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A B S T R A C T   

In this paper, multiple pathways for the European energy system until 2050 are computed, focusing on one of the 
major challenges of the low-carbon transition: the issue of unused capacities and stranded assets. Three different 
scenarios are analyzed, utilizing the Global Energy System Model (GENeSYS-MOD) for calculations. A major 
feature is the introduction of limited foresight and imperfect planning to the multi-sectoral approach of the 
model. A swift transition towards renewable energy sources is needed in order to ensure the goal of staying below 
2 �C is maintained. This leads to the underutilization of current fossil-fueled plant capacities, an effect com
pounded by the prioritization of short-term goals over long-term targets. In the worst case, capacities with a 
combined value of up to 200 billion € corresponding to 260 GW total capacity may end up stranded by 2035, 
with significant shares in the coal and gas sectors. Contrary, in the baseline scenario featuring perfect foresight, 
this amount can by reduced by as much as 75%. Thus, the need for strong, clear signals from policy makers arises 
in order to combat the threat of short-sighted planning and investment losses.   

1. Introduction and literature review 

As a leading economic force, Europe has to play a key role in the 
transition towards renewable energies. This is supported by the broad 
amount of research on the topic, especially the electricity sector [1–4]. 
Coal, as well as other fossil-fuel phase-outs are being enforced across 
multiple European countries, while ambitious climate goals are being set 
among members of the European Union [5,6]. But the lobbying of 
incumbent actors, as well as a general political inertia, might lead to 
challenges concerning the fulfillment of set climate goals. As many Eu
ropean countries already face overcapacities of energy generation fa
cilities (across multiple sectors), stranded asset problems might arise, 
potentially disrupting a swift transition towards renewables [7–10]. 

In general, multiple definitions used in various contexts of stranded 
assets exist in different fields of study [11]. Through this paper, we use 
the definition of stranded assets proposed by Caldecott, Howarth, and 
McSharry [12]: “stranded assets are assets that have suffered from 
unanticipated or premature write-downs, devaluations, or conversion to 
liabilities”.1 This definition is widely accepted in existing literature 
regarding stranded assets [11]. 

In the last decade, the debate about stranded assets in the energy 
system gained drastically in importance and consideration. Several 
recent studies and reports outline this growing relevance. A report from 
the Carbon Tracker Initiative [14] compared the production of coal, 
natural gas, and oil for all sectors of the International Energy Agency 
(IEA) 450 ppm with a business as usual scenario. It concluded that no 
new coal mines are needed, and furthermore that projects with a value 
of 2 trillion US$ of capital expenditures are in danger to end as stranded 
assets. A recent study by Mercure et al. [15] comes to a similar result. 
They asses future energy demand projections and changes in fossil fuel 
assets value. Their results show that a substantial fraction of the global 
fossil fuel industry may end stranded, presenting a total wealth loss of 
1–4 trillion US$. In addition, high volumes of valuable resource are 
being spent unnecessarily. In general, a trend can be identified, where, 
driven by climate goals, high shares (50–80%) of fossil fuels could 
become stranded, a phenomenon also known as “carbon bubble” [16]. 

Previous studies have shown that massive expansions of renewable 
generation capacities are needed in order to stay within the agreed upon 
goal of a 2 �C, or aiming at 1.5 �C, mean temperature increase, and that 
nuclear power is not an economically feasible alternative [17,18]. The 
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issue becomes even more important when considering the SR1.5 of the 
IPCC [19]. Still, new conventional-fueled power plants are constructed 
across Europe, albeit declining load factors [20]. Therefore, a continu
ation of current trends has the potential to cause lock-in effects and a 
severe stranding of assets and resources. Clear signals to prevent such a 
market failure are missing until now from a policy side [21]. 

Hence, the future investments into the fossil fuel sector, most notably 
coal, have to be reduced. This is especially important, as Pfeiffer et al. 
[22] found that the global capital stock for the power sector consistent 
with a 50% probability of global warming of 2 �C was reached in 2017. 
They, and others, conclude that new electricity generation assets must 
be low-carbon or they may end stranded otherwise [10,22]. Johnson 
et al. [7] conclude similar findings. They emphasize that the construc
tion of coal power plants, especially without installed CCS technology, 
would have to be reduced significantly, emphasizing the use of existing 
capacities over new construction. Also, they argue that both natural gas 
and coal-based power generation without CCS have to be phased out to 
limit the mean global warming to 2 �C and, even more for 1.5 �C. A 
similar finding regarding natural gas is presented in an article by Conor 
et al. [23] for a distinct regional application. Their study looks into 
different low carbon scenarios and assesses the utilization of Ireland’s 
gas distribution network. They conclude that electrification of residen
tial heating can lead to both a reduction of the utilization of the gas 
network, as well as the risk of large parts of the network being stranded 
or decommissioned. Furthermore, several cross-sectoral studies 
conclude overall similar findings [24–27]. For example, IRENA [24] 
shows high amounts of stranded assets in the buildings sector, mainly 
due to the slow and inert pace at which changes happen in this sector. 

Still, further ignorance of the long-term risks of stranded assets by 
policy-makers and investors will further increase the aforementioned 
financial risk. This is also observable in developing countries. Bos and 
Gupta [28] look at the risks of investing in fossil fuel infrastructure for 
China and Kenya. The study finds that investing in renewable energy 
sources is highly favorable and needed to prevent assets from being 
stranded. Also, as presented by Green and Newman [29], the current 
development and deployment of renewable energy sources have features 
of disruptive innovation. Such innovation is fast-growing, expands to be 
a significant disruption to an established system, and inherently leads to 
stranded assets. 

Neglecting long-term risks is often modeled in energy system models 
using myopic or limited foresight. Notable examples are the studies of 
Gerbaulet et al. [30] and Keppo and Strubegger [31]. Both articles limit 
the foresight of optimization models and feature similar results: A 
limited foresight leads to limited investments in renewable resources in 
the earlier modeling periods. This then leads to higher investments and 
stranded assets in later periods. Another approach was conducted by 
Fuso Nerini et al. [32]. With the help of a modified TIMES model, they 
analyze the impact of myopic decision making in the energy system of 
the United Kingdom. They show that myopic planning combined with 
slow technology diffusion rates could lead to a non-achievement of the 
climate targets of the United Kingdom. The current aging of the Euro
pean power plant infrastructure poses chances to transition towards a 
low-carbon energy system when building renewable energy sources 
instead of fossil fuel generation capacities [2]. 

Energy system models are widely being used to assess the develop
ment and transformation of future energy systems [33]. Jacobsen et al. 
[4] and Bogdanov et al. [34] show with their analyses that the global 
power production can be based on solely renewable energy sources in 
2050. Overall, the discussion about the feasibility of 100% renewable 
energy system (compare [35,36]) is not the scope of this article. 
Nevertheless, the studies mentioned above as well as articles by Pursi
heimo, Holttinen, and Koljonen [37] and Deng, Blok, and van der Leun 
[38] conclude that the future energy system should be based on sus
tainable energy sources. In general, scenarios and models that are 
assessing future energy systems with large shares of renewables prove to 
fulfill more sustainable criteria [39–41]. In this context, Child et al. [39] 

point out, that when considering the constraints of fossil CCS, it should 
not be accounted for as a sustainable technology option. Also, Oei and 
Mendelevitch [42] conclude in their assessment of CO2 infrastructure 
investment that large-scale deployment of CCS is rather unlikely in 
Europe. 

In general, many studies asses the development of the European 
power system [1,30,43,44]. Even the possibility of a 100% renewable 
electricity system for Europe is assessed in a study presented by Con
nolly, Lund, and Mathiesen [45]. They show that 100% renewable 
power generation is a distinct possibility. Similar findings that no fossil 
fuels are needed for a flexible energy system were also presented by 
Child et al. [46] recently. Hence, capacity additions of fossil power 
generation capacities are not needed for the future energy system of 
Europe. 

However, to our knowledge, there is no study that analyzed the issue 
of stranded assets in the European energy sector while incorporating 
(electricity, heating, and transportation) sectors. The research question 
of this paper therefore assesses the risks of shortsighted capacity plan
ning in the power sector leading to stranded assets within Europe. While 
most studies include increasing electricity consumption from the heat
ing and transportation sector as exogenous demands, we incorporate 
these sectors into our analysis to account for inter-dependencies with the 
power sector. Therefore, this paper provides a quantitative analysis of 
the developments of the European energy system for the years 
2015–2050 in three scenarios, focusing on the issue of stranded assets in 
the power sector since its implementation in our framework is much 
more detailed than of the other sectors. A major addition to previous 
studies is the inclusion of scenarios featuring reduced foresight, as well 
as current policy trends, in order to quantify the magnitude of the po
tential stranded asset problem. 

The remainder of the paper is structured as follows: Section 2 pic
tures the current situation of the European energy system with respect to 
stranded assets. Section 3 briefly explains the model and introduces the 
scenarios, followed by a discussion of the results in Section 4 and a 
conclusion in Section 5. 

2. Status quo 

2.1. The current status of the energy system 

The ongoing transition of the energy system has led to substantial 
additions of capacities. Driven by climate targets, fossil fuel cost 
changes, efficiency gains in renewable energy generation, and a 
different role of conventional energy, power plants were built despite 
capacities already being present [8,47]. In turn, higher shares of 
renewable energies led to a decreasing utilization of gas-fired power 
generation, even worsening with 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 around 30% (see Fig. 1). Similar, and in some cases even much 
stronger, effects are visible in other parts of the world, especially in India 
and China. 

When analyzing the dependencies of the single countries with 
respect to the different conventional fuels, natural gas is mostly used in 
Italy, the Netherlands, Spain and the UK. Hard coal and lignite coal, on 
the other hand, are more commonly used in Germany, Poland, and the 
Netherlands; and the Balkan region, Germany, and Poland respectively. 

2.2. Current political landscape 

The member states of the European Union (EU) have committed their 
agreement to the Renewable Energy Directive 2009/28/EC [49]. Thus, 
they are obliged to provide their National Renewable Energy Action 
Plan as well as defining renewable energy targets for 2020. Additionally, 
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a further binding target for GHG emission reduction is adopted for 2030 
[50]. Together with the EU’s Nationally Determined Contribution (NDC) 
to the Paris Climate Agreement [51], each European member state sets 
explicit targets for their future energy systems greenhouse gas (GHG) 
reductions. 

Still, the political discussion in the EU is twofold: First, some coun
tries are promoting more ambitious climate targets. Most notably, 
France, Belgium, Denmark, Luxembourg, Netherlands, Portugal, Spain, 
and Sweden push for enhanced NDCs, and more ambitious climate 
politics as well as adopting a target for net-zero emission by 2050 [52]. 
Additionally, one of the prominent steps in the direction of creating an 
Energy Union in the EU is the recent decision of the countries Portugal, 
France, and Spain to develop strategic interconnections [53]. Also, in 
line with the current efforts of the European Commission, they propose 
to work on accelerating the energy transition by considering 
cross-border auctions on renewable energy production. Contrary, 
Hungary, Poland, Slovakia, and the Czech Republic (the so-called 
Visegr�ad Four countries) agreed on a common stance on the European 
Union’s 2050 climate goals. In the recent negotiations of the European 
Council on a landmark climate strategy for 2050, the Visegr�ad Four, 
together with Estonia, protested at the inclusion of the explicit target 
year 2050 for reaching net-zero emissions [54]. 

However, a large share of the countries is currently not on track to 
meet these targets and thus, substantial acceleration from historical 
levels is required [55–58]. This especially includes countries with sub
stantial shares of fossil power generation and high GHG emissions (e.g., 
Germany or Poland) [20,59], keeping the global mean temperature in
crease below 2 �C or even 1.5 �C will be harder to achieve. 

Additionally, companies in Germany and Poland are still investing in 
the refurbishment and construction of coal power plants [47]. Other 
countries that are phasing out coal as primary power generation tech
nology are investing into the construction of additional natural gas 
power plants [60,61]. Although these are less carbon-intense, they will 
likely end up being stranded as well, if the EU-wide targets for 2050 are 
enforced [62,63]. 

As an example, Germany was one of the leading countries for 
transforming their energy system within the frame of the so called 
Energiewende [64]. This rapid addition of renewable energy sources 
(RES) was mainly made possible by to the German Renewable Energy 
Sources Act (EEG) [65] which lead to a significant increase of RES in the 
electricity sector from 7% in 2000 to nearly 36% in 2017 [66]. Albeit 
this significant change in the power sector, limited success of decar
bonizing the other sectors, i.e. heating or transportation, and current 
policy changes regarding RES expansion make it likely that Germany 

will fail to reach. The 2020 EU target [56,67]. 
A further issue might be the strong influence of the energy industry 

on the policy- and decision-makers [68,69]. Together with other interest 
groups, like labor unions and other affected energy intensive industry 
branches (e.g. the steel industry), the lobby for conventional energy 
sources has a prominent effect on the current politics and, therefore, on 
the pace of transforming the energy system [70]. Another significant 
barrier which might lead to a failure of the 2020 GHG targets are con
siderations of national (energy) security and other idiosyncrasies [71]. 
Hence, populist governments are less likely to promote RES than 
left-wing ones [70]). 

3. Model and data 

The model utilized in this study is the Global Energy System Model 
(GENeSYSMOD), an open-source linear optimization model, encom
passing the sectors electricity, heat, and transport of the energy system.2 

For information on the general model formulation and the European 
dataset, see Refs. [72,73]. A stylized graphical representation of the 
model can be seen in Fig. 2. Europe is divided into 17 nodes, each 
representing a country or geographic region. Demands for electricity, 
passenger & freight transport, as well as for low- and high-temperature 
heat are given exogenously via scenario assumptions (see Ref. [73]), 
with the model seeking to meet the required energy demands in each 
time slice. To achieve this, the model calculates the optimal capacity 
investments into generation and storages, the usage of sector-coupling 
technologies, and thus the resulting energy mix. 

To analyze the amount of stranded assets and impact of delayed 
policy measures, multiple scenarios have been defined. 

Scenario 1. BASE: Follows the baseline scenario of [62], staying 
below a 2� Celsius climate target with a resulting CO2 budget of 
51.97 GtCO2 for Europe for the years 2015–2050. Emissions are 
distributed endogenously, and the cost-optimal pathway is calculated 
based on a social planner’s perspective with perfect foresight. 

Scenario 2. RED: Introduces reduced foresight to the model. The 
calculations only encompass a limited time horizon of 5 years (which 
might correspond to the limited perspective of election periods of 4–5 
years or some business concepts). The model optimizes the energy sys
tem for 2015, 2020, and 2025 with reduced foresight, taking the 
resulting production values and constructed capacities of the previous 

Fig. 1. Installed natural gas capacities and their yearly load factor for Germany, Italy, UK, and the Netherlands. Source: Own illustration, based on [20,48].  

2 GENeSYS-MOD is based on the Open Source Energy Modeling System 
(OSeMOSYS) and further expands its features. 
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optimization step as given. After 2025, the model optimizes the pathway 
towards 2050, trying to uphold the 2 �C limitations. 

Scenario 3. POL: Adds additional political constraints to the reduced 
foresight scenario. Since real-life policy decisions are not always cost- 
optimal, and instead driven by lobbying groups, incumbent actors, 
and interested parties, the current political landscape, as described in 
section 2.2, is taken into account. It is assumed that regional targets for 
renewable energies (see Ref. [5]) are not overachieved, thus repre
senting an upper barrier for the model. Also, existing conventional 
generation lifetimes are extended as a policy measure. Again, starting at 
2025, the model realizes the importance of the 2 �C target and starts the 
regular optimization process (cost-minimizing; upholding climate con
straints) from 2030 onward. 

Common for all scenarios is a carbon budget of 51.97 GtCO2 . This 
budget is calculated by using the global carbon budget found in the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change 
[74]. Updated calculations with a changed methodology have resulted 
in different higher CO2 -budgets within the 1.5SR. The chosen budget of 
51.97 Gt CO2 is therefore equivalent to a 2 �C target (with respect to the 
older estimations) or a below 2 �C target (with respect to the newest 
estimations). Exogenous emissions (such as cement production or 
LULUCF) that are not included in GENeSYS-MOD are further excluded 
from this budget. The remaining amount is then distributed to the 
modeled region by using the population as an indicator. A graphical 
representation of the process can be found in Appendix B. For further 
information, refer to Burandt et al. [73]. 

The computational process of the reduced foresight analyses is 
depicted in Fig. 3. The model computes the optimal capacity in
vestments and energy mixes at that specific point in time and uses these 
results as given decisions of the past when conducting the next optimi
zation step. 

4. Results 

The model results show that reduced foresight does affect the short- 
term decision making process when it comes to long-term goals such as 
climate targets. This effect is further increased if political drivers delay, 
or even prevent, the theoretically cost-optimal measures. Adherent to 
that, the RED scenario shows a total cost increase of about 5% in total 
system costs. The POL scenario is the most expensive, with an increase of 
6.2%. This is due to additional assets being built, but quickly becoming 
obsolete when a strict CO2 target is implemented. The costs of the 
implemented lifetime extensions of the POL scenario are however, not 
included in the scenario run and therefore would even worsen the 
comparison. All three scenarios manage to uphold the below 2 �C goal, 
and are thus technically feasible, but the shorter planning horizon leads 
to shifts in energy use and a swifter need for emission reduction in the 
later years, which, in turn, leads to an increase in unused capacities and 
stranded assets. Fig. 4 shows the changes in the relative primary energy 
mix for the years 2020, 2030, 2040, and 2050. The scenarios running 
under reduced foresight both see an increased utilization of natural gas, 
as well as lignite until 2040. Compared to the BASE scenario, natural gas 
serves as more of a bridging technology (mainly in the heating sector), 
whilst the BASE case sees a swifter transition towards RES, especially 
onshore wind energy. Nuclear is more prominent in the POL scenario, 
where politically driven lifetime extensions keep nuclear in the mix. Due 
to the heavily increased emissions in the earlier periods, bio-energy with 
carbon capture, and storage plays a role in the POL scenario as negative 
emission technologies are needed in order to facilitate the achievement 
of climate goals. 

Figs. 5 and 6 show the unused generation capacities resulting from 
the model calculations. A clear distinction between the three scenarios 
can be made, with POL consistently showing the highest amounts of 
unused generation capacities. From a geographical standpoint, regions 

Fig. 2. Model structure of GENeSYS-MOD v2.0. The model differentiates between two different kinds of rooftop PV (residential, commercial), and three categories of 
utility PV, onshore, and offshore wind (optimal, average, and inferior for utility PV and onshore wind; shallow, transitional, and deep for offshore wind). Source: Own 
illustration. 
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with high amounts of natural gas- and/or lignite coal capacities face the 
biggest challenges when strict decarbonization goals are enforced. 

Under reduced foresight, especially cheap and local power from 

lignite is preferred in the short-term, leading to (stranded) over
capacities in the later years (when climate targets become binding). The 
lifetime extensions of the POL scenario further increase this effect, 

Fig. 3. Computational process of the reduced foresight scenarios (RED & POL). Source: Own illustration. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Primary energy supply for the years 2020, 2030, 2040, and 2050, both relative, as well as total amount in Exajoule (EJ). Source: Own illustration.  

Fig. 5. Total stranded assets for coal- and gas-fueled power generation per region in the year 2035. Source: Own illustration.  
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leading to vast amounts of underutilized plants. As depicted in Fig. 6, 
around 120 GW of hard coal and lignite coal are unused in 2035 in the 
POL scenario as compared to 6.7 GW in the BASE scenario. Using the 
capital costs of 1600 € per kW for hard coal and 1900 € per kW for lignite 
coal respectively, 105 billion € of capital are stranded by 2035. This 
amount significantly increases to 200 billion € when taking the 145 GW 
of unused gas-fired capacity into account. The RED scenario sees a 
similar high amount of stranded capacity of coal and gas with 87 GW 
coal and 110 GW gas-fired in 2035, corresponding to around 150 billion 
€. Only in the BASE scenario with perfect foresight, the amount of un
used capacity (with the inherent risk of stranded capital) is significantly 
reduced. In 2035, the BASE scenario sees 76 GW of unused gas capacities 
in addition to the aforementioned 6.7 GW in coal assets. This equals an 
amount of 50 billion € 67% less than in the RED and 75% less than in the 
POL scenario, respectively. This showcases the importance of long-term 
planning and decision making when climate goals are to be enforced. 

Fig. 7 shows the development of total gas-fired generation capacities, 
as well as their load factor for all three scenarios until 2040. In the 

medium term (2020–2039), gas-based power plants are most commonly 
used in the BASE scenario, where they serve as a relatively low-emission 
alternative to coal- and lignite-based generation. They are also partially 
used in conjunction with bio-gas, reducing their emission intensity even 
further. POL sees the highest installed capacities, but also the lowest 
utilization factors for the gas plants. Comparatively expensive gas is 
replaced by cheap coal, reducing the load factors. After 2035, with the 
sudden ‘realization’ of urgent need for climate action (see the scenario 
descriptions in section 3), fossil gas cannot be utilized due to extremely 
tight carbon constraints, causing load factors to decline even further. 

Having to meet a CO2-budget in line with the 2 �C climate target, a 
shift in emissions between the different sectors and time periods can be 
observed for the three scenarios. Fig. 8 shows the difference in emissions 
per sector, compared to the BASE scenario. Especially in the earlier years 
of the modeling horizon (where the reduction of foresight takes place), 
emissions are vastly higher in the electricity sector. The overall system 
cost is increased due to having to match these shortfalls in the earlier 
periods with additional decarbonization measures in the heat and 

Fig. 6. Total amount of unused capacities for coal-based power plants. Source: Own illustration.  

Fig. 7. Gas power plant capacities and load factor for Germany, Italy, UK, and the Netherlands. Source: Own illustration, data for 2010–2015 based on [20,48].  
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transport sectors, mostly in the form of bio-fueled options and a shift 
from coal to gas in the heating sector. In the later years, most of the shift 
in emissions lies in the heating and power sectors. The only way to 
achieve the carbon budget for the POL scenario is by using costly 
negative emission technologies, which additionally comes with severe 
other social and environmental issues [75,76].3 

Social cost analysis. While potential stranded capacities and in
vestments of businesses are an important concern about moving forward 
with the low-carbon transition, policy makers should also factor in social 
costs and benefits in their decision making process. The burning of fossil 
fuels causes significant damage to health and environment. A recent 
study of the German Umweltbundesamt (the German Environment 
Agency) shows that an internalization of such negative externalities 
would raise the necessary carbon price to about 180€/tCO2 [77]. 

Fig. 9 shows a sensitivity analysis of levelized costs for key tech
nologies with regard to different CO2 prices by comparing the social cost 
value of 180€/tCO2 to the current EU Emissions Trading System (ETS) 
price (29€/tCO2 in August 2019 [78]). It can be clearly demonstrated 
that given a carbon price that reflects the actual damages, renewable 
technologies provide the cheapest source of electricity. This holds true 
even for already operational fossil-fueled plants (e.g. the capital cost 
part being zero). With the predicted decline in capital costs for renew
able technologies in the upcoming years (see Appendix D), this effect is 
even increased, with some RES already being the cheapest form of 
electricity even at relatively low CO2 prices. 

This means that constructing new renewable power plants would 
actually be cheaper (from a social benefit standpoint) than using the 
existing fossil-fueled power plants. This finding further underlines the 
previous results, highlighting that when long-term climate goals (which 
align with social welfare improvements) are prioritized over short-term 
decision-making, no additional investment in new or existing fossil 
power plants should be done. Also, implementing policies that maximize 
social benefits (by minimizing social costs), such as implementing a CO2 
price that reflects the actual negative externalities, would achieve the 
necessary effects and drive fossil generators out of the market (as long as 
fossil subsidies do not distort these market characteristics). 

5. Conclusion 

The European energy system is on the brink of change. To achieve 
the ambitious climate goals, a transition of the energy system away from 
fossil fuels and towards renewable energy sources is needed. However, 
there is an ongoing debate about the actual implementation of possible 
pathways and the challenges involved. Substantial capacity additions 
over the last few years, coupled with changes in capital and fuel costs, 
energy efficiency gains, and a different role of conventional energy, have 
led to overcapacities already being present in the energy system [7–9]. 
While an omniscient, cost-optimizing planner is often used in optimi
zation models, real-life decisions are usually based on incumbent 
parties, political influence, and imperfect foresight [68]. This paper 
introduces two new scenarios, RED and POL, featuring reduced foresight 
for the years up until 2030. The POL scenario also includes political 
boundaries, representing the imperfect decision-making process of pol
icy makers that often have to compromise. These boundaries include the 
assumption that national targets for renewable integration will not see 
an over-achievement, and lifetime extensions for conventional capac
ities (due to incumbent actors exerting their power, fear for job losses, 
and energy security concerns). The results show that there could be 
massive amounts of unutilized -and thus stranded - capacities in Europe 
in the upcoming years if climate targets are taken seriously. The BASE 
scenario, which includes perfect foresight out of a social planner’s 
perspective, already sees substantial amounts of stranded capacities in 
the medium term if a climate target of below 2 �C is to be met (roughly 
85 GW in stranded capacities, corresponding to about 50 billion € in 
investment losses). Introducing reduced foresight similar to 
short-sighted political and business strategies to the model further in
creases this problem, as it leads to an over-construction of conventional 
generation capacities in the 2020s that quickly become obsolete and 
underutilized (RED scenario: 150 billion €, POL scenario: 200 billion €). 
The decreasing competitiveness of conventional energy generation 
poses difficult challenges for investors, owners, and policy makers, as 
issues such as stranded assets and job security arise. Also, forcing pre
mature shutdowns of generation facilities often leads to legal disputes 
about damages due to profit losses by the generators (such as currently 
being seen in Germany with nuclear power providers and the coal 
commission findings [79,80]). However, additional results from a social 
cost analysis show that environmental and health damages, when 
considered, heavily influence the cost-competitiveness for fossil-fueled 
power plants. This further increases the need for strong and clear 

Fig. 8. Emission differences between scenarios for the sectors electricity, heat, and transportation in Mt CO2 in comparison to the Base scenario. Source: Own 
illustration. 

3 Also, methane leakage is not included in the scope of the model when 
considering CCS technologies. 
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signals from policy makers, which are needed to prevent construction of 
unnecessary fossil-fueled power plants and combat the threat of in
vestment losses and wasted resources that could increase significantly 
when short-term goals are prioritized over long-term targets. Further 
research is required for the issue of stranded assets in other sectors or 
regions, which are not covered by our work. 
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Appendix A. Model description 

GENeSYS-MOD is a cost-optimizing linear program, focusing on long-term pathways for the different sectors of the energy system, specifically 
targeting emission targets, integration of renewables, and sector-coupling. The model minimizes the objective function, which comprises total system 
costs (encompassing all costs occurring over the modeled time period) [72,81]. 

The GENeSYS-MOD framework consists of multiple blocks of functionality, that ultimately originate from the OSeMOSYS framework. Fig. 10 
shows the underlying block structure of GENeSYS-MOD v2.0, with the additions made in this study (namely the option to compute scenarios with 
reduced foresight, as well as some additional data for the policy-driven scenario). 

Fig. 9. Levelized cost analysis for key technologies (Average across the modeled regions). Levelized costs are computed given for two different CO2 prices: left shows 
the merit order for a CO2 price based on current European Emissions Trading System (ETS) prices [78], whereas the right-hand side shows a CO2 price based on an 
internalization of negative external effects [77]. 
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Fig. 10. Model structure of the GENeSYS-MOD implementation used in this study.  

(Final) Energy demands and weather time series are given exogenously for each modeled time slice, with the model computing the optimal flows of 
energy, and resulting needs for capacity additions and storages.4 Additional demands through sector-coupling are derived endogenously. Constraints, 
such as energy balances (ensuring all demand is met), maximum capacity additions (e.g. to limit the useable potential of renewables), RES feed-in (e.g. 
to ensure grid stability), emission budgets (given either yearly or as a total budget over the modeled horizon) are given to ensure proper functionality 
of the model and yield realistic results. The GENeSYS-MOD v2.0 model version used in this paper features a total of 16 time slices per year (each 
quarter of a year with a specific type-day, consisting of four time slices each). The years 2020–2050 are modeled in 5-year-steps. All input data is 
consistent with this time resolution. Since GENeSYS-MOD does not feature any stochastic features, all modeled time steps are known to the model at all 
times. There is no uncertainty about e.g. RES feed-in. The model allows for investment into all technologies5 and acts purely economical when 
computing the resulting pathways (while staying true to the given constraints). It usually assumes the role of a social planner with perfect foresight, 
optimizing the total welfare through cost minimization. In this paper, an add-on allowing for myopic foresight using multiple computational stages, is 
introduced. All fiscal units are handled in 2015 terms (with amounts in other years being discounted towards the base year). Fore more information on 
the mathematical side of the model, as well as all changes between model versions, please consult [72,73,81]. 

4 GENeSYS-MOD offers various storage options: Lithium-ion and redox-flow batteries, pumped hydro storages, compressed air electricity storages, gas (hydrogen 
and methane) storages, and heat storages.  

5 Except when given fixed, predetermined phase-out dates, such as for nuclear in Germany, or coal in Great-Britain. For more information, please consult [73]. 
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Appendix B. Emission budget

Fig. 11. Emission budget calculations.  

Appendix C. Validation of model results 

To validate the model results, the computed values for the base year 2015 have been compared with real-life statistical data to ensure proper 
functionality of the energy system model. Fig. 12 shows a comparison of model results with historic data for power generation (upper left), emissions 
per sector (upper right), and primary energy supply (bottom). 
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Fig. 12. Comparison of 2015 model results vs. historical numbers. 
Source: Own calculations, 2015 data based on [82–87]. 

Results show that the model numbers are reasonably close to real-life values, usually only diverting less than 1% from historic values (0.5% for 
total power generated, 0.2% for total emissions, 0.8% for primary energy supply). While there are a few differences between energy carriers and 
technologies, this usually stems from existing overcapacities in Europe, where the model is able to perform some “optimization” towards later periods, 
given the perfect foresight character. We can see that in the power sector, renewables are a bit over-represented (hydro with 18% vs. 16%, wind with 
10% vs. 8%, etc.) and fossils a bit under-represented (nuclear with 24% vs. 25%, coal with 22% vs 23%, etc.), except natural gas, which makes up for 
17% of the power sector instead of real-life 15%. Albeit their existence, all these differences are small enough to be considered very close to real-life 
numbers. The largest difference in numbers lies in the primary energy supply, where natural gas makes up a significantly higher share in the model, 
while biomass/biofuels see less utilization. This difference mainly comes from the heating sector, where biomass sees less utilization than in historic 
2015. A possible explanation for that is the fact that we, in the model, only include second and third generation biofuels, meaning that non-sustainable 
biomass products are disregarded, driving up the costs for the biomass value-chain. In the end, though, these differences end up in a very similar total 
primary energy supply. 

Also, sensitivity analyses have been conducted to ensure proper functionality and behavior of the model. All tests showed a predicted and/or 
explainable behavior of the model. 

Appendix D. Model data 

This section of the Appendix displays the key financial and technical assumptions that have been used for this study. Fore a more detailed 
description of all relevant input data, please refer to Ref. [73]. 

Regional potentials for utility-scale solar PV, onshore wind, and offshore wind in GW.    

Solar PV Wind Onshore Wind Offshore Total 

Austria 29.2 45.8 0 75.0 
Balkan States 146.0 237.6 64.5 448.1 
Baltic States 41.6 81.8 108.2 231.6 
Belgium & Luxemburg 22.8 19.4 9.1 51.3 
Czech Republic 38.3 56.1 0 94.4 
Denmark 22.5 32.6 149.0 204.1 
Europe East 173.8 278.4 24.3 476.5 

(continued on next page) 
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(continued )  

Solar PV Wind Onshore Wind Offshore Total 

France 251.8 381.7 133.7 767.2 
Germany 200.4 222.6 83.6 506.6 
Greece 62.8 105.6 27.6 196.0 
Iberia 256.7 417.9 71.7 746.3 
Italy 159.9 190.2 77.7 427.8 
Netherlands 31.8 23.6 57.1 112.5 
Poland 134.4 193.9 40.7 369.0 
Scandinavia 62.3 197.4 420.4 680.1 
Switzerland 18.7 20.8 0 39.5 
United Kingdom 212.2 268.8 364.6 845.6 
Total 1865.2 2774.2 1632.2 6271.6 

Source: Gerbaulet and Lorenz [88]. 

Capital cost of power generation and transformation technologies in €/kW.    

2015 2020 2025 2030 2035 2040 2045 2050 

Renewables 
PV Utility 1000 580 466 390 337 300 270 246 
PV Rooftop [commercial] 1360 907 737 623 542 484 437 397 
PV Rooftop [residential] 1360 1169 966 826 725 650 589 537 
CSP 3514 3188 2964 2740 2506 2374 2145 2028 
Onshore Wind 1250 1150 1060 1000 965 940 915 900 
Offshore Wind [shallow] 3080 2580 2580 2580 2330 2080 1935 1790 
Offshore Wind [transitional] 3470 2880 2730 2580 2480 2380 2330 2280 
Offshore Wind [deep] 4760 4720 4345 3970 3720 3470 3370 3270 
Hydro [large] 2200 2200 2200 2200 2200 2200 2200 2200 
Hydro [small] 4400 4480 4490 4500 4500 4500 4500 4500 
Biomass Power Plant 2890 2620 2495 2370 2260 2150 2050 1950 
Biomass CHP 3670 3300 3145 2990 2870 2750 2645 2540 
Biomass Power Plant þ CCTS 4335 3930 3742 3555 3390 3225 3075 2925 
Biomass CHP þ CCTS 5505 4950 4717 4485 4305 4125 3967 3810 
Geothermal 5250 4970 4720 4470 4245 4020 3815 3610 
Ocean 9890 5095 4443 3790 3083 2375 2238 2100 
Conventional Power Generation 
Gas Power Plant (CCGT) 650 636 621 607 593 579 564 550 
Gas CHP (CCGT) 977 977 977 977 977 977 977 977 
Oil Power Plant (CCGT) 650 627 604 581 558 535 512 490 
Hard coal Power Plant 1600 1600 1600 1600 1600 1600 1600 1600 
Hard coal CHP 2030 2030 2030 2030 2030 2030 2030 2030 
Lignite Power Plant 1900 1900 1900 1900 1900 1900 1900 1900 
Lignite CHP 2030 2030 2030 2030 2030 2030 2030 2030 
Nuclear Power Plant 6000 6000 6000 6000 6000 6000 6000 6000 
Transformation & Storage 
Electrolyzer 800 685 500 380 340 310 280 260 
Methanizer 492 421 310 234 208 190 172 160 
Fuel Cell 3570 2680 2380 2080 1975 1870 1805 1740 
Li-Ion Battery 490 170 155 140 140 140 140 140 
Redox-Flow Battery 1240 810 770 730 520 310 310 310 
Compressed-Air Energy Storage 600 600 565 530 520 510 480 450 

*Source: European Commission et al. [89], Gerbaulet and Lorenz [88], and Ram 
et al. [90]. 

Variable costs for transformation and storage technologies, in M€/PJ.    

2015 2020 2025 2030 2035 2040 2045 2050 

Electrolyzer 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 
Methanizer [synthetic gas] 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 
Methanizer [biogas] 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 
Fuel Cell 11.11 6.94 6.67 6.39 5.42 4.44 4.44 4.44 
Li-Ion Battery 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 
Redox-Flow Battery 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56 
Compressed-Air Energy Storage 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

Source: European Commission et al. [89]. 

Input fuel efficiency for common conventional power plants.  
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2015 2020 2025 2030 2035 2040 2045 2050 

CCGT (Natural Gas) 58% 60% 61% 62% 62% 62% 63% 63% 
CCGT (Oil) 38% 38% 39% 39% 40% 40% 41% 41% 
Hard coal 45% 46% 47% 48% 48% 48% 48% 48% 
Lignite 42% 45% 46% 47% 47% 47% 47% 47% 
Nuclear 37% 37% 38% 38% 40% 42% 42% 42% 

Source: European Commission et al. [89]. 

Fuel prices of fossil fuels in M€/PJ.    

2015 2020 2025 2030 2035 2040 2045 2050 

World Prices 
Hard Coal 1.52 1.54 1.53 1.52 1.44 1.36 1.28 1.20 
Lignite 0.72 0.73 0.73 0.72 0.68 0.64 0.61 0.57 
Natural Gas 6.63 6.54 7.72 8.91 9.15 9.38 9.62 9.86 
Uranium 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 
Oil 7.12 10.18 11.02 11.86 11.37 10.88 10.39 9.91 

Source: IEA [91], Booz & Company [92]. 

Yearly electricity demand per region in TWh.    

2015 2020 2025 2030 2035 2040 2045 2050 

Austria 70.31 76.9 83.9 75.3 77.6 79.5 78.2 76.09 
Balkan States 155.4 171.5 180.1 150.9 152.0 154.0 155.0 156.2 
Baltic States 28.6 32.4 36.7 29.2 29.6 30.3 29.8 29.6 
Belgium & Luxembourg 98.5 108.0 114.2 114.4 116.7 115.8 111.8 108.8 
Czech Republic 63.5 65.1 67.2 82.0 82.1 84.4 85.5 85.2 
Denmark 35.7 37.1 39.2 40.0 40.5 40.8 40.8 38.5 
Europe East 132.7 146.8 160.2 143.8 147.2 150.0 151.9 154.4 
France 502.8 522.3 536.7 562.9 580.8 590.6 581.8 565.3 
Germany 543.6 562.2 562.2 611.0 596.1 590.5 582.2 574.4 
Great Britain 355.9 353.7 365.3 451.6 458.9 470.6 476.8 468.2 
Greece 53.3 56.4 70.8 74.9 76.0 76.28 76.1 74.7 
Italy 361.9 375.1 389.7 390.9 404.3 409.7 421.1 432.4 
Netherlands 122.9 132.3 142.6 127.4 128.3 131.1 130.9 130.0 
Poland 162.1 178.5 205.9 171.4 176.9 181.8 184.5 176.4 
Portugal & Spain 335.5 376.1 415.6 418.0 430.3 435.3 450.3 429.1 
Scandinavia 377.4 389.3 402.3 346.7 340.1 335.6 333.3 328.3 
Switzerland 64.4 69.4 74.7 76.2 78.6 80.5 79.2 77.1 
Total 3464 3653 3847 3867 3916 3957 3969 3904 

Source: Gerbaulet and Lorenz [88]. 

Appendix E. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.esr.2019.100422. 
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