided a detailed dataset for the four SET-Nav pathways, but
another scenario, that would have been used as reference, has not been done from the “supply and
infrastructure” side. However, NEMESIS gives a global economic representation of the economy for every
member state, and as such already covers, in a far less detailed manner, the sectors covered by the
different external models. The different data sources used by each model are often quite different than
the national accounts data used in the macro-economic modelling, and added to the fact that these data
has to be transformed to be integrated in NEMESIS, the direct link of these data to the data used in
economic models is hardly feasible and can lead to important differences. In order to keep the
consistency of the model itself on one hand, and of the linking with the other models on the other hand,
the traditional strategy used when linking different types of models, dealing with different kind of data,
is generally to set up a reference case, and integrate in economic modelling each input in difference with
respect to their respective reference case. Nevertheless, it was not possible to set-up a reference case for
the “supply and infrastructure” side. Consequently, it was decided to use the “National Champions”
pathway as a reference case for macro-economic modelling, and to analyse the three other pathways
with respect to it. As a consequence, the results of the NEMESIS model will be given for three other
pathways: “Diversification”, “Localization” and “Directed Vision” and compared to the “National
Champions” pathway.

9.1.1

What are the main energy sectors influencing economic activity?

Figure 9.3Fehler! Verweisquelle konnte nicht gefunden werden. and Figure 9.4Fehler! Verweisquelle
konnte nicht gefunden werden. shows the EU GDP deviation with respect to the reference scenario
(here the “National Champions” pathway) for each of the four inputs implemented in NEMESIS for 2030
and 2050 respectively. One can see that the “Building” and “Industry” demand side sectors have very weak
macro-economic effects in NEMESIS. This is due to the fact that for both models there are small
differences between the three pathways and the national champions one. On the contrary, the
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“transports” and “supply and infrastructure” energy sectors lead to the most important changes in EU
GDP particularly at the 2050 horizon.

Figure 9.3: European Union GDP deviation: macroeconomic assessment with NEMESIS for each energy
sector in 2030 (% w.r.t. "National Champions" pathway)

Figure 9.4: European Union GDP deviation: macroeconomic assessment with NEMESIS for each energy
sector in 2030 (% deviation w.r.t. "National Champions" pathway)

9.1.2

Analysing the main drivers

Now turning to the analysis of the main components that influence those EU GDP variations, we focus
the analysis on the two major sets of energy sectors’ inputs that influence the most the European
economic activity: “transport” and “supply and infrastructure”.
The transport inputs: Diversification Pathway
Regarding the “Transports” sector, one can observe that a great part of EU GDP gains (+0.54% compared
to “National Champions” in 2050) are pulled up by a strong positive contribution of importations in the
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“Diversification” pathway (+0.44 percentage point in 2050, Figure 9.5Fehler! Verweisquelle konnte
nicht gefunden werden.). This results from the decrease of fossil fuels demands that are mostly imported
from the rest of the world. We can also note that in the “Diversification” pathway, the contribution of
private consumption to EU GDP deviation is negative (-0.07 percentage point in 2050). This follows the
decline observed in the transport equipment industries as a consequence of households switch from cars
expenditures to transports services (see Hartner et al., 2019 for details). This decrease of cars expenditures
leads to a decline of jobs in the transport equipment sector, but also in the distribution sector (that
include car sales and repairs). Then, it increases unemployment leading to lower private consumption.

Figure 9.5: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the Transport-model’ inputs for
“Diversification” pathway
If we analyse the results for EU15 and EU13 23 countries (see Figure 9.6), we can see that GDP deviation are
higher in EU15 (+0.56% with respect to “National Champions” ) than in the EU13 (+0.3%). This differences
between the two sets of countries can be explained by:
•

The positive impact on GDP of the decline of the imports is much stronger in the EU15 (+0.58
percentage points in 2050) than in EU13 countries (+0.22 percentage points), this is due to the transition
towards services of transports, at the expense of private ownership of vehicles, that is much stronger in
the EU15 and then leading to lower demand for fossils fuels.
• Again, the shift from car ownership to transport services in the “Diversification” pathway explains the
differences for private consumption contribution, which is slightly negative for EU15 (-0.1 percentage
point in 2050) and positive in the EU13 (+0.13 percentage points)
• One can also note the strong negative contribution of exports in the EU13 (-0.2 percentage points) as
a consequence of the decrease of the imports in the EU15. These negative exports contributions
reflect the fact that intra-EU trade declines, this is different than for the EU as a whole, where the

EU15 : Austria, Belgium, Germany, Denmark, Spain, Finland, France, Greece, Ireland, Italy, Luxembourg, Netherlands,
Portugal, Sweden and United-Kingdom
23

EU13 : Bulgaria, Cyprus, Czech Republic, Estonia, Croatia, Hungary, Lithuania, Latvia, Malta, Poland, Romania, Slovenia and
Slovakia.

117 | P a g e

Comparative assessment and analysis of SET-Nav pathways

positive contribution reflect the fact that EU members state gain market shares with respect to the
rest of the world.

Figure 9.6: EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to GDP
deviation (percentage point of GDP, w.r.t. "National Champions") induced by the Transport-model’
inputs, “Diversification” Pathway

The transport inputs: Localization Pathway
For the “Localization” pathway, EU GDP deviation reaches +0.44% above the “National Champions” pathway
(Figure 9.7). The contribution of imports (+0.33 percentage points in 2050) is slightly lower than in the
“Diversification” pathway because the transition towards transports services is much lower, but the
contribution of private consumption is now slightly positive (+0.05 percentage points) as the transport
equipment and distribution sectors are less impacted by this transition.
The comparison between EU15 and EU13 (Fehler! Verweisquelle konnte nicht gefunden werden.) shows
almost the same pattern than in the “Diversification” pathway except that GDP gains are lower (+0.47% for
EU15 and +0.18% for EU13):
•
•
•

The positive contribution of imports is lower than in the previous pathway, especially for EU15 (+0.45
percentage points in 2050), while it remains the same for the EU13 (+0.2 percentage points)
The contribution of private consumption is now slightly positive in the EU15, because the transition
towards transports services is much lower, and remains the same for the EU13
However, the positive contribution of investment is lower in the EU13 in the “Localization” pathway
when compared to the “Diversification” one.
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Figure 9.7: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the Transport-model’ inputs for
“Localization” pathway

Figure 9.8: EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP
deviation (percentage point of GDP, w.r.t. "National Champions") induced by the Transport-model’
inputs, “Localization” pathway

The transport inputs: Directed Vision Pathway
In the “Directed vision” pathway, EU GDP gains reaches +0.6%. The positive contribution of imports remain
important (+0.42 percentage point in 2050, Fehler! Verweisquelle konnte nicht gefunden werden.),
and, as in the “Localization” pathway, private consumption has a slight positive contribution (+0.16
percentage point in 2050), because cars buyers are switching between the different technologies
available, and even if these technologies are more expensive, the increasing employment allows private
consumption to contribute positively to the EU GDP deviation. However, in the “Directed vision” pathway,
the effects on the European economic activity starts later than in the “Diversification” pathway.
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Figure 9.9 EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the Transport-model’ inputs for
“Directed Vision” pathway

In the “Directed Vision” pathway, the comparative results between EU15 and EU13 (Figure 9.10Fehler!
Verweisquelle konnte nicht gefunden werden.) differs greatly when compared to the two previous
pathways. First of all, GDP gains are much higher for the EU13 in 2050 (+0.96%) while it remains at the
same level for the EU15 (+0.56%). The main reason is that the positive contribution of imports is much
higher in the EU13 (+0.93 percentage points), while it remains almost at the level of the previous
pathways for the EU15 (+0.38 percentage points). For both sets of countries, the contribution of private
consumption is much higher when compared to “Diversification” and “Localization” pathways (+0.15 for
EU15 and +0.26 for EU13).
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Figure 9.10: EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU
GDP deviation (percentage point of GDP, w.r.t. "National Champions") induced by the Transportmodel’ inputs, “Directed Vision” pathway

Supply and Infrastructure inputs: Diversification Pathway
For the “Diversification” pathway (Figure 9.11Fehler! Verweisquelle konnte nicht gefunden werden.),
the strong development of renewable energy technologies and the related infrastructure induce a strong
investment push, most of them being realised between 2031 and 2040 (with a contribution of +0.35
percentage point). These new investments generate an additional demand to the sectors producing and
installing the related products, which in turn increases employment. This increase of jobs creation leads
to an increase of private consumption which is the second main contributors to EU GDP gains (+0.28
percentage points). After this period, investments are less important and their contribution falls to +0.23
percentage points in 2050, while private consumption is still at a high level (+0.23 percentage points).
International trade plays negatively during all the simulation, due to two main effects:
•

•

First of all, these new investments in power generation and infrastructure imply costs that have to
be paid, leading to an increase of prices. This increase leads to a slight loss of competitiveness and
then exports are contributing slightly negatively to EU GDP gains (- 0.06 percentage points in 2050)
The negative contribution of imports (-0.11 percentage points in 2050) is explained by a small loss
of competitiveness due to price increase, but also because a part of the capital products required
for these investments has to be imported from the rest of the world.

Figure 9.11: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the “supply and infrastructure”
models’ inputs for “Diversification” pathway
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Figure 9.12: EU15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU
GDP deviation (percentage point of GDP, w.r.t. "National Champions") induced by the “Supply and
infrastructure” inputs, “Diversification” Pathway
Coming to the analysis of the results for EU15 and EU13 countries (Fehler! Verweisquelle konnte nicht
gefunden werden.), if, in 2030, GDP gains are relatively similar (+0.13% for EU15 and +0.15% for EU13) before
the main part of the investment push. However, in 2050, there is a significant difference between the two sets
of countries. GDP gains are much higher in the EU13 members states (+0.81% with respect to “National
Champions”) than for the EU15 countries (+0.23%). This higher GDP gain is explained by the strong
contribution of investment (+0.74 percentage point in 2050) that induces, through employment effect, a
strong contribution of private consumption (+0.61 percentage point). Of course, the investment push
generates also a negative contribution of imports (-0.53 percentage points in 2050) for the reasons explained
earlier.

Supply and Infrastructure inputs: Localization Pathway
In the “Localization” pathway (Figure 9.13), the investment push is very weak during a first period beginning in
2015 and ending in 2030, as a consequence the global effect on GDP is also very weak. Then, after 2030, a first
increase of investment increases its contribution up to 0.27 percentage point until 2040, while employment
rises progressively, the contribution of private consumption increases also up to +0.22 percentage point in
2040. Finally, in the last period, 2041-2050, the investment push is increasing again (+0.37 percentage point)
leading to an increase of employment and wages and then, of the contribution of private consumption
contribution up to +0.34 percentage point in 2050. For the same reason than explained before, the
contribution of exports and imports remain negative with -0.05 and -0.2 percentage points respectively.
Regarding EU15 and EU13 results (Figure 9.14Fehler! Verweisquelle konnte nicht gefunden werden.), we
can see that the GDP gains gap between the two sets of countries is now much closer, with 0.42% for the EU15
and 0.57% for EU13. This is the results of a higher investment push in the EU15 (+0.34 percentage point in
2050) and a lower in the EU13 (+0.49 percentage point). As a consequence, private consumption contribution
rises up to +0.32 percentage point in 2050 in the EU15, while for EU13 it reaches 0.44 percentage point.
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Figure 9.13: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the “supply and infrastructure”
models’ inputs for “Localization” pathway

Figure 9.14: EU15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU
GDP deviation (percentage point of GDP, w.r.t. "National Champions") induced by the “Supply and
infrastructure” inputs, “Localization” pathway

Supply and Infrastructure inputs: Directed Vision Pathway
In the “Directed vision” pathway, the investment push is the lowest when compared to the “Diversification”
and “Localization” pathways. The investment contributes up to 0.2 percentage point to GDP gains. The
same pattern applies regarding the GDP contributions for other components, with a positive contribution
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of 0.2 percentage point in 2050 for private consumption, while external trade contributes negatively with
respectively -0.03 percentage point for exports and -0.09 percentage point for imports.
Regarding the results for EU15 and EU13, the global pattern does not differ from the previous pathways
analysed. GDP gains are still higher in the EU13 (+0.42% w.r.t. “National Champions” in 2050) than in the
EU15 (+0.26%). Investment (+0.33 percentage point in 2050 for the EU13 and +0.18 percentage points
for EU15) and private consumptions (+0.30 percentage point in 2050 for the EU13 and +0.19 percentage
points for EU15) contribute the most to GDP gains (+0.33 percentage point in 2050 for the EU13 and +0.18
percentage points for EU15), while imports are still contributing negatively (-0.29 percentage point in
2050 for the EU13 and -0.15 percentage points for EU15).

Figure 9.15: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") induced by the “supply and infrastructure”
models’ inputs, “Directed Vision” pathway
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Figure 9.16: EU15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU
GDP deviation (percentage point of GDP, w.r.t. "National Champions") induced by the “Supply and
infrastructure” inputs, “Directed Vision” pathway

Conclusion
In this section, we have seen that among the set of inputs coming from the four energy sectors
(“building”, “transport”, “industry” and “supply and infrastructure”) that the NEMESIS model has used to
assess the SET-nav pathways, only the “transport” and the “supply and infrastructure” significantly impact
the macroeconomic results, the two others, “building” and “industry” provide very weak impacts in the
model.
Hence, we observe that the two sets of inputs lead to different effects in the model, if EU GDP gains are
mainly influenced by the decrease of imports following the decrease of fossil fuels demands (especially
in transports related activities), the main drivers are investments and private consumption when referring
to “supply and infrastructure” inputs.

9.1.3

Assessment of pathways in their globality

To assess the pathways in their globality, all the inputs from the four energy sectors are introduced in the
model simultaneously.
The Diversification pathway
In the “Diversification” pathway, EU GDP increase by +0.27% in 2030 and +0.84% in 2050 when compared
to the “National Champions” pathway (Figure 9.17). We can see that the main effort of investment for
“supply and infrastructure” is done after 2030. The jobs created is of 272 thousand in 2030 and of 338
thousand in 2050, but reached a peak in 2035 with 881 thousand jobs created (Figure 9.18).
We can analyse the diversification pathways by splitting the results between three main phases:
•

•

•

In a first phase, 2015-2030, the main driver for the EU GDP gains is coming from the “supply and
infrastructure” energy sector, with major contribution of the investments and the private
consumptions. Indeed, the decarbonisation at play in the supply side starts (even if rather low)
from the beginning of the period, while in the transports the evolution is more progressive, and
the impacts grow during the whole period. It explains why at the end of the period the imports
start to have a positive contribution. In 2030 EU GDP gains are of +0.27% with respect to the
“National Champions” pathway.
In a second phase, 2031-2040, the sharp increase of the investment necessary to change the
energy supply and infrastructure leads to the same patterns than in the first phase: the increase
in investments and private consumption are the main contributor to EU GDP gains at the
beginning, the increasing imports induced by this increase of the investments is cancelling the
positive contribution of imports seen at the end of the first phase. But, progressively, as the
change in the “transport” sector strengthens, the positive contribution of importations is
growing.
Finally, in the third phase investments required by the “supply and infrastructure” sector is slightly
declining, while the impact of the decarbonisation strategy in the transport sector in this
pathway is still growing. Then, we see the growing positive contribution of importations, as the
imports of fossil fuels for transport activities are falling, and the contribution of private
consumption is declining, as employment gains are reduced.
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Figure 9.17: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") for the “Diversification” pathway

Figure 9.18: Employment deviation by qualification level for “Diversification” pathway (thousand
persons w.r.t. “National Champions”)

In the “Diversification” pathway, EU13 sees its GDP increasing by 1.07% with respect to the National
champions pathway (Figure 9.19), while EU15 GDP grows by +0.82%. The important investment
contribution to GDP (+0.84 percentage point in 2050) induces the increasing private consumption which
contribute to +0.9 percentage point. However, external trade contributes negatively with -0.21
percentage point for exports and -0.46 for imports, due to the fact that some of these investments have
to be imported, and the financing of these investments increase output price, and then a loss in
competitiveness. Regarding EU15, the main contribution to GDP growth is related to the transport
policies that induce a strong decline of imports as explained earlier.
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Figure 9.19 EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP
deviation (percentage point of GDP, w.r.t. "National Champions"), Diversification Pathway

The Localization pathway
In the “Localization” pathway (see Figure 9.20) EU GDP gains are slightly higher than in the
“Diversification” one in 2050 with +0.91% more GDP when compared to “National Champions”, however
it is lower in 2030 with +0.11% as investments for transports really start later on. Regarding employment
( down at the end of the period.
Figure 9.21), jobs creation amounts to +159 thousand in 2030 and 951 thousand in 2050.
Figure 9.20: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") for the “Localization” pathway

Regarding the “Localization” pathway we can also notice the existence of three phases in the results,
however the last one is of a different nature. In this pathway, the investment needs by the “supply and
infrastructure” sector is not slowing down in the third period like in the “Diversification” pathway, but
grows even more strongly than in the “Directed vision” pathway. On the contrary, the macro-economic
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impact of the “transports” inputs exhibits similar profile than in the “Diversification” pathway, but with
less intensity on the overall simulation period.
Hence, globally, the first two periods show almost the same structure, the changes occurring in the
“transport” energy sector has less influence on EU GDP gains when compared to the “Diversification”
pathway. As a consequence, the positive contribution of importations on EU GDP deviation is much lower
than in the previous pathway, and is even slightly negative at the beginning of the third period.
Furthermore, the effect on EU total employment is less important than in the previous pathway. And as a
consequence, the positive contribution of private consumption to the EU GDP gain is less important.
Now regarding the third period, the reinforcement of investment to support “infrastructure and supply”
transformations boosts its contribution to EU GDP, followed by private contribution that remains
significantly positive even if jobs creation is slowing down at the end of the period.
Figure 9.21: Employment deviation by qualification level for “Localization” pathway (thousand
persons w.r.t. “National Champions”)

Figure 9.22 EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP
deviation (percentage point of GDP, w.r.t. "National Champions"), “Localization” pathway
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As shown in Figure 9.22 in the “Localization” pathway, GDP gains are higher in the EU15 (+0.93%
compared to “National Champions” in 2050) than in the EU13 (+0.69%). Even if the contribution of
investment to GDP growth remains higher in the EU13 (+0.62 percentage point, compared to +0.39 for
the EU15), and as a consequence the one of private consumption also, EU13 is still penalised by the
negative contribution of its external trade, especially imports (-0.34 percentage point in 2050), while the
contribution in the EU15 remains positive with +0.2 percentage point for imports.
The Directed Vision Pathway
The “Directed vision” pathway can be considered as the one leading to the best economic results in 2050,
either in terms of GDP gains or in terms of jobs creation. GDP gains (Figure 9.23) +0.08% above the
“National champions” pathway in 2030, hence slightly lower than in the two other pathways, but rise up
to +0.98% in 2050. Employment follows the same pattern with +124 thousand jobs creation in 2030 but
more than 1.1 million in 2050 (Figure 9.24).

Figure 9.23: EU GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP deviation
(percentage point of GDP, w.r.t. "National Champions") for the Directed Vision pathway

In the “Directed vision” pathway, we can consider only two main phases, in the first one until 2035, the
main influence on the economic activity rely on the supply and infrastructure side, even if compared to
“National Champions” pathway, the impacts are weak. Furthermore, the effect on EU total employment
in the middle of the period is less important when compared to the two previous pathways. After 2030,
the additional investment required within the energy supply and infrastructure sectors provide a new
boost to the EU GDP gains, but the real break appears after 2035, when the transformation of the
transport sectors starts to affect EU GDP, then the positive contribution of imports starts growing and will
continue until the end of the simulation.
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Figure 9.24: Employment deviation by qualification level for “Directed Vision” pathway (thousand
persons w.r.t. “National Champions”)

Figure 9.25 EU 15 and EU13 GDP deviation (% w.r.t. "National Champions") and contribution to EU GDP
deviation (percentage point of GDP, w.r.t. "National Champions"), “Directed Vision” pathway

Looking at the results for EU15 and EU13 (Figure 9.25), we can see that the results for EU15 are quite
similar to the “Localization” pathway, either in terms of GDP gains (+0.91% instead of 0.93%) or in terms
of contribution. However, the figures for EU13 are very different, GDP gains are much higher (+1.54% in
2050 compared to “National Champions”) which mainly explain the better performance of the “Directed
vision” pathway at the global European level.
Some sectoral Insights
As shown in Figure 9.26, the sectoral results of the pathway are a mix of the results induced by the
transports and supply and infrastructure sectors. The inputs inherited from the transports sector greatly
affect the “transport equipment” sector and the “distribution” sector (that include car sales and repairs) ,
especially in the “Diversification” pathway, in which a strong shift between car ownership to transport
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services occurs This is the reason why in this pathway, the transport services sector in greatly increasing
w.r.t. “National Champions”. In the two other pathways the decline of the transport equipment, even if
always negative, suffers less.
On the other side, the positive investment push generates a positive production deviation in all other
sectors of the economy. Of course, the utilities sectors (that include energy) is one of the main winners
except in the “Diversification” pathway, where the strong declining demand for fossil fuel for transports
pull it down. Then the capital goods providers for energy supply and infrastructure (heavy industries and
high technological sectors) benefit from these investments needs. It is also the case of the construction
sector that will install all these new investments.

Figure 9.26 : EU sectoral production deviation in 2050 (% w.r.t. National Champions)

Figure 9.27: EU GDP for each pathway in 2030 and 2050 (% deviation w.r.t. "National Champions")
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9.1.4

Concluding remarks

The implementation of three pathways (“National Champions” being considered as the reference
scenario) as described by each energy sector (transports, Industry, Buildings and supply and
infrastructure) in the NEMESIS macro-economic model, shows that these three pathways are always
better than the “National Champions” pathways, either in terms of GDP gains (Figure 9.27) or in terms of
jobs creation (Figure 9.28). And, at EU level, the differences between each of these three pathways are
weaker than the differences between the three pathways and the “National Champions” one, making of
it the worst pathway in terms of economic impact at EU level, even if the extent of the economic impacts
of the pathways remains moderated.
In the medium run, the “Diversification” pathway seems to take the lead for both GDP gains and jobs
creation, followed by “Localization” and finally the “Directed Vision”, even if the GDP and employment
gains are weak. However, in the long run, the picture is reversed, the “Diversification” pathway is still better
in terms of EU GDP and employment gains than “National Champions” but these gains are lower than in
the two others pathways. And it is particularly the case as regards of EU employment gains that are only
slightly higher in 2050 than in 2030 in “Diversification” whereas they are significantly higher in the two
other pathways. The “Directed Vision” pathway as defined by the four energy sectors provides in the
NEMESIS model the higher EU GDP and employment gains, reaching almost +1% for GDP and +1.2 million
jobs (in comparison with “National Champions”).

Figure 9.28 Employment deviation by qualification level (thousand persons w.r.t. National
Champions)

9.2 Pathway analysis with the REMES model
REMES is a Computable General Equilibrium model. Given a basis equilibrium, a set of industrial
elasticities, and a number of parametrized shocks to the economy, the model recalculates the equilibrium
with which the economy will react to the shocks. The new equilibrium, if it exists, will provide new
variables indicative of the state of industry, the social welfare, GDP and value added, and other important
macroeconomic indicators. For the pathways analysis, REMES uses five main inputs:
•

The European Social Accounting Matrix, which contains supply/use information, production factors,
tax information; and a set of industrial elasticities, which indicate how easy it is for one product to
substitute another in the industrial sectors of each country.
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•

•

•

•

The PRIMES GDP prognosis, which is used as a benchmark to indicate the overall growth of the
economy for each country included. The actual GDP will generally differ from the prognosis
depending on the shocks implemented.
The buildings energy consumption results from the Invert-EE modelling team. This is modelled as a
shock in which efficiency and returns of investment will affect the consumption of energy, specified
as either green or fossil, from industrial, private and public consumers.
The transport energy consumption results from the ASTRA modelling team. This is modelled as a
shock in which efficiency and returns of investment will affect the consumption of fuels, including
both oil derivatives, biofuels and electricity.
The generation data from the ENERTILE modelling teams, which specifies the operation of fossil and
green energy producers in the form of investments and expenditures/costs. The latter are used in
REMES to regulate the activity levels of the respective sectors for each country.

Additionally, data for industrial sector was provided by the ASTRA model. However, due to the
aggregation level, data format, and a lacking reference pathway for this data, these data could not be
incorporated into the final results. Hence, it is not considered as one of the inputs described above.
REMES Set-Nav models 29 countries, the EU28 (including the United Kingdom, but excluding Croatia due
to missing data in the original equilibrium,) plus Switzerland and Norway. We include an aggregation of
24 industrial sectors, 32 products and services, and the seven currencies used by the countries in our
studies.
REMES models five pathways. Each pathway is completely characterized by the parametrization of the
inputs from ASTRA, Invert-EE, and ENERTILE (the latter with one exception, as explained below). From
here on, we will describe these inputs to each pathway as the Transport shock (ASTRA), the Buildings
shock (Invert-EE), and the Generation shock (ENERTILE). Hence, note that REMES analysis introduces a
“Reference Pathway" which is framed as a business-as-usual scenario of sorts, in which no specific policy
is enforced. The ASTRA and Invert-EE modelling teams provided data for this pathway, and so it was
integrated into the analysis for compatibility with the rest of the project. However, since no reference was
considered for the Generation shock, the Reference Pathway used for this shock is merely the growth and
basic considerations and includes no generation parameters.
Because of the lack of a common reference scenario for all three shocks, the analysis below is focused on
the first four, or main, pathways, while the Reference one is reported in the project files but not
mentioned further in this analysis. The five input sources (pathways) described above were parametrised
and fed into the REMES model, which led to five sets of runs, one for each pathway. Each set, in addition,
runs once per each of the 10 periods considered by REMES.

9.2.1

Gross Domestic Product, Comparison across Pathways

One of the main take away of this modelling exercise is the impact each pathway's policies have on the
GDP of each country and of the entire EU (considered as described above.)
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Figure 9.29: GDP change, absolute (REMES) for national champions pathway

In Figure 9.29, we see the aggregated GDP for the EU in each of the four "main" pathways, compared to
the National Champions Pathway. All four pathways (when compared against the Reference/BAU
Pathway not shown here) seem beneficial for the economy, though their growth paths compared to the
reference scenario differ.
In the first few years, there is a strong similarity in the two decentralised pathways (Diversification,
Localization, shown in green and yellow, respectively), which continues well into the 2040s. With
exception of the year 2020, the path-dependent pathways (Directed Vision and National Champions),
show a similar behaviour, with the Directed Vision one staying close above the National Champions one
in a stable way, until 2040, when it starts increasing considerably.
As the pathways approach 2050, we see that, while generally all are beneficial for the EU, at different
points, the Directed Vision Pathway, which considers both cooperation and alignment with the EU
directives, can be seen as the "best" course of action. In the long term, Diversification is arguably the worst
pathway for GDP, though it might be seen as encouraging in providing early good performances with
late growth, nevertheless. It must be noted that the transport shock for this latter pathway failed to
provide results for the year 2050, and thus the last two data points were extrapolated for this one shock.
This means that, given a strong push for transport policies in 2040, the Diversification Pathway might
improve its performance, though we cannot for the time being predict how much.
The Localization Pathway, which seemingly provides the second largest growth towards the end, shows
a marked jump in 2050, which sets it in such a position. Looking at the data for the individual shocks, we
cannot identify a single cause for this 2050 improvement in performance. Rather, all three shocks seem
to favour this pathway toward the end, with the Buildings shock delivering a slightly higher performance.
An exposition of the results for each country, while interesting, would take up too much space for the
purposes of this report. Thus, we limit ourselves to the following key takeaways:
•

•

Each pathway affects individual countries differently, sometimes considerably so. It should go
without saying, but the patterns we see in the aggregated EU figure are not necessarily valid for each
individual country.
Germany, France and Italy, for example, see very similar patterns, especially in the latter periods. For
these countries, the Localization Pathway is the most beneficial in terms of GDP against the National
Champions Pathway, which is the least advantageous of the four. The Localization Pathway is,
indeed, the best option for a number of individual countries, but due to its very nature it tends to
leave smaller economies lagging behind for most of the period, such as Greece and Estonia, who
perform worse than with the National Champions Pathway.
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•

•

•

In the case of the United Kingdom, the Buildings shock drives the overall poor behaviour the country
presents in most pathways. For the Diversification Pathway, the economy begins with a good
performance, but this tendency reverses. It begins to fall after 2025, to finish with a negative
performance for these pathways. On the contrary, the National Champions and Directed Vision
pathways start with poor performances, but recover and, in the case of Directed Vision, the country
manages even a considerable growth compared to the others. At this point, we cannot say much
about the reasons for this particular behaviour but, as commented later in this document, it seems
that alignment and cooperation turn out to be in the benefit of the United Kingdom.
In the case of Norway, which already in 2007 has a nearly fully green energy production, there is very
little development in all pathways until the year 2040; both the National Champions and the
Localization Pathways, which focus on individual efforts for the country, make a strong jump in
performance, while the Directed Vision Pathway does a similar, albeit softer, jump. The
Diversification Pathway sees no such increase, and proceeds mostly with good but not notable
performance.
Greece, Liechtenstein, Slovakia and the United Kingdom are among the best performers in the
Directed Vision Pathway, but not so much in the other pathways. Conversely, Sweden and Italy are
generally good performers, with only the National Champions Pathway presenting them with poor
performances.

Gross Domestic Product: Diversification Pathway
The Diversification Pathway, as described above, is arguably the weakest toward the end of the period,
performing somewhat below the National Champions benchmark. This is mainly due to an increase in
private consumption across the continent, as more markedly seen towards the end of the analysis period.
This pathway does have the positive effects in increased capital formation as a major source in the middle
periods, which it shares with the other decentralisation pathway, Localization.

Figure 9.30: Europe: Diversification pathway (REMES)

In the case of the largest economies, Germany and Spain resemble the continental trends the most, while
France and Italy deliver a much stronger performance based partially on increased Private Consumption.
The smaller economies also have good performances in general, though, as it is the United Kingdom that
is responsible for the drop in the EU figures with a pronounced Private Consumption decrease.
Gross Domestic Product - Localization Pathway
In this pathway, we can clearly see the effects of a decentralised, entrenched Europe, as countries reduce
their exports and imports to focus on their internal economies towards 2050. Private consumption is the
lowest in this pathway related to the National Champions one, which accounts for the largest share of
negative GDP contributions for most of the analysis periods. Here, we see that the spike towards 2050 is
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precisely due to an increase of private consumption towards the end, though capital formation plays a
major role in maintaining the GDP figures around 0 (and not lower) compared to National Champions.

Figure 9.31: Europe - Localization pathway

Italy and France are stronger performers among the larger economies, but the two, as well as Germany
and Spain, mostly show the same trends in the positive GDP-contributing factors as the EU as a whole. All
four countries, however, maintain large shares of imports which bring down slightly their figures. Like in
the other decentralisation pathway, the United Kingdom performs badly, being the only one of the larger
economies which does significantly reduce trade, both imports and exports. Smaller economies,
however, like Sweden, Romania and Denmark, seem to present rather different tendencies in this
pathway, and reduce imports considerably even in the latest periods. This leads us to think that this
pathway is indeed forcing isolation in the economies, letting the larger players dictate and dominate the
macroeconomic behaviours of the continent.
Gross Domestic Product: Directed Vision Pathway
The “Directed Vision” Pathway, arguably the best performing one in terms of GDP, appears to be very
stable in relation to the National Champions Pathway, remaining in very similar levels (with exception of
2020), and takes over considerably after 2040 in a healthy spread of factors. In general, this pathway
seems to motivate both trade and private consumption later in the analysis period.
France, Germany, Italy and Spain all rather resemble the European trend, but so do the smaller players, in
a sign of both alignment and cooperation. As mentioned above, this is the single pathway in which we
see good performance overall for the United Kingdom, and this is almost exclusively due to a larger effect
coming from increased private consumption in the country.
This pathway seems to emphasize the general good, as we see that the growth across the board is higher
in this one for the smaller, less resilient economies (Romania being one of the exceptions), while positive
yet slightly weaker for the larger ones in comparison to the National Champions Pathway.
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Figure 9.32: Europe - Directed Vision pathways (REMES)

9.2.2

Value Added in the Renewable Energy Production Sector

Besides only Gross Domestic Product, we are also interested in seeing how each of the pathways affects
the production and value of the energy-production sectors. Using the same considerations as above, we
report the Value Added the combined Solar, Wind, Hydropower and Biofuel sectors contribute to the EU
economy and to each country.

Figure 9.33: Renewable power generation, value added relative to National Champions pathway
(REMES)

All pathways, as designed, deliver good performance over the Reference Pathway (as described above),
increasing the value added generated by the sector (and consequently, the activity and production of
green energy sectors). Even the National Champions Pathway manages a considerable increase over the
BAU Reference Pathway, but it is nevertheless the weakest in this respect when compared to the other
three main pathways.
Both decentralization-focused pathways, the Diversification and Localization ones, provide rather
similarly good performances for this indicator. In both pathways, Germany, Austria, Spain, France, Italy,
Sweden and Norway contribute with the largest shares. In the Directed Vision Pathway, Italy falls back,
while the United Kingdom increases its share considerably.
Relatively speaking, countries such as Estonia see markedly different behaviours across pathways, with
meagre relative growth compared to the reference in the decentralized pathways, but considerably high
in the path-dependent pathways. Relatively speaking, a handful of countries perform well across all
pathways, for example, Latvia, Poland, the United Kingdom and Romania. Others, like Cyprus, Switzerland
and Norway, see relatively small, but still positive, increases across pathways. In the case of Switzerland
and Norway, for example, this is due to a high-performing reference case, as these countries already have
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a large green production in the base year and thus even the a BAU behaviour appears as being good for
them.
Across all pathways, it is a common element that each shock motivates different reactions for most
countries. The Buildings shock, in general, drives the added value of the sector the highest, while the
Transport shock seems to benefit the sector in only a handful of countries. One could argue that, in
Norway, with its large share of electrified vehicles, this is a natural effect. Nevertheless, the main point is
that the technological changes driven by the Buildings shock as described by the Invert-EE modelling
team seem to contribute the most to the changes observed in the added value for renewable energy.
A final remark, which must be emphasized for every model of the CGE type such as REMES, is that energy
capacity and transmission are not taken into account for the model. Indeed, one could say they cannot
be modelled as volumes are not economic variables. Summarily speaking, if producing energy in this way
is profitable, the model will allocate capital and labour to the sector as far as economically viable, without
regard if there exist enough capacity or transmission possibilities, or if future periods will have too little
or too much installed capacity. This might arguably be a reason why some growth trends for the sector
(and industry in general) might appear too high.

9.2.3

Value Added in the Fossil based Energy Production Sector

Finally, we present the results for the Fossil-based energy production sector. The reasons for doing this is
that a) we would like to compare the generation of non-renewable and renewable power and the effect
each Pathway has on them, and b) the generation and demand modelling teams providing inputs to
REMES do report usage of CCS-enabled natural gas power generation, and so we would like to see if this
technology indeed enables fossil generation in the long term.
Indeed, all pathways see some growth in this sector, but considerably less than the renewable sector,
when compared to the National Champions Pathway. Indeed, before 2040, both decentralizationfocused pathways experiment a weaker fossil production than the other two, leading to a relative loss in
value added. However, towards the end, the sector resumes it's growth, and ends up being more valuable
in these two pathways than in the other two.

Figure 9.34: Fossil power generation, value added relative to National Champions pathway (REMES)

None of the shocks assumes that fossil energy production will cease by 2050. Particularly speaking, the
Generation shock still sees some production using fossil fuels, though the activity of those sectors is
considerably lower, and even more so for the older, more polluting ways of energy production. Once
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again, we direct the reader to the more comprehensive result reports of the relevant modelling teams
within the project.
While the trends for all pathways seem slightly similar to those for the Renewables production sector, we
observe that the Diversification and Localization Pathways only become preferable for the sector in the
latter periods. Even then, the difference is less pronounced than in the Renewables case. Once again, it is
the Transport shock which drives down most of the added value across pathways, but for this sector the
Buildings and Generation shocks are comparable. That is, transport has little influence on the overall
worth of the energy production sectors, regardless if they are renewable or conventional.
Large economies, such as France and Germany, contribute here most of the added value in the sector,
followed by Spain and Poland and, in the case of the Directed Vision Pathway, the United Kingdom.
Nevertheless, France and Germany do show a relative smaller increase to their historic production, and it
happens later than the rest of the continent, so we can conclude that at at least these two countries invest
heavily away from fossil fuels in the beginning on the period, and only switch back to using them in
earnest later, arguably after CCS-enabled production has been installed in other countries.

9.3 Conclusion
This chapter has presented the macro-economic impact assessment of the SET-Nav pathways. The macroeconomic models assessments of the different pathways focused on the changes in four energy sectors
(“supply and infrastructure”, “building”, “industry” and “transport”) that have been quantified in
preceding chapters (sector model specific). Thus a “soft-linkage” has been implemented between the
corresponding energy system models and the macroeconomics models.
Note that there are important differences in the methodology used by each macro-economic model. For
example, the assessment done by REMES covers only three of the four main energy sectors mobilised to
decarbonise the European economy in the pathways. Also, REMES model is limited to provide a
combination of the individual characterization of each SET-Nav pathway by each energy model into one
single scenario. So, to avoid misleading comparison of the two macro-economic models results, we
simply provide the conclusion coming from each model.
NEMESIS insights
From the NEMESIS results, we can conclude that the main macro-economic impacts are coming from two
of the four energy sectors: the “transport” and the “supply and infrastructure”. There are only very weak
macro-economic impacts of the two others energy sectors (“Building” and “Industry”) in comparison with
the “National Champions” pathway. While in the “transport” sector there is technological change induced
by low-carbon vehicles; most of the changes are in the uses of means of transport. There is notable the
shift from car ownership to transport services in the “Diversification” pathway that implies important
economic impacts. For the “supply and infrastructure” sector, the important investment needs to
decarbonise the power generation and heat sectors act significatively the European economy. It comes
from the important development of wind and solar but also of the required grid infrastructure in the
“Diversification”, “Localization” and “Directed Vision” pathways compared to “National Champions”.
Thus, when comparing the results of the macro-economic impacts of the pathways, it appears that the
different ways to decarbonise the EU impact differently its economy over the period analysed (2018 to
2050). Looking at 2050, the expected EU GDP gains could be up to 1% higher and the total EU
employment gains of almost 1,2 million in the “Directed Vision” pathway, in comparison to the “National
Champions”, the less efficient at EU level. The gains are of +0.9% and +0.8% of EU GDP in the “Localization”
and “Diversification” pathways respectively and of +950 thousand and 340 thousand jobs respectively,
still comparing with “National Champions” pathway, the less efficient one.
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But these comparisons must be anyway nuanced, as they bear on the year 2050, or the economic impacts
of the pathways may vary in time. For example, a large part of the economic gains come from the
important investment realised to decarbonise the energy sectors. The post-investment period will also
need to be considered in the economic assessment, as costs will remain whereas stimulus from
investments will vanish. This was not achieved here.
REMES insights
There are many aspects relative to energy generation and demand a model like REMES cannot see. Issues
such as the capacity and transmission limitations described above, are either too difficult or even
impossible to include properly since they essentially disrupt the type of perfect competition assumed by
the macroeconomic model. The same applies for all other effects that involve physical variables, which
are not seen by the model at all as they cannot be de-coupled to their economic value.
Because of the above, we rely on the results of other models to more accurately reflect the state of the
economy when faced with shocks in, as is the case here, the energy sector. While combining all three
shocks turned out to be impossible in the time available in the end, we believe averaging the three
individual shocks allowed us to both provide results that were in themselves feasible and better reflect
the impacts of individual shocks.
All four main pathways seem, in general terms, to deliver consistently better economical results than the
BAU Reference Pathway. That is, regardless of the policy path chosen, GDP and other indicators improve
against the Reference Pathway as defined by the ASTRA and INVERT-EE modelling teams in the project.
The specific pathway that most benefits each country is not always the same, but overall the Directed
Vision Pathway seems to be the best for the block. The Diversification Pathway, on the contrary, performs
the weakest in the end, but shows signs of improving over the National Champions pathway after 2050.
The United Kingdom, while delivering relatively well in the energy production sector, seems to be among
the countries, and most certainly among the largest economies in the block, to perform poorly. In general,
the Directed Vision Pathway is the best for the country, which seems contradictory given the potential
exit of the country from the EU and the expected effects this is expected to have. Germany, France, Spain
and Italy, while varying in their performances across pathways, usually do well and share the continental
trends. Sweden shows strong performances overall, while other smaller economies vary considerably,
sometimes performing well and being able to follow the larger players, and sometimes being unable
compete and falling behind.
Of the three shocks introduced to the model, the Transport shock seems to have the least influence on
the production of energy, while the Buildings shock seems to have the largest contribution. Because of
the circumstances in which both shocks were implemented, though, we are more confident in the
Buildings shock than the Transport one, and so we advise care if considering the effects of transport policy
as overall less meaningful.
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10 SET-Nav Pathways summary overview
As described in previous chapters, this report is already a summary of the pathways work carried out by
the modelling teams in their respective work packages in the SET-Nav project. This chapter collects and
presents key insights, results and findings already mentioned in the preceding chapters by putting them
into context with the EU’s SET Plan and other key related EU energy strategy discussions, in particular the
recently published long-term strategy for decarbonisation as outlined in “A clean planet for all”.
Please note that we have summarized other SET-Nav pathways insights and project outcomes in a concise
report 24: “Summary report: SET‐Nav – Integrative policy recommendations for Decarbonising the EU’s
Energy System”.

10.1 SET‐Nav pathways summary linked to SET‐Plan Key Actions & Priorities
The European Strategic Energy Technology Plan (SET Plan) is a central element in Europe’s approach to
combat climate change. The SET-Plan has been aiming to accelerate the development and deployment
of low-carbon technologies for the past decade, seeking to improve new technologies and bring down
costs by coordinating national research efforts and helping to finance projects.
In this section, our main takeaways and inputs from the SET-Nav project are grouped according to the
ten key actions defined in the latest versions of the SET-Plan documentation (see Figure 10.1).

Figure 10.1: Overview of the SET-plan integrated roadmap, energy union priorities and SET-plan
actions 25

24

Report available at: http://www.set-nav.eu/sites/default/files/common_files/deliverables/SET-Nav%20D9.5.pdf

Illustration
retrieved
from:
https://setis.ec.europa.eu/system/files/integrated_setplan/integrated_roadmap_energy_union_integrated_set-plan_10_actions.pdf
25
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1 Renewable technologies integrated in the system
• There may be areas in the European system where large hydro storage capacity could also balance
excesses or deficits of electricity in other areas, which may be located far away from the former. New
transmission technologies will be very relevant. For example in some pathways, around 50% of the
new capacity is built using HVDC lines.
• To achieve GHG emission target and incentivize RES integration, CO2 prices will have to be much
higher than today, in our results well above 100 €/t in 2050. However, energy prices do not show
such a large increase, because the energy supply mix is dominated by low carbon technologies.
• Renewable energy sources and especially wind power will play a major role in the future energy
supply. Furthermore, heat grids able to distribute heat from fossil or renewable fuels or power-toheat are an important option to adapt to different developments in technology.
2 Reduce costs of technologies
• Not achieving a sufficient development of transmission networks will result in significant increases
in the cost of deploying and operating RES generation at European level, since electricity generation
excesses and deficits within each area should be balanced locally. This could negatively affect the
development of the RES generation industry in Europe. Local generation and storage would have to
be deployed at very large scale regardless of the cost of it.
• As for the Pathways requirements related to the development of distribution networks, especially
those that rely primarily on DER, namely ‘Localization’, there are two important cost related aspects:
1) implementing and preserving favorable financing conditions and 2) put in place a remuneration
scheme for DSOs that takes into account the extra costs that these entities may incur when
integrating large amounts of new forms of DER, like distributed generation and storage. These extra
costs cover additional network investments and the communication infrastructure that will have to
be put in place to control generation, demand and storage in the DSO grids.
• Overall, a strong power transmission grid helps to limit the energy system costs, because it allows to
generate renewable electricity where generation costs are lowest and it reduces the need for other
(more expensive) flexibility options. Another important measure to keep costs low, is the direct use
of electricity in other sectors such as power-to-heat in heat grids or electric vehicles for transport.
• All four main pathways seem, in general terms, to deliver consistently better economical results than
a business as usual scenario. That is, regardless of the policy path chosen, GDP and other indicators
improve against a reference Pathway as defined by the ASTRA and INVERT-EE modelling teams in
the project. Overall the Directed Vision Pathway seems to be the best for the block. The
Diversification Pathway, on the contrary, performs the weakest in the end, but shows signs of
improving over the National Champions pathway after 2050.
• With falling EU gas production no considerable price increase is expected. Although the EU domestic
gas production drops to half of the current levels, globalization of LNG markets, increased LNG
supply and shrinking European gas markets create more intense competition between LNG and
main suppliers of Europe. Thus we do not expect strategic pricing from the main suppliers to be an
option.
• No new gas infrastructure is needed. No new gas pipeline infrastructure would be socio-economic
feasible. To give the right signal to the market the support for PCI gas interconnectors should be
rather directed to electricity infrastructure and energy efficiency. Some support for LNG or security
of supply related projects could be still kept.
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3 New technologies & services for consumers
• The comparison of the pathways and the spatial results for the allocation of renewable generation
units clearly indicates that public acceptance for generation infrastructure will be crucial aspect for
the road ahead. All pathways show energy infrastructures which will raise acceptance issues, such
as grid based renewables deployment, CCS or nuclear. Even the Localization pathway requires large
amounts of generation infrastructures which are concentrated in certain regions of Europe.
• if appropriate distribution network infrastructure were not implemented, the activation of small
consumers to increase efficiency in energy use and the exploitation of DER in general would not be
possible, or would be much more limited, which would largely impact the environmental footprint
of the energy sector, as well as the cost of electricity supply. The development of RES generation
technology of a distributed type (like PV) within Europe would also be negatively affected.
• The main macro-economic impacts are coming from two of the four energy sectors: the “transport”
and the “supply and infrastructure”. While in the “transport” sector there is technological change
induced by low-carbon vehicles; most of the changes are in the uses of means of transport and
assumptions on consumer adoption. For the “supply and infrastructure” sector, the important
investment needs to decarbonise the power generation and heat sectors act positively in the
European economy. It comes from the important development of wind and solar but also of the
required grid infrastructure in the “Diversification”, “Localization” and “Directed Vision” pathways
compared to “National Champions”.
• Looking at 2050, the expected EU GDP gains could be up to 1% higher and the total EU employment
gains of almost 1.2 million in the “Directed Vision” pathway, in comparison to the “National
Champions”, the less efficient at EU level. The gains are of +0.9% and +0.8% of EU GDP in the
“Localization” and “Diversification” pathways respectively and of +950 thousand and 340 thousand
jobs respectively, still comparing with “National Champions” pathway, the less efficient one.
4 Resilience & security of energy system
• The European gas infrastructure reaches an average 10-15% yearly utilization by 2050 in all
pathways. Given this trend, the transmission system operators need to convince the regulators that
all their assets are inevitable to secure the necessary flexibility of the system (for security of supply
reasons). Meaning that the regulated capacity-based exit tariffs to consumers should be increased
Europe-wide by 1-3 €/MWh to cover the large fix costs of the system.
• Transmission capacity should play a relevant role in balancing excesses and deficits of electricity
production in different areas within Europe. This is because the chronological distribution of the
power production by intermittent RES generation in different European areas tends to be
complementary. Hence, achieving the construction of large new pan-European transmission
developments, as in ‘Diversification’ and ‘Directed Vision’, requires addressing three main
challenges: 1) implementing an appropriate institutional framework for the governance of the
development of the cross-border network; 2) allocating the cost of the cross-border network
investment projects in an efficient way that is perceived as fair by the national authorities; and 3)
putting in place the appropriate conditions for these projects to attract funds at a reasonable cost.
• The integration of large volumes of distributed energy resources will result in very relevant changes
of the flows in distribution grids, potentially leading to the need to undertake relevant upgrades in
these grids.
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5 New materials & technologies for buildings
• The pathway analysis show that ambitious CO2 emission targets of more than 90% until the year
2050 can be reached. However strong measures to increase the thermal efficiency of the building
stock and to promote a high diffusion of low carbon heating systems are needed.
• A phase out of natural gas heating systems triggers large investments in alternative technologies for
heating. Only if a form of low carbon “green gas” can substitute natural gas (e.g. biogas, power to
gas) the preservation of a gas supply infrastructure for buildings is in line with high CO2 mitigation
targets.
• Heat pumps and solar systems are key technologies to reach low emissions in the building stock.
Both technologies show a strong presence in all calculated scenarios.
• Although the number of installed biomass heating systems increases significantly in the pathways,
the increased efficiency of the building stock leads to only moderate biomass use for buildings.
• Cooling demand will increase significantly by 2050. Measures to increase the efficiency of cooling
systems will gain importance to reduce electricity demand
• The decarbonisation of the buildings stock is strongly linked to the electricity system. A substantial
share of heating and cooling demand is expected to be covered by electricity. Only if the electricity
system is decarbonized in parallel overall CO2 emission reduction targets can be reached.
6 Energy efficiency for industry
• Even if remaining energy efficiency potentials are ambitiously exploited, the basic materials
industries will remain major energy consumers and the contribution to CO2 mitigation is limited.
• Biomass has a large potential at relatively low cost (if sustainable resources are available).
• RES electricity can contribute substantially:
- For steam generation it requires high financial support due to high electricity prices compared
to fossils or biomass. Due to the high importance of OPEX (compared to CAPEX), financial
support needs to address running costs. Investment grants are less effective.
- For furnaces, using electricity requires fundamental process and technology changes like e.g.
a new steel production route. The use of electricity is also strongly related to the use of
hydrogen and power-to-gas. Also here, high operation costs are a major barrier and need to
be addressed by the policy frame.
- Other technologies based on RES like solar thermal or heat pumps only have limited
applications due to high temperature levels needed in furnaces.
• Pathways results suggest the need for radical changes to industrial production systems like
innovative processes and large-scale power-to-heat for steam generation. This should enter the
market in the time horizon after 2030. Before 2030, energy efficiency improvements combined with
fuel switching to biomass and progress towards a circular economy are the main mitigation options
that drive CO2 emissions downward. Therefore, pilot and demonstration plants need to be built to
prepare for market introduction. It might easily take 10 years for new processes in the materials
industry to progress from lab-scale to market. Certification processes such as those needed for new
cement types can prolong the time taken even more.
• At the current level of certificate prices (EUAs), the ETS is not effective in reducing industrial
emissions. For investments in low-carbon technologies, companies' expectations of future prices are
even more important than the current price levels. Extending the ETS with a minimum price path
(i.e. a floor price) could provide more long-term clarity and the certainty needed for investors in lowcarbon innovations.
• Although a major share of industrial GHG emissions is covered under the EU ETS emissions cap, a
high amount of industrial CO2 emissions remains outside the ETS and thus does not receive a CO2
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price signal. Some Industry has no incentive to switch to renewable or low-carbon fuels for heat
generation. A CO2 tax as the central element of a broader energy tax reform could provide the
incentives needed for fuel switching. This must avoid any double burden on companies inside the
ETS.
• In general, it is necessary to set incentives towards a low-carbon industry as early as possible to
accelerate the market entry of efficient and innovative processes as increases of CO2 price probably
take place after 2040 and consequently affect only a small share of investment decisions taken.
7 Competitive in global battery sector (e‐mobility) and transport
• The diffusion of low and zero-emission technologies depends on several factors, in particular vehicle
prices and running costs, sufficient filling and charging infrastructure, convenience and the variety
of available vehicle models. ¨
• Decisions on phasing out pure ICE cars are an effective intervention to accelerate the diffusion of
alternative drive technologies and should be taken into consideration. By 2030, the infrastructure
required for low-emission technologies should be implemented at least for the core motorway
network. This includes depending on the chosen technologies overhead cables for trolley trucks,
sufficient charging stations including their supply with hydrogen and sustainable biofuels.
• Modal shift from cars to the more efficient modes public transport, car sharing, cycling and walking
can be achieved by making cars less attractive via urban policies (ban in cities at least for fossil-fuel
based cars, parking policies) while promoting and increasing the convenience of more sustainable
modes (multi-modal platforms enabling seamless ticketing, reduced waiting times and real-time trip
planning; town planning measures to improve infrastructure for active modes).
• The diffusion of zero-emission vehicles like battery electric cars, fuel cell electric trucks and hybrid
trolley trucks generates an increasing electricity demand by the transport sector. Increasing biofuel
shares as blend for fossil fuels leads to a growth of required biomass
• The pathways analyzed reflect radical changes that need to be achieved within only three decades.
Policies need to be in place soon to drive this transition considering the lifetime of vehicles, the
required time for fundamental acceptance of new technologies and for changes in behaviour,
supply chains and business models.
8 Renewable fuels
• The direct use of electricity in other sectors reduces the requirements for the generation
infrastructure compared to pathways with a stronger usage of hydrogen or "synthetic
hydrocarbons", because these result in less efficient conversion processes.
• Our results show that in world which is heavily dominated by renewable electricity generation
electrolysis of hydrogen is a shoulder load technology rather than a base load technology. This
results in a high share of capital costs in overall hydrogen production cost. The reconversion of
hydrogen to electricity is mainly an option to cover rare peaks which cannot be covered with natural
gas in a world with tight carbon budget.
• Nevertheless, small amounts of gas-fired power plants are needed in the future energy system
(mostly utilizing bio-gas or hydrogen) for balancing a high RES share in the power system. The results
note the importance of the flexibility and versatility of gas-based energy carriers in general. In most
scenarios, hydrogen or bio-gas play a significant role in the future energy system either allowing for
decarbonization of non-electricity sectors or providing balancing options for variable renewable
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energy sources in the power sector. This importance is even likely to increase in some of the
scenarios the years from 2050 on.
• Due to the regional disparity in the availability of renewable energy source (to produce hydrogen
from excess energy in, e.g., the peak sun hours) and biomass, the level of international cooperation
is an essential factor for future energy systems. The importance of trading in either power, solid
biomass, or gas-based energy carriers will be a crucial factor for future energy systems.
9 Carbon Capture storage / use
• We can expect that the development of a European CO2 transport and storage infrastructure will be
kicked off by the use of CO2 in Enhanced Oil Recovery (EOR) projects. More recently, other uses of
the captured CO2 (e.g. in industrial applications such as methanol and biofuel production) are being
discussed as well. Such re-use of the CO2, be it in EOR or other applications, has the benefit of
providing a revenue to the CO2 value chain that helps covering the costs of investment and
operations of the CO2 infrastructure. Moreover, it “saves” volumes in the permanent storage sites
(saline aquifers, depleted hydrocarbon fields) that are expected to be limited to approximately 200
years of the 2050 yearly capture volumes discussed in this study.
• Total CO2 infrastructure costs (transport and storage) to 2055 were between € 38 bn. and € 85 bn. in
the “pessimistic” and “optimistic” decarbonization scenarios in the case study for the development
and operation of CO2 networks of a total length (CO2 flows) of 26 000 km (3060 Mt CO2) or 38 000 km
(9800 Mt CO2), respectively. With CO2 capture volumes in the SET-Nav pathways in the higher range
(6580 – 10350 Mt CO2 until 2055), infrastructure costs must also be expected to be in the higher
range, considerably above € 50 bn. This is especially likely as many large CO2 volumes to be captured
arise in countries further away from the offshore storage sites and therefore require longer CO2
pipeline connections (e.g. Italy, Greece, Hungary).
• There are considerably economies of scope and scale to be reaped in CO2 infrastructure, in particular
in pipeline transportation: several point emission sources from different sectors but close to each
other can be connected to the same large “trunkline” (economies of scope) and an increase in
pipeline diameter more than proportionally reduces the operational and investment pipeline costs
(economies of scale). Therefore, the realization of a fully-fledged CO2 infrastructure is more likely if it
is jointly used by the electricity sector and industry as we assumed in the SET-Nav pathways.
However, there are immense coordination questions associated with this assumption, for example
on the funding and design of the infrastructure.
10 Nuclear safety
•

•
•

In ‘National Champions’, traditional incumbents will be in charge of leading the decarbonisation
efforts according to national strategies. Then, conventional technologies may play a relevant
role. A relevant amount of nuclear generation will still be in place, while relevant amounts of
thermal generation will be used in combination with CCS. This will result in energy exchanges
across Europe being limited and relatively similar to the traditional ones, which explains why
accommodating these flows does not require building large amounts of transmission capacity.
All in all, in our modelling exercises, we have limited nuclear expansion and role by 2050. We
conclude that market based expansion of nuclear power is not to be expected
Flexible operation of modern Nuclear Power Plants technically possible but undesirable from an
economic perspective, no way to become „economic“
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10.2 SET-Nav pathways takeaways related to “A Clean Planet for all”
In October 2018, the Intergovernmental Panel on Climate Change (IPCC) published its special report on
the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways (IPCC, 2018), putting even stronger urgency on climate and energy policies to address
this issue. As Europe’s answer to this, the European Commission (EC) published its long-term strategy “A
Clean Planet for all” (EC, 2018a) in November 2018. This strategy presents the EC’s long-term vision on
how “Europe can lead the way to climate neutrality by investing into realistic technological solutions,
empowering citizens, and aligning action in key areas such as industrial policy, finance, or research – while
ensuring social fairness for a just transition.” (EC, 2018b).
In the SET-Nav project, we conducted our own independent analysis of possible pathways for a deep
decarbonisation for Europe until 2050, assessing a broad portfolio of options under distinct framework
conditions. As outlined in further detail throughout this report, following a large-scale modelling effort,
we offer a bandwidth of solutions and provide key insights based on the main modelling perspectives of
SET-Nav: demand side, energy supply and infrastructure, and the macroeconomic effects.
In this section we have clustered some of the SET-Nav analyses results and insights in line with the EC’s
long term strategy “A Clean Planet for all” (EC, 2018a). After a brief introduction to the underlying
modelling works, we start with a brief comparison of quantitative outcomes, exemplarily focussing on
the electricity sector where a deep decarbonisation appears indispensable. Then we conclude with
placing our specific findings and recommendations next to the EC’s headline conclusions.
Brief intro to the EC’s modelling on “A Clean Plant for all”
A broad range of scenarios have been assessed in the EC’s analysis as outlined in full detail in the
background reporting to the EC’s Communication “A Clean Planet for all” (EC, 2018c). Apart from a
Baseline trend where GHG targets are not met, the broad set of (proactive) decarbonisation scenarios
differ in the underlying approaches and preferences as well as in the overall GHG ambition:
•

•
•

A 80% GHG emission reduction (compared to 1990 levels) is prescribed for the largest set of
scenarios, including three scenarios where decarbonisation efforts are largely driven by
decarbonised energy carriers and examining the impacts of switching from the direct use of fossil
fuels to zero/carbon-neutral carbon carriers, namely electricity (ELEC), hydrogen (H2) and e-fuels
(P2X). The other two scenarios examine how stronger energy efficiency measures (EE) or the
transition to a more circular economy (CIRC) can deliver the desired emissions reduction.
A 90% GHG reduction is pursued in the scenario COMBO through a cost-efficient combination of
the options outlined above
The third category of scenarios achieves even stronger emissions reduction, reaching net zero
GHG emissions by 2050 and thus pursuing efforts to achieve a 1.5°C temperature change. In this
scenario category, remaining emissions that cannot be abated by 2050 need to be balanced out
with negative emissions, including from the LULUCF sink. One scenario (1.5TECH) aims to further
increase the contribution of all the technology options, and relies more heavily on the
deployment of biomass associated with significant amounts of carbon capture and storage
(BECCS) in order to reach net zero emissions in 2050. The second scenario (1.5LIFE) relies less on
the technology options of 1.5TECH, but assumes a drive by EU business and consumption
patterns towards a more circular economy and (strong) lifestyle changes.

Comparison of key results on decarbonising the EU’s electricity sector
As outlined in (EC, 2018c), “there is a consensus across studies that electricity consumption will further
grow in Europe.” “In line with earlier analyses of the Commission, electricity demand increases
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significantly by 2050 in all decarbonisation scenarios.” Both EC statements are well confirmed by our own
analysis: the need for decarbonisation comes along with an increase in electricity demand. According to
our (SET-Nav) analysis this implies an increase in electricity demand and supply by 31% to 81% compared
to current (2015) levels, cf. Figure 10.2. The EC analysis goes even well above these levels, specifically in
those scenarios where either hydrogen or P2X is emphasised, or, if a full decarbonisation (i.e. 100%) is
defined as GHG target - cf. scenario 1.5TECH where electricity demand is projected to increase by 146%
until 2050, or 1.5LIFE with an increase of 102% (both compared to 2015).
Increase in electricity generation 2050 (compared to 2015)
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Figure 10.2: Comparison of increase in electricity generation by 2050 (compared to 2015) at EU28
level according to assessed pathways and scenarios (SET-Nav and “A Clean Planet for all”)

A closer look on the corresponding supply of our increasing demand for electricity is provided in Figure
10.3. This graph allows for a comparison of the of the shares (in total electricity generation) of all key
supply options by 2050 at EU28 level, according to assessed pathways and scenarios of SET-Nav and from
the EC’s own work related to “A Clean Planet for all”. Thus, the shares of renewables, nuclear and fossil
fuels sum up to 100% in all scenarios. Please note further that for the EC’s analysis the data underlying
“Decarbon” are the averages across all decarbonisation scenarios per category. According to their
analysis, these (decarbonisation) scenarios provide very similar power mix in 2050, with renewables
ranging from to 81% to 85%, nuclear from 12% to 15% and fossil fuels from 2% to 6%. Within our SET-Nav
pathways we see a broader variety across all three categories: RES shares range here from 73% to 97%,
and for example nuclear from 0.5% to17%. This illustrates the fundamental differences in our pathway
conception across assessed options, and these affect finally the selection of decarbonisation options used
in electricity supply.
Further insights on the decomposition of power supply is provided by Figure 10.4, indication the
cumulative installed capacities of distinct generation technologies at EU28 level by 2050. The strong
deployment of renewables is visible looking at this graphs: Wind and solar dominate the power sector by
2050 within all assessed cases. Within the EC work one can observe that the highest increase of
renewables capacity takes place in scenarios deploying hydrogen and e-fuels – this statement is also
confirmed by our own analysis where “Localisation” and “Diversification” show the highest numbers on
the renewables side. On the renewables side we show generally higher numbers for onshore wind
whereas EC scenarios indicate a more balanced mix, involving offshore wind and possibly also a higher
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contribution to come from bioenergy. Common across all scenarios is moreover that the weight of fossil
fuel-fired capacity in the total power mix decreases strongly over time. In accordance with generation
data, EC scenarios show higher nuclear capacities by 2050 – these are then only slightly lower than current
level (99-121 GW versus 122 GW in 2015).
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Figure 10.3: Comparison of shares in total electricity generation by 2050 at EU28 level for key supply
options according to assessed pathways and scenarios (SET-Nav and “A Clean Planet for all”)
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Figure 10.4: Comparison of cumulative installed capacities of power generation technologies by 2050
at EU28 level according to assessed pathways and scenarios (SET-Nav and “A Clean Planet for all”)
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Key findings and recommendations on the way forward
The subsequent tabular comparison extracts key quotes and conclusions noted in pages 22-25 in the EC’s
Communication “A Clean Planet for all” (EC, 2018a) and puts them side-by-side with key insights from the
SET-Nav project. Some of these were discussed and presented at the SET-Nav final conference 26.
EC communication 773
“A clean planet for all”
“There are a number of pathways
for achieving a climate neutral netzero greenhouse gas emissions in
line with our vision: all are
challenging, but could be feasible
from technological, economic,
environmental and social
perspective. Reaching this objective
requires deep societal and economic
transformations within a generation
touching every sector of the
economy.”

SET-Nav takeaways or related inputs
There are different transformation pathways to reach the envisaged target
of a deep decarbonisation across Europe, overall in SET-Nav we see the
following technology options in lead:
•
Renewables and especially wind energy will be an important factor
•
Heat grids are an important option to adopt to different developments
in technology
All in all, our macroeconomic analyses note that it appears that the four
analysed pathways to decarbonise the EU impact differently its economy
over the period analysed (2018 to 2050). All in all, differences are observable
but come at a comparatively small range.
Looking at 2050, the expected EU GDP gains could be up to 1% higher and
the total EU employment gains of almost 1.2 million in the “Directed Vision”
pathway, in comparison to the “National Champions”, the less efficient one
at EU level. There are gains are of +0.9% and +0.8% of EU GDP in the
“Localization” and “Diversification” pathways, respectively, and of +950
thousand and +340 thousand jobs, respectively, still comparing with the
“National Champions” pathway, the less efficient one.
•

“Accelerate the clean energy
transition, ramping up renewable
energy production, high energyefficiency and improved security of
supply, with increased focus on
reducing cyber security threats,
while ensuring competitive energy
prices, all of which power the
modernisation of our economy;”

•
•
•
•
•

“Roll out carbon-free, connected
and automated road-transport
mobility; promote multi-modality
and shifts towards low-carbon
modes such as rail and waterborne
transport; restructure transport
charges and taxes to reflect
infrastructure and external costs; “

26

A stable electricity & heat grid system with 96% decarbonisation is
possible
Foreseeable CO2 prices well above 100-150 €/t are needed in 2050
If you want to keep cost as low as possible: 1) Strengthen the
electricity grid, 2) Create a competitive market environment for the
direct use of electricity in other sectors such as heat grids
Heat pumps play a crucial role in all scenarios – in very ambitious
mitigation targets electricity demand from heating and cooling
increases significantly
In the building sector: Even with very ambitious RES support Natural
Gas stays in the mix – only strong RES obligations or bans on fossil
heating systems lead to CO2 emission reductions >90%
Thermal renovation and efficient new construction in buildings help
to conserve biomass and limit the impact of electricity demand for
heat pumps

SET-Nav pathways takeaways for transport:
•
Shift to more efficient transport modes for freight and passengers
important, however, limited due to infrastructure capacity
restrictions, additional efforts for logistics and required behavior
change.
•
Diffusion of low/zero-emission vehicles for road transport contributes
substantially: BEV/PHEV soon competitive prices – range anxieties to
be resolved, FCEV & trolley trucks as options for freight to be further
evaluated
•
Alternative fuels play an important role, in particular for non-road
modes – to be covered either by biomass or by synthetic PtX-fuels
•
Decarbonizing transport by -65% is possible

http://www.set-nav.eu/content/final-conference-21-march-2019-brussels

150 | P a g e

Comparative assessment and analysis of SET-Nav pathways

“Boost the EU's industrial
competitiveness through research
and innovation towards a
digitalised and circular economy
that limits the rise of new material
dependencies; start testing at scale
breakthrough technologies; monitor
the implications on the EU's terms
of trade, in particular for the energy
intensive industries and suppliers of
low carbon solutions, ensure
competitive markets that attracts
low carbon industries… “

SET-Nav pathways takeaways for industry:
•
Available technologies not sufficient for decarbonisation of EU
industry
•
>80% decarbonisation is possible – even without CCS, but requires: 1)
Process innovations, 2) CO2-free secondary energy carriers, and 3)
strong innovations in material efficiency and circular economy
•
Extending the ETS with a minimum price path to provide long-term
certainty
•
CO2 tax to provide incentives for companies outside the ETS
• Policies to boost material efficiency & circular economy as well as
energy efficiency

•

“Strengthen infrastructure and
make it climate proof. Adapt
through smart digital and cybersecure solutions to the future needs
of electricity, gas, heating and other
grids allowing for sectoral
integration starting at local level
and with the main industrial/energy
clusters;”

•

•

•

“Accelerate near-term research,
innovation and entrepreneurship in
a wide portfolio of zero-carbon
solutions, reinforcing the EU's global
leadership;”

•

•
•

•

“Mobilise and orient sustainable
finance and investment and attract
support from "patient" capital (i.e.
long-term venture capital); invest in
green infrastructure and minimise
stranded assets as well as fully
exploit the potential of the Single
Market; “

•

•

Ensure that the transition is socially
fair. Coordinate policies at EU level

Significant investment in the transmission network will be needed.
Thus, the transmission network will play a relevant role in any case.
However, it should be kept in mind that this investment is only a
fraction of the investments needed for generation infrastructure. In
particular, situations with a high level of DER or centralized renewables
(Directed Vision and, mainly, Diversification) will need a much higher
level of network development. System development that goes in a
decentralized direction needs substantially more network
improvements to back renewable generation
New transmission technologies will be very relevant (between 40 and
50% of the new capacity in 2030 is built using HVDC lines, percentage
increased with time horizon). R&D investment in new technologies
could result in improved solutions
If we want to keep requirements for generation infrastructure low:
Prefer direct use of electricity over hydrogen/”synthetic hydrocarbons”
wherever possible and economically feasible
We find that more balance for innovation activities for which
policymakers have more direct control and less balance in innovation
activities for which policymakers have less direct control.
We find evidence that the SET Plan portfolio is broadly consistent in
terms of innovation activities working in concert in each of the six
technology fields, spanning both early stage and late stage innovation
activities.
We find evidence that late stage innovation processes in the SET Plan
portfolio are broadly aligned with learning and market share as
targeted innovation outcomes.
We find that diverse mixes of policy instruments stimulate
collaborative innovation activity measured by co-inventions between
different EU countries in decentralized pathway.
Reduction in gas procurement cost may be allocated to new
technologies and support for biomethane production, but not to
create stranded infrastructure
Overall, a decrease in natural gas-based energy in all sectors is
projected. Nevertheless, small amounts of gas-fired power plants are
needed in the future energy system (mostly utilizing bio-gas or
hydrogen) for balancing a high RES share in the power system. In most
scenarios, hydrogen or bio-gas play a significant role in the future
energy system either allowing for decarbonization of non-electricity
sectors or providing balancing options for variable renewable energy
sources in the power sector. This importance is even likely to increase
in some of the scenarios the years from 2050 on.
In Diversification and Directed Vision pathways, significant
coordination efforts take place at European level, and the most
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with those of Member States,
regional and local governments
allowing for a well-managed and
just transition that leaves no region,
no community and no worker and
citizen behind;

•

•

promising energy resources are to be exploited at length using
appropriate technologies regardless of their geographical distribution
Due to the regional disparity in the availability of renewable energy
source (to produce hydrogen from excess energy in, e.g., the peak sun
hours) and biomass, the level of international cooperation is an
essential factor for future energy systems. The importance of trading in
either power, solid biomass, or gas-based energy carriers will be a
crucial factor for future energy systems.
Based on our risk analysis, we observe that coordination plays a major
role to ensure the viability and execution of the energy transition. For
example, directed vision outranks all other pathways which means that
it faces less risks of failure and has better prospects when
implemented.
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11 Appendix: Additional Pathways analyses and results
As part of the pathways analysis, various additional research activities were carried out. In this appendix,
we summarize the work of three additional studies related to the pathways analysis. These analyses
assessed different aspects or sectors of the energy transition based on different approaches that
complement the work presented in preceding chapters. The firs study, section 11.1, focuses on analysing
the results of the evolution of CCS technologies based on the results of demand and supply models. The
second study, described in section 11.2, provides an analysis of stranded assets based on a multi-carrier
and multi-sector energy model. Lastly, as part of the SET Nav WP9 activities, section 11.3 summarizes the
work of applying robustness control methods to assess risk in decision making when comparing different
pathways or scenarios.

11.1 Carbon capture in European electricity generation and industry
The possible role of CCS depends on public opinion and relative costs compared to other low-carbon
production and generation options. CCS costs are still subject to a great deal of uncertainty, as it is not
yet available for commercial scale projects in power plants and only a small number of commercial scale
industrial projects have recently started. 27 In our pathway analysis, we deal with his uncertainty by
different exogenous assumptions. 28 We allow CCS as a technology option at moderate cost in the
‘Directed Vision’ pathways and at higher cost in the ‘National Champions’ pathways. CCS is assumed not
to be part of the available technology options in the other two pathways (‘Diversification’, ‘Localization’).
The availability of CCS means that, in the pathways ‘National Champions’ and ‘Directed Vision’, less radical
innovation is needed to reach the climate targets. This is particularly true in industry where radical process
innovations are avoided (results from FORECAST-Industry).29 In the electricity sector, the decrease of
renewable costs (in particular wind) is a robust development in all pathways and, therefore, the use of
CCS is limited to 8-10% of total electricity generation. In ‘National Champions’, traditional incumbents
will be in charge of leading the decarbonisation efforts in the framework of national strategies and with
very limited European integration efforts. Because options such as European-wide grid integration are
hardly available, conventional technologies still play an important role and a relevant amount of nuclear
generation as well as thermal generation in combination with CCS will be used.
In industry, the availability of CCS in the ‘Directed Vision’/ ‘National Champions’ pathway leads to the
same outcome: traditional, fossil-intensive processes continue to the used as opposed to the
‘Diversification’/’Localization’ pathway in which new processes are deployed (e.g. electrification based on
renewables).30 Most captured emissions arise in cement and lime production, primary steel production
and the basic chemicals industry. Moreover, also smaller point sources like glass and paper production
plants capture CO2 in this pathway.
Table reports the CCS assumptions of the electricity sector and the industry sector in SET-Nav. We have
used another model (Enertile) and a new data set of capture costs, capture rates and efficiencies for the

Cf. Holz et al. (2018): Issue Paper on The Role for Carbon Capture, Transport and Storage in the Future Energy Mix Which
Role for Infrastructure? SET-Nav Issue Paper, February 2018. www.set-nav.eu
27

For more detail on the assumptions regarding CCS in the electricity sector see Sensfuss et al. (2019): Summary report
Energy Systems: Supply Perspective. SET-Nav Deliverable 7.8, March 2019. www.set-nav.eu
28

For more detail on the role of industry in the different pathways see Hartner et al. (2019): WP5 Summary report - Energy
Systems: Demand perspective. SET-Nav Deliverable 5.8, March 2019. www.set-nav.eu
29

30
For the industrial sector analysis, two combined pathways are investigated: the ‘Directed Vision’/ ‘National Champions’
pathway with CCS, and the ‘Diversification’/’Localization’ pathway without CCS.
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pathways, compared to the case study. We compare the SET-Nav assumptions to the estimates by the
industry as published by the Global CCS Institute.31 SET-Nav assumptions are more optimistic by all
measures even though the estimates by the (pro-CCS lobbying institution) Global CCS Institute are on
the optimistic end of available assumption. SET-Nav assumptions were chosen in line with the storylines
of the scenarios/pathways to make sure that the CCS option is used in a cost-minimization setting.32
Table 9.1: Cost assumptions for technologies with CCS in the electricity sector and in industry in the SETNav Case Studies and Pathways
Application
EMPIRE
(Case Study)
ENERTILE
Directed Vision Pathway
ENERTILE
National Champions Pathway

Power plant type

Efficiency

Coal with CCS

39-43%

CO2 capture Investment costs
rate
in €/kW
80-90%
2150-2500

Gas with CCS

52-60%

80-90%

1250-1350

Lignite with CCS

37-43%

80-90%

2250-2600

Coal with CCS

38%

93%

3000-3400

Gas with CCS (CCGT) 54%

95%

1200-1500

Lignite with CCS

37%

92%

3400-3800

Coal with CCS

38%

93%

3600-4080

Gas with CCS (CCGT) 54%

95%

1440-1800

Lignite with CCS

37%

92%

4080-4560

28-33%
46%

90%-94%
90%

3870-4651
1701
Reference plant
scale
(annual
production in t)
1 Mt. clinker
4 Mt hot rolled
coil

Global CCS Institute (2017) Coal with CCS
estimates
Gas with CCS

Short-/Mid-term Long-term
capture cost
capture cost
Cement production
FORECAST-Industry
Study)

(Case Steel production

65-135 €/tCO2

25-55 €/tCO2

25-65 €/tCO2

0-55 €/tCO2

Refineries
and
50-120 €/tCO2
petrochemicals

>30€/tCO2

1-2 GtCO2

This is true not only for the case study (EMPIRE) assumptions, but also for the pathway (Enertile)
assumptions. Therefore, CO2 capture in the electricity sector in the period 2015-2055 in the pathways is
close to the “optimistic” scenario results in the case study: 3000-6800 Mt CO2 (pathways) compared to
4400-7700 Mt CO2 (“optimistic” case study scenarios), far above the 900 Mt CO2 in the "pessimistic“
decarbonization scenario. In other words, with these cost assumptions, CCS is used when it is available.
The case study analysis showed that the aggregate system cost advantages keeping an electricity system
including fossil generation with CCS (compared to a system in which decarbonization is achieved without
CCS) is small but positive. This is, among other factors, due to the smaller need to expand the electricity
transmission grid and to use higher cost flexibility options (e.g. electrical storage, demand-side
management) for the peak load hours.

31

Lawrence Irlam (2017): Global Costs of Carbon Capture and Storage. 2017 Update. Global CCS Institute.

No sensitivity analysis could be done to check threshold levels of the CCS assumptions because of the very long model
run times (several days of Enertile for each pathway).
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Figure 11.1: CO2 capture in the Directed Vision and the National Champions Pathways (ENERTILE and
Forecast-Industry results)

Figure 10.1 shows that total CO2 capture until 2055 in the two pathways is 6513 – 10284 Mt in Europe.
When costs are lower (Directed Vision pathway), CO2 capture is introduced earlier at large scale. The
figure also shows the large role that the industrial sector would play for the CCS technology. Indeed, in
the SET-Nav pathways, the cumulative captured CO2 volumes from the industry sector are larger to 2055
than in the case study (3590 Mt CO2 compared to 2160 Mt CO2), among other factors due to the inclusion
of more industrial sectors in the analysis (e.g. refineries).

GWh / year

Figure 10.2 shows that CCS in the electricity sector is primarily used to reduce the CO2 emissions of coalfired power plants. It is not used in lignite power generation due to the assumption that there is no retrofit
and only new-built power plants can use CCS. Electricity generation from gas-fired power plants
equipped with CCS is only half as much as coal-fired CCS generation, despite the lower capture costs and
better efficiency. This is due to fuel costs. Use of CCS in gas-fired power generation mainly takes place in
Germany and Italy, as well as Belgium and the Netherlands – countries with easy access to large natural
gas supplies.
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Figure 11.2: Generation from CCS power plants in the SET-Nav pathways (ENERTILE results)

Total EU capture volumes in the pathways are similar in size to the “optimistic” case study scenarios.
However, their spatial distribution across Europe is different. Table 1 shows that the countries with the
largest capture volumes up to 2050 in the electricity sector are Italy (from coal-fired power generation),
Germany and the Netherlands (from coal and gas fired power generation). Interestingly, CCS is not used
as option in Poland to extend the use of coal-fired power generation there. Among other reasons, this is
due to the assumption that CCS is only used in new-build power plants, not in retrofitted power plants.
Rather, some gas-fired power generation capacity is equipped with CCS in Poland in the National
Champions Pathway to avoid imports in times of low availability of renewables.
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In the industrial sector, a larger share of the captured volumes are more closely located to the large CO2
storage sinks in the North Sea. The largest captured volumes in industry arise in Germany and Italy (as in
the electricity sector), but also in France, Poland, the UK and Spain.

11.1.1 Conclusions for a CC(T)S pipeline infrastructure
Based on the literature as well as the case study results, we can expect that the development of a
European CO2 transport and storage infrastructure will be kicked off by the use of CO2 in Enhanced Oil
Recovery (EOR) projects. More recently, other uses of the captured CO2 (e.g. in industrial applications
such as methanol and biofuel production) are being discussed as well. Such re-use of the CO2, be it in
EOR or other applications, has the benefit of providing a revenue to the CO2 value chain that helps
covering the costs of investment and operations of the CO2 infrastructure. Moreover, it “saves” volumes
in the permanent storage sites (saline aquifers, depleted hydrocarbon fields) that are expected to be
limited to approximately 200 years of the 2050 yearly capture volumes discussed in this study.
Total CO2 infrastructure costs (transport and storage) to 2055 were between € 38 bn. and € 85 bn. in the
“pessimistic” and “optimistic” decarbonization scenarios in the case study for the development and
operation of CO2 networks of a total length (CO2 flows) of 26 000 km (3060 Mt CO2) or 38 000 km (9800
Mt CO2), respectively. With CO2 capture volumes in the SET-Nav pathways in the higher range (6580 –
10350 Mt CO2 until 2055), infrastructure costs must also be expected to be in the higher range,
considerably above € 50 bn.33 This is especially likely as many large CO2 volumes to be captured arise in
countries further away from the offshore storage sites and therefore require longer CO2 pipeline
connections (e.g. Italy, Greece, Hungary).
There are considerably economies of scope and scale to be reaped in CO2 infrastructure, in particular in
pipeline transportation: several point emission sources from different sectors but close to each other can
be connected to the same large “trunkline” (economies of scope) and an increase in pipeline diameter
more than proportionally reduces the operational and investment pipeline costs (economies of scale).
Therefore, the realization of a fully-fledged CO2 infrastructure is more likely if it is jointly used by the
electricity sector and industry as we assumed in the SET-Nav pathways. However, there are immense
coordination questions associated with this assumption, for example on the funding and design of the
infrastructure.

11.2 Stranded assets, role of biomass and hydrogen
To further broaden the main analyses carried out by the SET-Nav consortium, an additional study was
conducted. Whereas, the sector-specific SET-Nav models allow for detailed views on, e.g., the power
sector, they mostly rely on soft-linking to other models, i.e., using outputs from other models as an input.
Thus, feedback loops are often omitted and becomes a limitation. This study aims to give another, holistic,
view on the different SET-Nav pathways. Therefore, a multi-sectoral optimization model has been used
to look at certain key areas of the EU energy transition.
Firstly, the use of biomass and biofuels in different sectors will be included. This is of particular
importance, as biomass in Europe is generally a scarce resource with limited potential. 34 This potential is
even projected to decrease in the next decades until 2050 (Elbersen et al., 2012). In this context, the value
of hydrogen in different sectors will be assessed. Secondly, an analysis of stranded or unused capacity

CO2 infrastructure costs were calculated with the CCTSMOD model in the case study. CCTSMOD was not used for the
pathway analysis, i.a. because of too limited time to establish a new link to the ENERTILE model (in the case study,
CCTSMOD was linked to the EMPIRE model).

33

34

This study omits energy crops as possible option for biofuels.
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will be performed for the pathways. Overall, conventional power plants were built despite capacities
already being present. In turn, higher shares of renewable energies led to a decreasing utilization of gasfired power generation, counteracting the trend of installing new capacities. This can be observed in
various European countries, like Germany, Italy, the Netherlands, or the UK, where, between 2010 and
2015, the installed capacities of natural gas power plants increased by 10%, while the annual load factor
of the same utilities dropped from more than 50% to 40%. Although the utilized model lacks the detail of
a specified power system models, the option to shift demand to other sectors (with, e.g., power-to-X), can
provide an additional level of flexibility. Lastly, with hydrogen, biogas, and methanized synthetic gas,
approach the different sectors, the needed gas infrastructure will be analysed. The usage of methane
synthesized from biomass or hydrogen or the direct utilization of hydrogen poses large flexibility of
appliance in different sectors. Hence, utilization of the current existing gas infrastructure or even addition
might happen in the future low-carbon transformation.

11.2.1 Modelling approach
The study is carried out by using the open source energy system model GENeSYS-MOD (Global energy
system model), built on the Open Source Energy Modeling System (OSeMOSYS) (Howells et al., 2011; Welsch
et al., 2012). This model has been enhanced and modified to be in line with other SET-Nav studies and
models. GENeSYS-MOD is a linear cost-optimizing model encompassing the sectors electricity, heat
(industrial, commercial), and transport (passenger, freight) (Löffler et al., 2017). Also, different sectorcoupling technologies (Power-To-X, Storages, Methanation, etc.) allow for a technology-oriented,
integrated assessment of points in the future low-carbon transformation. The model calculates the
optimal investments into capacity addition and generation for energy producing, demanding, or
transforming technologies, and thus the resulting energy mix. The objective function of the model
minimizes the net-present value of the calculated energy system for the whole model period.

Figure 11.3: Overview of the technology options included in GENeSYS-MOD

GENeSYS-MOD can be viewed as a network-flow cost-optimization model (Howells et al., 2011). In the
network, nodes represent Technologies, and arcs represent Fuels. Examples for Technologies are
production entities like wind or solar power generation units, conversion technologies like heat pumps,
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storages, or vehicles. In general, Fuels represent energy carriers like electricity or fossil fuels, but also more
abstract units like passenger-kilometers for vehicles or areas of land are classified as Fuels. Also,
Technologies may require different Fuels and can have more than one output Fuel 35. Efficiencies of the
technologies are accounted for and allow the modeling of energy losses due to conversion. Figure 11.3
gives a general overview of the different technologies in GENeSYS-MOD and the connections between
them. The model allows for yearly investment and has perfect foresight over the total modeled period
(2015-2050) with the base-year fixed to real values.
The general mathematical model formulation can be found in Howells et al. (2011) with the recent
modifications presented in Löffler et al. (2017) and Burandt et al. (2018).
Input data and key assumptions
Europe is presented in 17 nodes, each representing a country or geographic region. The model covers
the EU-28 countries as well as non-EU Balkan states. Final demands for electricity, passenger & freight
transport, heat are given exogenously via scenario assumptions based on the four SET-Nav pathways.
Most of the data is based on Burandt et al. (2018). Compared to the version of the model presented in
Hainsch et al. (2018) and Löffler et al. (2017), several new additions have been made. Firstly, to better
represent the need for flexibility options, ramping, together with ramping costs, has been added to the
model alongside with a new time resolution of the model. The model now uses a reduced hourly timeseries based on the algorithm presented by Gerbaulet & Lorenz (2017).
Also, the pre-existing structure of high-temperature and low-temperature heat as depicted in has been
altered. The new structure features four different temperature ranges with a more distinct differentiation
in industrial (0-100°C, 100-1000°C, and >1000°C) and residential heating (0-100°C). For this new
representation, a large variety of new technologies has been implemented.
Furthermore, a natural gas and LNG infrastructure has been added. Based on the inputs of the Global Gas
Model (GGM), liquefaction and regasification plants have been added alongside gas pipelines and the
possibility of LNG imports. Additionally, new vehicle-types using LNG were included in the model.
In general, the power system of the model was calibrated to resemble the power system output from
Enertile in the years 2030, 2040 and 2050. The final power demand and costs of key technologies in the
power system have been adjusted accordingly. Furthermore, the yearly production levels of some
technologies (e.g., Nuclear) have been fixed to the values of Enertile. Also the existing demands for
hydrogen, BEV-load and Heat-Pump-load have been used from Astra, Forecast, and Invert/EE-Lab as an
input for the model. Whereas the production of hydrogen is fixed for the different scenarios, utilization
and re-conversion are endogenously calculated. This allows for an assessment of the value of hydrogen
in the model included sectors.
Lastly, to have a better representation of biomass, different types (e.g., verge grass, municipal waste,
roundwood, etc.) with different regional potentials and costs have been implemented. Also, as opposed
in the previous model version, dedicated biomass-to-biofuel conversion plants have been added to
better account for the costs of producing biofuels for the usage in the transportation sector.

11.2.2 Results
Utilization of biomass and biofuels per sector

35
Therefore, co-generation of heat and electricity as well as co-firing with biomass can be implemented without
introducing new technologies to the model.
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At first, a look at the resulting sectoral usage of biomass, biofuels, and biogas will be taken (compare
Figure 11.4). Whereas the picture for the utilization of solid biomass in 2020 looks uniform across the
different scenarios, the usage per sector is beginning to differ between the scenarios from 2040 on. The
trade of biomass is very limited in the entrenchment scenarios (Localization and National Champions).

Figure 11.4: Consumption of biomass, biofuels, and biogas in different sectors.

Most notably the re-conversion of biomass into bio-methane is one of the most significant differences in
2050. Also, the amount and usage per sector vary per pathway. The scenarios with a high share of
cooperation (Diversification and Directed Vision) see higher utilization of bio-methane in general and
especially in the power sector. On the other side, the scenarios with less cooperation see higher use of
biofuels in the transportation sector. Overall, biomass poses a flexible and versatile option for
decarbonization in many areas. The final usage of biomass highly depends on the degree of cooperation
in the low-carbon transformation.
Role of hydrogen
Contrary to the observations in the bio-energy sector, the use of hydrogen is not depended on the level
of cooperation, but more on the degree of centralization.
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Figure 11.5: Consumption of Hydrogen and synthetic methane per sector and scenario.

As seen in Figure 11.5, the scenarios with a high level on decentralization, Diversification, and
Localization, pose the most consumption of Hydrogen. As stated previously, the overall production of
hydrogen was fixed to the output values from the other models in the SET-Nav project, but GENeSYSMOD can freely distribute or convert the hydrogen. Hence, it can be seen that a cost-optimal use of
limited amount of hydrogen, is the usage in the transportation sector. Fuel-Cell Electric Vehicles (FCEV)
pose a reliable alternative to purely electric Battery Electric Vehicles (BEV). Especially with higher
production of hydrogen, FCEV becomes, even more, cost competitive compared to BEV or conventional
cars fuels with biofuels.
In 2050, in the scenarios with large hydrogen production, hydrogen will also be used in the power sector
(as methanized synthetic gas) as well as heating fuel the buildings sector. Again, depending on the
underlying assumptions and boundary conditions, hydrogen together with biomass pose to be very
versatile fuels in future energy systems; especially providing flexibility in the power system as synthetic
or bio-methane. Without sectoral emission targets, an introduction of those alternative gas-based energy
carriers in the power sector allows for other sectors to emit more CO2. This is especially important for the
high-temperature industry sector (e.g., steel-making, glass-melting, etc.) as this sector is generally more
challenging to decarbonize or electrify.
Gas infrastructure
Regarding the gas infrastructure developments, these are in-line with preceding results described in the
gas specialized SET-Nav models analyses for the gas sector. In the coming decades (early stages of the
models runs: 2020 and 2030), natural gas is a backbone of the energy system with a high degree of usage
in the power, industry and buildings sectors. But in all scenarios, a uniform decrease in this usage can be
observed in all scenarios (see Figure 11.6).

Figure 11.6: Total consumption of gas-based energy carriers.

Although the need for natural gas continues to decrease from 2030 until 2040, the overall consumption
of gas-based energy carriers stays nearly stable from 2040 until 2050 for Diversification and Localization.
As seen in previous figures, this is the result of the utilization of hydrogen in these sectors. In the Directed
Vision scenario, also outlined in the section 2.1, biogas plays a significant role in the energy system. Still,
the sectoral usage of gas-based fuels changes in different sectors (compare Figure 11.7).
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Figure 11.7: Sectoral shares of usage of gas-based energy carriers and their deviations (including Hydrogen
and LNG/CNG).

Whereas gas-based fuels are mostly used for heating in 2020 and 2030, differences between the scenarios
become clear in the last years of the modeling period. Only the National Champions and Directed Vision
scenarios have quite similar shares of usage in all sectors compared to the current energy system. Here
the most significant shares of gas-based fuels are still used for heating in the buildings or industrial sector.

Figure 11.8: Installed capacities in GW and share of unused capacity in the power sector.

Lastly, looking at the installed capacity of Open Cycle Gas Turbines, Closed Cycle Gas Turbines, and Steam
Engines in the power sector, the previous trend of decreasing usage of gas-based energy carriers can also
be observed here. The overall utilization of gas-based power plants stays nearly constant from 2020 until
2030. In 2040, the installed capacities, as well as the average use of gas-fired power plants, varies between
the scenarios. Notably, the capacity factor faces large differences with values ranging from 27% to 44%.
In 2050, the capacity factor is again relatively uniform across the scenarios. In the later years, the gas-fired
power plants are used alongside batteries and other sector-coupling technologies to balance large
amounts of variable renewable energy sources in the power system.

11.2.3 Key findings and summary
Overall, a decrease in natural gas-based energy in all sectors is projected. Generally, the danger of assets
being stranded (most notably gas-fired power plants) increases with each additional power plants being
planned and commissioned. Hence, both models, GENeSYS-MOD, as well as Enertile, see a decrease in the
total usage of natural gas in the power sector. This is contrary to the current plans of many countries to
increase the power production from natural gas.
Nevertheless, small amounts of gas-fired power plants are needed in the future energy system (mostly
utilizing bio-gas or hydrogen) for balancing a high RES share in the power system. The results note the
importance of the flexibility and versatility of gas-based energy carriers in general. In most scenarios,
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hydrogen or bio-gas play a significant role in the future energy system either allowing for
decarbonization of non-electricity sectors or providing balancing options for variable renewable energy
sources in the power sector. This importance is even likely to increase in some of the scenarios the years
from 2050 on.
Due to the regional disparity in the availability of renewable energy source (to produce hydrogen from
excess energy in, e.g., the peak sun hours) and biomass, the level of international cooperation is an
essential factor for future energy systems. The importance of trading in either power, solid biomass, or
gas-based energy carriers will be a crucial factor for future energy systems.

11.3 Robustness Control Tools (RCT) applied to optimization models
An approach towards hedging against uncertainty was adopted, using the minimax regret analysis to
identify robust clean energy strategies. Expressing uncertainty through discrete scenarios, robust
optimization was applied (through the maximin, as well as the minimax regret criterion) to meet the
optimal mix of clean energy strategies, performing well, independently of any scenario’s realization.
Initially the approach was tested in energy efficiency projects and then this robust optimisation approach
was applied, to select ideal portfolios of electricity generation technologies, towards 2050, based on longterm scenarios for transmission expansion and decarbonisation policies, influencing the evolution of the
EU power system infrastructure.
Based on the investment model’s results (strategies and suggested portfolios), it was investigated how
these portfolios perform (stress test) under divergent policy or geopolitical developments

11.3.1 Hedging Uncertainty in Energy Efficiency Strategies: A Minimax Regret Analysis
Energy efficiency, forming a hidden giant solution, has been proven more impactful than any other
greenhouse gas emissions mitigation plan. At the same time, uncertainty challenges energy policy today,
however its relationship with decision making is not simple. In particular, all energy-related processes
and the associated factors are fraught with multiple forms of uncertainties and complexities, which
mainly include parameter variation (discrete and interval), fuzzy numbers etc., while different
methodological approaches have been developed to treat them. Therefore, to support energy policy
planning, it is urgent to develop decision making tools that perform quite satisfactorily against the
presence of various uncertainty’s forms.
In light of the above, a linear programming model is proposed to support planning within the energy
efficiency policy framework. Aiming at robust solutions, two well-known criteria from robust
optimisation, are applied namely the minimax criterion and the minimax-regret criterion, in order to
identify optimal energy efficiency mixes of policy measures that perform well against various parameters
variations. More precisely, a linear optimisation model is proposed describing the implementation of
different small- and large-scale upgrading measures regarding energy efficiency in various sectors. The
developed model has oriented on the central planner’s perspective, and the presented numerical
example for Greece considered real data retrieved from the Hellenic Ministry of Environment and Energy,
on measures such as energy saving programs for homes; energy managers for public buildings; energy
upgrade of public buildings; demonstration projects for small and medium enterprises (SMEs); ISO
certificates; street lighting retrofitting; promotion of low-damped friction tires in heavy vehicles;
deployment of smart metering, etc.
Expectedly, it is assumed that the performance of each measure is not precise, i.e. we considered a
number of discrete scenarios. Imprecision in performance may have various origins, e.g. rapid demand
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increase, unreliability, failure of materials, etc. Total performance constitutes the objective function
aggregating all improvement actions and being subject to financial (budget) and macroeconomic
(employment) constraints.
The main contribution of the developed approach has been that the employment factor has been actively
taken into account in the form of lower bounds for the linear model’s constraints. It reflects the popular
view that energy efficiency policies can be proven beneficial in terms of sustainable development, by
decreasing unemployment, which constitutes a key threat to today’s economies. Results varied based on
the assumed risk aversion levels, and showed that a conservative decision maker would focus on
assigning energy managers in public buildings and also upgrading public buildings; in contrast, a less
conservative decision maker would first select to finance the deployment of smart metering systems.

11.3.2 Investments in the EU Power System: A Stress Test Analysis on the Effectiveness of
Decarbonisation Policies
In this study, an assessment of the effectiveness of decarbonisation policies in the EU power system took
place, by applying a stochastic power investment model to determine the optimal technology portfolios
under specific scenarios. In particular, we used the multi-horizon stochastic model EMPIRE (European
Model for Power System Investment with Renewable Energy), which incorporates system dynamics while
optimising investments under operational uncertainty (Crespo del Granado 2018b)
It is well known that the consideration of renewable technologies in the generation mix, in particular
wind and solar power, impacts the supply and demand balance due to the intermittent and
uncontrollable nature of these technologies. EMPIRE is designed to handle these challenges, while
simultaneously incorporating short- and long-term dynamics in conjunction with short-term uncertainty.
Dynamics refer to multiple investment periods coexisting with multiple sequential operational decision
periods, while uncertainty is enhanced through multiple input scenarios that describe operating
conditions. That is, EMPIRE is a capacity and transmission expansion model, designed to determine
optimal capacity investments and system operation over long-term planning horizons, extended in a 40to 50-year basis. We adopted a central planner’s perspective, minimizing the overall system costs while
serving a price-inelastic demand. Regarding the effect of short-term uncertainty on investment decisions,
the methodology used was based on principles of multi-horizon stochastic programming.
Effective cooperation among different EU actors and countries is considered to be one of the
cornerstones of the energy transition. In this spirit and in the aim of understanding the consequences of
assuming different evolutions of the generation portfolio of the electricity system, we looked into how
long-term scenarios for transmission expansion and decarbonisation policies influence the evolution of
the EU power system infrastructure. In particular, we considered limited and non-limited scenarios on the
transmission capacity, both for the reference and the decarbonisation case of the PRIMES model. Based
on EMPIRE, we determined the optimal portfolios of electricity generation technologies and calculated
their respective costs and emissions achieved for the 2015–2050 period.
Each long-term strategy obtained by the EMPIRE model assumed the realisation of a future technological
progression or geopolitical scenario assumptions. To hedge against this form of uncertainty, we applied
robust optimisation. More precisely, the minimax criterion was adopted, the minimax-regret criterion,
and the joint minimax-regret criterion as stress-test analysis tools, and we investigated how the obtained
portfolios perform under divergent policy or geopolitical developments.
Results showed that pursuing a strong transmission expansion strategy under the EU PRIMES reference
case leads to the maximum regret, while relying on EU scenarios with strong prospects for
decarbonisation, either with possibilities or with limitations on transmission expansion, leads to
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portfolios that exhibit the least variance. However, applying regret analysis on investment costs and total
emissions indicates a limited transmission investment case as the more robust one, also noting that a
high carbon price will accelerate the energy transition.

11.4 Comparative assessment of the SET-Nav pathways using a MCDA
approach
In order to successfully navigate towards a decarbonized future, it is more often than not necessary for
decision‐makers to rely on multicriteria decision aid methods to produce models that can estimate the
long‐term effects of individual policies and technologies on the energy system. To cope with the
disparate preferences of decision makers, as well as to manage the uncertainty that arises when solving
decision problems, a methodological assessment framework is developed based on an extension of the
Preference Ranking Organization METHod for Enrichment of Evaluations (PROMETHEE) for group
decision making. The nature of the problem is multidimensional, as it is of utmost importance for the
policy makers to have the capability to assess the different pathways in a holistic approach, while taking
into consideration implications in all various areas of influence.
The criteria that were selected for the multicriteria assessment of the alternative pathways are:
C1 – Regulatory Framework. This criterion assesses the adequacy of the regulatory framework to
support and ensure the implementation of the actions and policies proposed by each path.
C2 – Compatibility with Market. Given that Europe has a mature market, it is important to assess the
extent to which each pathway is compatible with the current situation
C3 – Compliance with SET-Plan. This criterion reflects the extent to which each pathway achieves the
goals of SET-Plan and evaluates its ease of implementation.
C4 – Stakeholder Awareness. This criterion assesses the extent to which those involved in each path are
aware of climate change issues and are actively taking action to combat it.
Methodological framework
In the proposed methodological framework, the PROMETHEE method, developed by Brans (1982) is
combined with fuzzy logic, introduced by Zadeh (1965), in order to exploit a method capable of tackling
the trans-formation pathways problem. It is worth mentioning that sensitivity analysis was conducted
that helps to understand how the model variables react to input changes, and whether they are related
to the data used to adapt the structure of the model, or to independent variables of the model
(Wainwright & Mulligan, 2005). Four scenarios were run as follows:
1st Scenario (reference): DMs are considered to be equal (33.33%) and their opinions contribute to the
same extent in the final ranking.
2nd – 4th Scenarios: In these scenarios, greater emphasis is placed on the opinion of one decision maker
(DM) each time (60%), while the views of the other two contribute secondarily to the final ranking (20%
each).
Application and Results
Based on the above-mentioned steps, this research used a total of three decision-makers (DMs) Dr, r ={1,
2, 3}, four different criteria Cj, j ={1, 2, 3, 4}, the four alternative SET-Nav pathways Ai, i ={1, 2, 3, 4}.
The next step concerns data collection so as to represent decision-makers’ value system through
definition of criteria weights and alternative ratings. Due to the diversity of stakeholders, three main
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decision-maker profiles were defined that represent: a policy maker (DM1), an entrepreneur –
representative of the energy industry (DM2), and a researcher – representative of the academia (DM3).
The results of the method application for a group of three decision makers are the following:
Table 8: Comparative assessment results
SET-Nav pathways

1st scenario

2nd scenario

3rd scenario

4th scenario

Diversification

4

4

4

4

Directed Vision

1

1

2

1

Localization

3

3

3

3

National Champions

2

2

1

2

Based on the Fuzzy PROMETHEE ranking, Directed Vision has outranked all other pathways which means
that it faces less risks of failure and has better prospects when implemented. Second best in the ranking
comes the National Champions mainly because of its relatively worse performance in the Compliance
with SET-Plan criterion (compared to the Directed Vision). The other two pathways have negative flows,
which means that they perform worse in almost every aspect. It is worth mentioning that even when each
scenario is assessed individually National Champions and Directed Vision are found on top of all three
rankings, reinforcing the conclusion that these two pathways are commonly accepted as the safer
approaches for the energy future.
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