
assumes competitive and abundant energy supply from non-fossil fuels, 
including nuclear power. In such scenarios, nuclear power is assumed to 
“learn” and thus costs would decline to 0.055 USD(1988)/kWh3 after 
2050 [54]. These scenarios were modeled by the “Integrated Model to 
Assess the Greenhouse Effect” (IMAGE) and envisioned comparatively 
modest increases of nuclear power production ranging from 11 to 37 EJ 
by 2050 and 27 to 54 EJ by 2100 [54]. Further developed into the “1992 
IPCC scenarios” (IS92), cost decline for nuclear was also included in the 
second assessment report (AR2) using the same model IMAGE [55].

Then, the “Special Report on Emission Scenarios” (SRES) was pub-
lished in 2000, which was used in the third and fourth assessment re-
ports (AR3 and AR4) [56]. Now, they also included other energy models 
such as the MESSAGE model from IIASA or the Mini-Climate Assessment 

Model (MiniCam) (later developed to GCAM) from the Pacific Northwest 
National Laboratory (PNNL). In these reports, technological change was 
explored across different scenarios that assumed different rates of 
technical change. Thereby, the reports acknowledged that in the case of 
nuclear power, “new reactor technologies- smaller in scale, reduced 
construction costs and improved economics” are required [56].

For AR5 and AR6, the scenario construction was then moved outside 
the IPCC sessions to academia, and more energy modeling teams were 
included (e.g., the Regional Model of Investment and Development 
(REMIND)). The scenarios were included the subsequent reports, 
namely the “Representative Concentration Pathways” (RCPs) as used in 
the AR5 and the “Shared Socioeconomic Pathways” (SSPs) as used in the 
AR6 [52,57,58]. A comprehensive overview of the evolution of scenario 
sets and their critiques was subject to a systematic literature review 
[59].

In the following, we focus on the C1 category of the most recent 
assessment report (AR6), which is also used to stress the necessity of 
nuclear power expansion for climate change mitigation [1]. As this 
category, on average, shows that the installed nuclear capacity will 
triple by 2050, we aim to identify energy models that contribute to the 
high-nuclear futures the most.

AR6 collected 3,131 energy scenarios (of which 2,266 are global 
scenarios) stemming from 95 different models [60]. These can be 
accessed in the AR6 Scenario Explorer [18]. These scenarios are grouped 
into different categories that correspond to various global warming 
temperatures by the year 2100. While category C1 scenarios limit global 
warming to 1.5 →C, the other categories C2-C8 allow for an increase of 
global warming to a maximum of 4 →C [60]. The highest-contributing 
models are the REMIND, MESSAGE, and IMAGE models with around 
300, 260, and 140 scenarios, respectively [18].

The C1 category contains 94 scenarios. A full plot of electricity 
production from all C1 scenarios to the year 2100 can be found in Ap-
pendix 7.1. An overview of all models and the number of provided 
scenarios can be found in Appendix 7.2. It can be observed that all 
scenarios start in a similar range in 2020 at around 10 EJ of absolute 
electricity generation from nuclear power. However, afterwards, the 

Fig. 3. IAEA high-growth projections for globally installed nuclear power capacity in GWe vs actual capacity development. 
Source: Own depiction based on IAEA estimates [37] and actual development taken from [6].

Table 1 
Scenario overview for WEO editions until 2022 and allocated ambition levels.

Scenario WEO edition Ambition

450 Scenario 2010–2018 High
Alternative 2006, 2007 Medium
Announced Pledges 2021, 2022 Medium
Capacity Constraints 1995, 1996 Low
Current Policies 2010–2019 Low
Energy Savings 1995, 1996 Medium
Net Zero 2050 2021, 2022 High
New Policies 2010–2018 Medium
Reference 1994, 2000, 2002, 2004, 2006–2009 Low
Stated Policies 2019–2022 Low
Sustainable Development 2019–2021 High

Source: Own compilation of WEO editions from 1994 to 2022 [40]. Note that the 
2019 and 2021 editions each have two scenarios allocated to the high ambition 
level. Data shown in Fig. 4 thus depicts the average values. All data will be made 
available upon request.

3 In comparison, the costs for solar were assumed to decline from 0.11 
USD(1988)/kWh in 1988 to 0.06 USD(1988)/kWh in 2050, slightly higher than 
nuclear cost assumptions.
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The scenario was labeled as a “pure construct” [61], which should 
provide a framework for considering different reactor fuel cycle strate-
gies. Thus, in this study, energy modeling was used to integrate a 
normative breeder vision. The report was critized for its bias towards 
nuclear and the favorable cost assumptions for reactors operating on a 
fast neutron spectrum4 [63]. In particular, it was highlighted how en-
ergy models' input is determined by their institutions' technology 
perspective, potentially leading to favorable assumptions [64].

In 2000, the model MESSAGE assumed different cost assumptions for 
nuclear and “advanced nuclear” for different SRES scenarios in the 
special IPCC report, in which high-growth futures can be identified. As 
exemplified in Fig. 8, the output of the MESSAGE model shows high 
nuclear growth, particularly in the A1B, A1C and A1G scenarios. These 
scenarios show a substantial increase of nuclear power production to a 
varying degree, but sometimes exceeding 100 EJ. Notably, most sce-
narios project an increase in absolute electricity production for 2050 and 
2100. Moreover, it becomes clear that the expansion of nuclear is 
assumed to be rooted in the availability of advanced nuclear technology 
that are expected to become less costly over time.

Thus, different cost values for nuclear5 and “advanced nuclear” are 
assumed across different SRES scenarios to quantify technological 
change rates (see Table 2). According to the narratives in the SRES, the 
degree of technological change differs from low to very high for non- 

fossil fuel technologies. For example, in A1B, it is assumed that for 
non-fossil fuels, the technological change rate is high and thus, MES-
SAGE modelers quantified declining costs for advanced nuclear. This is 
then also reflected in a substantial increase of energy production from 
nuclear power (see Fig. 8). However, there are also scenarios, such as 
A1C, that lead to high nuclear futures but assumed low change rate 
levels. Thus, other contributing factors must be studied. For example, 
the technology description of advanced nuclear includes high- 
temperature reactors for hydrogen production that may provide en-
ergy for other sectors.

In the AR6, the MESSAGE modelers continue to provide energy 
scenarios with high nuclear growth. More precisely, in the C1 category 
of the AR6, the MESSAGE model provides 20 scenarios, of which almost 
all show a substantial increase in electricity production from nuclear 
power. Some envision exponential growth of electricity generation from 
nuclear power from the 2030s onwards, peaking in the 2070s and 2080s. 
Only one “low-energy-demand” scenario projects a different nuclear 
future, in which a slight increase in nuclear power generation from 2020 
to 2080 is envisaged, followed by a slight decrease thereafter. These 
high-nuclear growth projections can be partially explained by the nar-
ratives that a particular scenario follows, e.g., “Green Push”, “Net Zero 
2050” or “SSP2”, suggested by the titles of the scenarios themselves (see 
Fig. 6). These narratives provide a certain storyline that describes future 
developments (e.g., technological progress), which is then quantified by 
the modelers [33,65]. The storyline itself as well as the quantification of 
a narrative are both potential entry points of another nuclear imaginary 
connected to cost decrease. In the case of the MESSAGE model, the 
future development of nuclear power is assumed by different learning 
rates depending on the SSP narrative. For SSP1, they assume a learning 
rate of 15% from 2010 to 2100 [66]. For SSP2, they assume a 30% cost 

Fig. 5. Projections for installed capacity for wind (left) and solar PV (right) in WEO scenarios since 2002. 
Source: Own depiction based on data from IEA [40].

4 In the remaining text, we will refer to reactors with a fast neutron spectrum 
as fast reactors. Sometimes we will specify the type of cooling, because fast 
reactors that use sodium for cooling (sodium-cooled fast reactor (SFR)) were 
often mentioned in literature as the most relevant reactor type of fast reactors.

5 Refers to the LWR technology, which is dominantly deployed.
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A B S T R A C T

Current energy projections often envision an expansion of nuclear capacities to decarbonize future energy sys-
tems. However, this contrasts with the historic and current status of the nuclear industry, marked by techno- 
economic challenges for both light-water and non-light-water reactor technologies. Regardless, projections of 
strong nuclear growth have persisted since the 1970s. This paper investigates the “nuclear energy paradox” 
which shows the recurring divergence between historical projections and actual developments. A data compi-
lation of long-term energy projections from international organizations such as the IAEA and the IEA as well as 
energy system models like GCAM and MESSAGE, as used in the IPCC, reveal a recurring pattern of high-growth 
projections for nuclear power. Such projections often rest on techno-economic assumptions such as substantial 
cost reductions. We propose the concept of nuclear imaginaries to show that these assumptions are embedded 
into techno-economic visions of nuclear power development, which shape model assumptions and narratives. 
The historic perspective helps to show that nuclear imaginaries may never materialize and remain in a hypo-
thetical state for decades. Our findings support decision-makers in making more informed decisions and urge for 
caution when interpreting energy scenarios and projections, especially for nuclear power.

1. Introduction

Nuclear power has gained new momentum in recent years as low- 
carbon technologies are urgently required to decarbonize energy sys-
tems. This low-carbon momentum of nuclear power is emphasized by 
the nuclear industry as well as state actors, who pledged to triple global 
installed nuclear capacity by 2050 at COP28 in Dubai [1], see Fig. 1. The 
pledge was justified by referring to the energy scenarios collected by the 
Intergovernmental Panel on Climate Change (IPCC), which apparently 
showed such a necessity to stay within the 1.5 →C limit for global 
warming [2]. This is a recent example that energy scenarios—which are 
by definition explorative tools that do not have to be feasible—have 
real-world relevance because they are used for decision making and are 
thus important tools for energy policy making [3].

In contrast to the tripling pledge, the global nuclear industry is 
characterized as being in decline, particularly in Western countries with 
aging fleets [4,5]. In fact, nuclear power plant construction project starts 
peaked in 1975, and since then, numbers have been declining [6]. 

Notably, over the last decade, Chinese projects have led to an increase in 
construction starts, but the global levels are still far below those of the 
1970s, and so, since the 1990s, the globally installed capacity has been 
stagnating. The share of nuclear electricity generation peaked in 1996 at 
17.5% and has been decreasing since, falling below 10% as of 2023 [7]. 
Nowadays, only a few reactors (mostly GEN III/III↑ high-capacity light- 
water reactors (LWR)) are under construction, of which many are facing 
cost overruns and are behind schedule, such as Hinkley Point C in the 
UK, Flamanville-3 in France or the recently completed Vogtle Project in 
the US. The Vogtle project in Georgia, US, was completed with overnight 
construction cost of 15,000 USD/kW after substantial delays and cost 
increases [8]. As of 2022, the latest completed European projects in 
Finland and France cost at least 7600 and 12,600 USD/kW, respectively, 
with final costs being even higher due to additional financing cost [6,9]. 
This is in line with the findings by Koomey and Hultman [10] as well as 
G!oke et al. [11], who note that actual and assumed costs in models and 
projections vary substantially. The exceptions to the rule are state- 
owned niches, in which China mainly builds domestically, and Russia 
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wir dann auf die eingangs gestellten Fragen zurück und 
werden erkennen, dass Deutschland keine Sonderrolle, 
sondern eine Vorreiterrolle spielt, und verbinden dies 
mit den Entwicklungen des Strompreises in Deutschland.

Wie Innovationen in den Markt diffundieren
Die Verbreitung von Innovation wird in biologischen, öko-
logischen, und sozialen Systemen schon lange in Form 
einer „S-Kurve“ beschrieben, die logistisches Wachstum 
darstellt (Abbildung 1a). Charakterisiert wird logistisches 
Wachstum durch zwei Parameter: eine relative Wachstums-
rate r – sie führt zu anfänglich exponentiellem Wachstum –  
und der schon erwähnten Kapazität K, die das Wachstum 
mit einem Maximum begrenzt. Beispiele für solch logis-
tisches Wachstum sind die Ausbreitung von Epidemien 
oder auch neuer Produkte wie Smartphones oder eben 
die Verbreitung von Technologien zur Stromerzeugung. 
Bei diesen Beispielen stellt die Kapazität dann zum Bei-
spiel die Bevölkerung dar, die in!ziert werden kann, oder 
den Markt, der gesättigt werden kann, oder die gesamte 
Stromerzeugung eines Landes. Ursprünglich stammt diese 
Beschreibung aus der Populationsbiologie, wobei r die 
Wachstumsrate einer Population beschreibt und K die 
Kapazität der Umwelt, diese Population zu erhalten.

Mathematisch wird logistisches Wachstum durch 
eine Differentialgleichung dargestellt, welche die Ver-
breitung einer Innovation N wie folgt beschreibt:

Erlebt die Kernenergie ein Revival? Investiert China 
hauptsächlich in Kohlekraftwerke? Und ist Deutsch-

land auf einem Sonderweg hinsichtlich seiner Energie-
politik?  Diese Fragen lassen sich nüchtern und objektiv 
beantworten, wenn man sich die Daten der Stromerzeu-
gung der letzten Jahre ansieht. Wir wollen dies hier tun 
mit einem Datensatz zur weltweiten Stromerzeugung 
[1], mit besonderem Fokus auf den Technologien, die 
sich gerade durchsetzen. Dazu nutzen wir die Theorie 
der Diffusion von Innovationen aus den Sozialwissen-
schaften [2]. Sie geht davon aus, dass sich die Entwick-
lung und Verbreitung von Innovationen als logistisches 
Wachstum beschreiben lässt. Die damit beschriebene 
Entwicklungsdynamik verbindet ein zunächst anfäng-
liches exponentielles Wachstum der Innovationsaus-
breitung mit der Kapazität, die das Wachstum der 
Ausbreitung der Innovation begrenzt. Das ist eine Ent-
wicklungslinie, die in vielen Prozessen zu !nden ist.

Mithilfe dieser Theorie wollen wir die Stromerzeu-
gung in Deutschland untersuchen und sie mit den Ent-
wicklungen in anderen Ländern und Regionen weltweit 
vergleichen. Das Ziel dabei ist zu erkennen, welche 
Innovationen für die Stromerzeugung sich gerade durch-
setzen. Wir gehen dann auf die Frage ein, warum sich 
gewisse Technologien gerade jetzt durchsetzen, indem 
wir diese Entwicklungen mit Wechselwirkungen und 
Rückkopplungen in Verbindung setzen. Zuletzt kommen 

Welche Technologien setzen sich bei der 
Stromerzeugung gerade durch? Die Antwort 
sieht man eindeutig in den Trends von welt-
weiten Stromerzeugungsdaten. Analysiert 
man diese Daten mithilfe der Theorie der Dif-
fusion von Innovationen, dann zeigt sich, wie 
Photovoltaik und Wind sich weltweit durch-
setzen. Andere Technologien – insbesondere 
Kohle und Kernkraft – werden jedoch ver-
drängt, wobei Deutschland eine Vorreiterrolle 
spielt. 

Blick vom westlichen Odenwald über Bergstraße und Ried, mit 
dem stillgelegten Kernkraftwerk Biblis und Windkraftanlagen 
(Foto: D. Eidemüller).
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