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A B S T R A C T

The sustainability of nuclear energy amidst climate change and environmental regulations poses critical chal
lenges, particularly in European contexts where major rivers like the Rhine, the Danube, and the Rhône are 
experiencing declining water levels and rising temperatures. We scrutinise the operational difficulties nuclear 
power plants encounter, arising from insufficient cooling water and environmental mandates that prevent the 
discharge of overly warm cooling water into rivers. These conditions have led to partial or full shutdowns of 
nuclear facilities across France, Germany, Switzerland, Belgium, Spain, Romania, and other countries, empha
sising the tension between nuclear energy as a low-carbon solution and its environmental impacts. We explore 
the concept of sustainability in the context of riverine nuclear energy from three angles: technical challenges 
posed by water scarcity, regulatory constraints on cooling water temperatures, and the ecological impacts of 
thermal discharges on riverine ecosystems. Our analysis reveals an emerging contradiction between ensuring 
electricity supply and adhering to environmental protection, highlighting the need for a reevaluation of nuclear 
energy’s role in a future sustainable energy landscape.

1. Introduction: The contradictory relationship between nuclear 
energy and the quest for sustainability

2022 was another consecutive year in which water levels of major 
European rivers – such as the Rhine, the Danube, and the Rhône – were 
dangerously low and the water temperatures very high. This caused 
severe problems for the operation of nuclear power plants across con
tinental Europe. Energy companies in France, Germany, Switzerland, 
Belgium and elsewhere had to shut down their nuclear power plants 
partly or fully because there was not enough cooling water available or, 
more commonly, because the cooling water that was returned to the 
river became too warm (Barber, 2022; Limb, 2022; Miller and Vladkov, 
2022). Environmental regulations, designed to protect the riverine flora 
and fauna as far as possible, stipulated that nuclear power plants were 
not allowed to release cooling water above a certain temperature 
(European Parliament and European Council, 2000; IKSR, 2022b). The 
resulting unplanned outages — and the efforts by nuclear operators to 
avoid such disruptions — highlight pressing concerns about the sus
tainability of nuclear energy, particularly its impact on river ecosystems 

in an increasingly warming world (see Fig. 1).
Nuclear energy has been promoted as a clean and cheap future en

ergy resource since the 1950s. Since then, this promise has been 
repeated time and again. Nuclear energy has consistently been por
trayed as a promising technology, intertwined with visions of future 
societies and ideal ways of living (Gutting et al., 2024). In an age of 
climate change, nuclear power is going through another hype-phase and 
is becoming increasingly laden with hopes, expectations, and promises 
(Nuttall, 2022). Nuclear energy is portrayed, by its proponents, as a key 
technology direly needed if humanity is to come to grips with global 
warming or, to use a classical Science and Technology Studies (STS) 
term, proponents construct nuclear energy discursively as an “obligatory 
passage point” on the road to a net-zero carbon society. “There is no 
alternative,” is a common point of view, because in contrast to most 
renewable energy sources nuclear energy is, supposedly, not intermit
tent, but delivers electricity in a predictable, reliable way (Cottrell, 
2017; Joly and Le Renard, 2021; Hornborg, 2023). In this way nuclear 
energy is increasingly incorporated in many countries’ sustainability 
policies and gains growing acceptance among the wider public, too 
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(Dulian, 2023; International Energy Agency, 2023; Trajano and 
Caballero-Anthony, 2024).

The severe difficulties faced by riverine nuclear power plants in 
recent years, as referred to above, suggests that this vision of nuclear 
energy as a distinctly “sustainable” technology is far from unproblem
atic. In what follows we set out to unpack this paradox of nuclear 
energy’s (un)sustainability in an age of climate change. We will argue 
that there are at least three possible ways of thinking about “sustain
ability” in the context of riverine nuclear energy.1 The first is the 
problem of water scarcity, which may make it impossible to maintain 
nuclear cooling and, in this sense, makes riverine nuclear energy diffi
cult to sustain from a purely technical point of view. “Sustainability” in 
this context hence refers more to the technical than the environmental 
use of the concept. The second perspective has to do with whether 
riverine nuclear plants can continue operating without violating existing 
environmental regulations regarding the cooling water discharges. Here 
we see an emerging contradiction between two opposing priorities: to 
guarantee electricity supply and to follow environmental rules and laws. 
The third perspective looks at how the discharge of warmed cooling 
water from nuclear power plants actually impacts riverine ecosystems, 
and how the interaction between climate change and continued releases 
of warmed cooling water threatens the resilience of riverine ecosystems.

Based on this, we set out the three dimensions of sustainability that 
play a role in the nexus of water and nuclear energy. Starting with 
technical sustainability, we explain the case of water scarcity. We then 
move on to regulatory sustainability and the setting of temperature 
limits in the 1960s and 1970s. And finally, ecological sustainability and 
the extent to which temperature fluctuations have a negative impact on 
rivers as habitats.

The aim of this article is not to redefine sustainability but to critically 
assess the sustainability of nuclear power plants concerning the pres
ervation of river ecosystems. Advocates of nuclear energy frequently 
emphasise its cleanliness, the apparent thriving of ecosystems sur
rounding nuclear power plants, and the supposed benefits of heated 
cooling water for fish habitats and recreational fishing (Duke Energy, 

2013, 2017). While these claims may hold true in certain cases, our 
article shows that, at least within the European context, such assertions 
of sustainability do not hold up under closer examination.

Our analysis is based on scientific studies, archival sources from the 
German Federal Archives in Koblenz, reports from federal environ
mental agencies, newspaper articles, briefings on German Bundestag 
resolutions, secondary literature on historical decision-making, and 
scientific research on river ecosystems and the environmental impacts of 
nuclear power plants. Although not exhaustive, this approach addresses 
the often-overlooked issue of thermal pollution caused by nuclear power 
plants, particularly in policy research. By combining historical empirics 
with scientific insights, the article seeks to draw attention to an issue 
that deserves greater consideration and to encourage further discussion 
on the environmental implications of nuclear energy.

2. The connection of water, energy, and sustainability

In the era of climate change, nations worldwide are striving to meet 
their self-set objectives to curtail global warming through achieving 
climate neutrality. The European Commission is determined to reach 
climate neutrality by 2050; hence, in 2022, the EU made the strategic 
decision to classify gas and nuclear power plants as "green" energy 
technologies within the taxonomy for sustainable economic activities 
(European Commission, 2022). The narrative of nuclear energy as a 
cleaner alternative to coal is as long-standing as the commercial pro
duction of nuclear power itself (Nuttall, 2022). Nuclear energy has 
historically polarised opinions: seen by some politicians as a vehicle for 
progress and economic prosperity, while critics warn of its potential to 
herald the demise of humanity (Gutting et al., 2024). This dichotomy 
persists, with eco-modernists arguing that nuclear power is indispens
able for a successful energy transition, whereas others highlight the 
economic, social, and environmental costs (Cottrell, 2017).

The effects of climate change on water and rivers in particular are 
manifold. The Intergovernmental Panel on Climate Change writes in its 
sixth report that there have been more and more extreme heatwaves 
globally since the 1950s, which are very likely man-induced (high con
fidence). In general, climate change has led to a warming of the atmo
sphere, the oceans and the land, which has resulted in extreme damage 
such as desertification, which also affects rivers. Water resources are no 
longer guaranteed in some regions due to climate change in combination 
with other human activities (IPCC et al., 2023). In the case of the Rhine, 
it can be seen that although the absolute discharge volume has not 
changed over the years, the discharge has increased in winter and 
decreased in summer (IKSR, 2024). Changing discharge regimes can 
have a major impact on the sensitive ecosystem and biodiversity of 
rivers. In many regions, water quality is already compromised by human 
activities, including the use of pesticides, fertilisers, and the presence of 
heavy metals. Rising water temperatures exacerbate these issues, further 
harming biodiversity and posing threats to human health (UNESCO and 
UN-Water, 2020).

Particularly in times of climate change, the term sustainability has 
increasingly developed into a fashionable term that is defined in 
different ways. Sustainability is often about the connection between 
economic systems and the natural environment, the argument being that 
economic growth should be organised in such a way that the continued 
existence of the environment is not endangered (Petrić and Hirt, 2015). 
We are not seeking to initiate a new debate on sustainability as a 
concept. Rather, our aim is to prompt reflection on the sustainability of 
nuclear power plants, particularly in the context of maintaining river 
ecosystems. For this, we use the term "sustainability" somewhat loosely, 
drawing on the definition of historian Joseph A. Tainter, who frames 
sustainability as the ability to maintain the status quo. Its opposite, 
which we term "unsustainability," would signify a transformation or 
even the collapse of a system. By collapse, Tainter refers to a rapid 
reduction in diversity (Tainter, 2018). Here, the "system" refers to the 
river ecosystem, whose biodiversity is highly sensitive to even minor 

Fig. 1. Three dimensions of sustainability, of particular relevance for the 
given context.

1 The most widely used reactor technology is the light-water reactor, to 
which we refer in this article. However, we are aware that there are also re
actors with alternative cooling methods without water, such as liquid metal fast 
reactors, molten salt reactors, and high-temperature gas-cooled reactors. 
Nevertheless, these reactors are all still at the experimental stage and have 
other environmental impacts (World Nuclear Association, 2024a). Coastal nu
clear power plants are not discussed in this article. It suffices to note that such 
plants are also far from unproblematic (Högselius, 2022; Soares Ferreira 
Guimarães et al., 2023).
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temperature fluctuations, making it particularly vulnerable to disrup
tion. In connection with energy, the question of sustainability becomes 
even more complex, as the energy issue is almost always closely inter
woven with questions of national and international relations and secu
rity, as well as the extent to which human consumption has a negative 
impact on the environment (Holdren, 2007).

When looking at the sustainability of energy production, water 
almost always needs to be taken into consideration as the water and 
energy sector are inevitably intertwined (Dahl Larsen and Drews, 2019). 
This is also known as the water-energy nexus, or as we call it in this case: 
the nuclear-water nexus. Worldwide, water use in the energy sector was, 
according to the International Energy Agency (IEA), around 370 billion 
cubic meters (bcm), equivalent to around 10 % of global water use in 
2021. Of this, 106.3 bcm was used for the generation of nuclear energy 
(IEA, 2023a). Nuclear power plants consume 35 to 65 million liters of 
water daily, depending on their design and cooling methods — 20 %–83 
% more than comparable coal-fired power plants (Khamis and Kavva
dias, 2012). Conservative estimates of the IEA analysts suggest that by 
2030, the energy sector’s water demand will steadily increase to around 
400 bcm, of which nuclear energy will account for 128.3 bcm. The in
crease in water withdrawals due to the provision of energy is related to 
the increasing cooling requirements of nuclear power plants as well as 
the irrigation of bioenergy raw materials. However, water use is not the 
same as water consumption. Water consumption, i.e. the use of water 
that is not returned and is therefore no longer available for other users at 
that location, amounted to 4.0 bcm in the nuclear energy sector in 2021 
and the International Energy Agency (IEA) expects this to rise to 4.8 bcm 
in 2030 due to the aforementioned increase in cooling requirements 
(IEA, 2023a).

3. The problem of cooling water scarcity

Nuclear energy can be thought of as relying on two natural resources: 
uranium and water. Uranium is usually considered nuclear’s most cen
tral and critical resource, but there is good reason to take a closer look at 
the water needs of nuclear facilities too. Nuclear power plants were 
historically modelled on coal power plants (Radkau, 1983). Such plants 
rely on boilers that turn water into steam. The steam powers a turbine, 
which transforms heat into mechanical work and then into electricity. 
The scheme requires a complex infrastructure of pumps, pipes, and 
valves to circulate water and steam in a closed loop. A drawback of this 
water-steam design is that, as the laws of thermodynamics prescribe, 
only around one third of the heat can be turned into electricity.2 The 
remaining two thirds have to be disposed of in one way or the other. 
Both coal and nuclear power plant builders solve this problem by con
necting their stations to an external, natural water source, usually a 
river, into which the excessive heat is dumped. The interaction between 
this external water source – referred to by the engineers as “the ultimate 
heat sink” (UHS) – and the plant’s internal plumbing occurs in the lat
ter’s condensers, a heat exchange system where external and internal 
water circulates in two separate but adjacent networks of pipes and 
tubes.3

There are different types of nuclear power plants, but all of them 
depend on very large volumes of water for external cooling. The two 
most popular reactor types are pressurised water reactors (PWRs) and 
boiling water reactors (BWRs). In BWRs water circulates, as in coal 
power plants, in a closed, internal and an open, external loop that are 
interlinked through condensers. In PWRs there are two closed, internal 

loops, making the design more complex (Saha, 2017). But the basic idea 
remains the same as in coal: to rely on water and steam for converting 
thermal heat into electricity and on rivers for dumping excessive waste 
heat. In the nuclear case it has been popular, historically, to site nuclear 
facilities by the coast too, but in continental regions riverine (and lake) 
sites are the only possible ones. In 2012, 45 % of the world’s nuclear 
reactors with once-through cooling were located on the coast, 15 % on 
lakes, and 14 % on rivers, while 26 % use cooling towers (IAEA, 2012; 
World Nuclear Association, 2020).

Very large volumes of water are needed to guarantee proper cooling 
of a large-scale reactor. Roughly 50 cubic meters of water per second 
have to be mobilised and pumped through the plant’s condensers at a 
1000 MWe reactor (Högselius, 2025). Hence it is hardly surprising that 
nuclear planners and engineers have historically often worried about 
potential water scarcity at riverine nuclear sites. It has been far from 
self-evident that the rivers of interest will be able to provide 50 cubic 
meters of water per second. Nuclear actors have sought to avoid being 
left without sufficient volumes of cooling water by targeting rivers that 
in the past have undergone significant reengineering in the form of 
dredging, diking, damming, and straightening. Such hydraulic im
provements served to create a more regular and reliable water flow than 
what was usually the case in naturally flowing streams. In other words, 
they leveraged the accomplishments of previous hydraulic engineers 
working on the same rivers. Alternatively, when such works had not 
been carried out yet, nuclear builders themselves engaged in classical 
hydraulic engineering works, constructing dams, locks, canals, subter
ranean water tunnels and so on (Högselius, 2022). They were confident 
that this would guarantee the nuclear plants’ cooling water supply in a 
reliable way. A further possibility was to construct cooling towers, 
which radically reduced but did not eliminate the need for external 
cooling water supplies. The need for cooling towers is further discussed 
in the next section.

In reality, however, plans have not always worked out. There have 
been numerous cases where water scarcity has prevented nuclear power 
plants from operating properly. Unsurprisingly, this has often happened 
in arid regions with an irregular hydrology. Sesma-Martín and 
Rubio-Varas (2025) have found that this has indeed been a problem in 
the case of Spain. They also note that instances of water scarcity have 
grown over time. Italy would most probably have suffered similar 
problems of cooling water scarcity, if the country had proceeded with its 
plans, developed in the 1970s, of rapid nuclearisation of the Po River 
basin; in summer 2022 the entire Po basin suffered, like many other 
parts of continental Europe, from an extreme drought under which most 
probably no nuclear plant could possibly have been kept in operation 
(Giuffrida, 2022).

It is interesting to observe how nuclear operators at riverine sites 
have typically adapted to the patterns of seasonal water availability by 
deliberately planning for annual or biannual maintenance and refueling 
in such a way as to coincide in time with periods of low water in the 
river. In Spain’s Júcar River, for example, the Cofrentes nuclear power 
plant has usually been shut down for this purpose in October, which is 
the month when the river’s flow is usually at its lowest (Sesma-Martín 
and Rubio-Varas, 2025). Hungary’s Paks nuclear plant – known among 
hydrologists as “the greatest industrial water consumer of Hungary” – 
has in a similar way adapted to the Danube’s hydrology by planning 
shutdowns of reactors during summer, which is the time when the 
Danube’s flow is at its lowest (Szolnoky and Raum, 1991). In India, 
whose government has launched a massive nuclear power plant pro
gram, a related problem currently under discussion is the use of irriga
tion canals as sources of nuclear cooling water, whereby a problem is 
that such canals are usually emptied once a year for cleaning and 
renovation works. Anti-nuclear activists have been very sceptical about 
this, but India’s nuclear builders argue that the cleaning and renovation 
works on the irrigation canals can be synchronised with refueling and 
maintenance of the nuclear power plants (Huria, 2025).

The design of cooling water intake systems show how nuclear- 

2 Thus, for example,” the average coal-fired power plant in the United States 
operates near 33 % efficiency,” according to the Department of Energy. See 
https://www.energy.gov/fecm/transformative-power-systems. The most mod
ern coal power plants can raise this percentage to 40 % or more.

3 For a pedagogical illustration, see TVA, “How a Coal Plant Works,” http 
s://www.tva.com/energy/our-power-system/coal/how-a-coal-plant-works.
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hydraulic engineers of the twentieth century did not always consider the 
possibility that water levels in the river might be much lower in the 
future. In 2003, for example, Romania’s Cernavodă nuclear power plant 
faced a severe crisis due to a drought and heatwave that robbed the 
Danube of much of its water. Water levels fell from seven to only 3 m. 
The plant’s main water pumps had been constructed without taking such 
a possibility into account, and were unable to reach the low water, 
forcing plant staff to shut down the entire facility for approximately one 
month (Urjan, 2005). Similar threats to the operation of the plant 
occurred in the summers of 2007 and 2011. Romania’s 
nuclear-hydraulic engineers responded to the problem by putting in 
place “a new system that allowed the pumps to extract the cooling water 
from much lower levels” (Budapest Business Journal, 2007; Bran, 
2011).4 But the fears of water shortages continued to plague the 
Cernavodă plant.

In conclusion, water scarcity can indeed cause a great deal of trouble 
to nuclear power plants, which face the threat of unplanned outages 
during periods of low water in the river. There are to some extent en
gineering solutions to this problem, for example, in the form of more 
extensive cooling water intake systems that remain operational even in 
cases of very low water levels. It appears improbable, however, that 
nuclear operators would undertake such technical fixes, because the 
instances of water scarcity leading to unplanned outages remain rela
tively low in number and the technical fixes are expensive to implement. 
It is more probable that nuclear operators will simply adapt to a situa
tion where water is sometimes not available. The consequence will be 
that nuclear energy becomes more and more “intermittent” – a notion 
that has so far been reserved for renewable energy sources such as wind 
and solar. At the same time the threat of water scarcity in a warming 
world is bound to make it very unpopular to build new nuclear power 
plants along rivers. Instead, future plants are likely to be built mainly at 
coastal locations.

4. The challenge of thermal discharge limits

In this section, we take a closer look at the problem of river water 
cooling of nuclear facilities using the specific example of the Rhine River 
basin.

Cooling water scarcity and low water levels in rivers aside, nuclear 
power operators face the challenge of meeting environmental regula
tions that specify maximum temperatures for discharge of cooling water. 
The European Union has set a limit of 3 ◦C for water temperature in
crease to prevent severe degradation of aquatic life and riverine eco
systems.5 The problem is that this limit is rarely respected in actual 
practice. Scientists have calculated that there is an accumulated average 
exceedance of 5 ◦C per year in about 1/3 of the Rhine’s current (Raptis 
et al., 2016). This problem is traditionally conceptualised as “thermal 
pollution.” The primary source of thermal excess heat in rivers stems 
from nuclear and coal power plants with once-through cooling systems 
built during the 1970s and 1980s (Raptis and Pfister, 2016; Raptis et al., 
2016). Once-through cooling systems withdraw water from rivers for 
cooling purposes and then return the heated water to its source. This is 

in contrast to plants equipped with recirculating cooling systems, which 
use cooling towers or cooling ponds to minimise water withdrawal and 
temperature increases. The most thermally polluted river in the world is 
the Mississippi, whereas the Rhine and other smaller European rivers 
such as the Weser and the Po are thermally polluted all year round, 
especially in the period from July to October (Raptis et al., 2016). Even 
though the Rhine River basin is considerably smaller than the Mis
sissippi, it receives around 20 % of the Mississippi’s heat emissions 
(Raptis et al., 2016). In recent years, this period has also seen an increase 
in heatwaves combined with extremely low water levels (IKSR, 2022a).

To understand today’s troublesome situation when it comes to 
thermal pollution, it is useful to go back to the early days of nuclear 
power. Let us look, in particular, at the Rhine River basin. In 1950, the 
countries bordering the Rhine – Switzerland, Germany, France, 
Luxembourg and the Netherlands – founded the International Commis
sion for the Protection of the Rhine (ICPR) (IKSR, 1975). During the 
following decades, Switzerland, Germany and France in particular were 
pursuing major plans for the nuclearisation of the Rhine. Already at that 
time, the riparians were aware of the Rhine’s limited thermal capacity6

(Gutting, 2025). However, there were no concrete research results on 
this topic. In 1969, at Germany’s initiative, the ICPR established 
Working Group T to address the thermal load of the Rhine. In 1971, the 
commission recommended that member countries ensure 
heat-dissipating plants were capable of regulating their thermal output 
(IKSR, 1971). The recommendation was based on the initial findings of 
the experts consulted concerning the tolerable heat load of the Rhine 
River as there were no fixed limit values (IKSR, 1973; Gutting, 2025). 
The consulted experts carried out measurement programs regularly. The 
ICPR’s recommendation was tightened up at the end of November 1971. 

"It therefore recommends that the governments of the member states 
take appropriate measures to ensure that all thermal power plants in 
operation are either equipped with cooling systems that allow the 
plants to operate during critical periods without significant heat 
input into the Rhine, or to achieve the same effect by other appro
priate measures" (IKSR, 1971).

Switzerland was the first, in 1971, to pass national legislation 
requiring all future nuclear power plants to be equipped with additional 
cooling systems, such as cooling towers. Germany enacted similar 
measures in 1972 (Genscher, 1972; Kupper, 2003).

The ICPR’s recommendation primarily concerned the nuclear power 
plants under construction at Fessenheim I and II (1760M), Philippsburg I 
(860 MW) and Biblis I (1200 MW). In the summer months of July and 
August, these nuclear power plants should, according to the recom
mendation, not be allowed to heat the Rhine by more than 2 ◦C. There 
were no clear guidelines for the other ten months. It was also not yet 
completely clear to what extent the heat would affect the water quality. 
The German delegation had already calculated that Fessenheim needed 
cooling towers. However, France was not willing to equip Fessenheim 
with cooling towers and instead offered to partially reduce the operation 
of the nuclear power plant, which Germany rejected as unrealistic 
(Ministerialrat Seifert - Abteilung Wasserstraßen, 1973).

Even though there was awareness that the Rhine only had a limited 
heat absorption capacity, this was obviously underestimated by coun
tries such as France. The fact that France was part of the International 
Commission for the Protection of the Rhine shows that there was an 
awareness in the country that the valuable resource of water was under 

4 The quote is from Cantemir Ciurea-Ercau, director of the National Com
mittee for Controlling Nuclear Activities.

5 The scientists referred to Directive 2006/44/EC of the European Parliament 
and of the Council “on the quality of fresh waters needing protection or 
improvement in order to support fish life”. In this directive, the EU stipulated 
that salmonidae rivers and lakes with fish like salmon and trout may be warmed 
by 1.5 ◦C, but to no more than 21.5 ◦C. Cyprinidae waters with fish like pike 
and eel may be warmed by 3 ◦C but to no more than 28 ◦C. This directive has 
been implicitly repealed by the Directive 2000/60/EC of the European Parlia
ment and of the Council of 23 October 2000 “establishing a framework for 
Community action in the field of water policy” (European Parliament and Eu
ropean Council, 2000; European Parliament and Council of the European 
Union, 2006; IAEA, 2012).

6 In this article, the terms “thermal capacity,” “heat absorption capacity,” and 
“tolerable heat load” are used interchangeably to describe the amount of heat 
that can be added to a river section before its temperature begins to rise.
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threat. Apparently, however, this awareness was not quite as pro
nounced as on the German or Swiss side. In addition, France, as the 
upper riparian state on the Rhine, was able to assert certain privileges, as 
there was no clear legislation on the fair distribution of border waters 
(Wolf, 1999). By building Fessenheim on the Grand Canal d’Alsace, 
France was able to freely dispose of the water resource, as the entire wet 
territory was French. Warnings from the German side were registered, 
but only partially honoured (Gutting and Högselius, 2024). For Ger
many, an increased thermal load in the Rhine upstream of its own ter
ritory meant a disadvantage in that the thermal load could persist over 
several hundred kilometres and thus affect the German nuclear power 
plants in Philippsburg and Biblis (IKSR, 1973). A reduction in heat input 
always leads to a reduction in the efficiency of the power plants, which 
in turn has a financial impact (IAEA, 2012). For the energy companies, 
predictability and maximum energy efficiency together with financial 
profit were the most important interests.

It is this complex history of cooperation and competition that has 
given rise to today’s mix of nuclear plants equipped with once-through 
and recirculating cooling systems in the Rhine River basin, as well as in 
several other European river basins. However, due to the strong impact 
of climate change, it has turned out that even the plants with recircu
lating systems (that is, plants equipped with cooling towers) are prob
lematic. This is because, during heatwaves, river water becomes so 
warm that even a small rise in water temperature due to thermal 
pollution from nuclear power plants may cause temperature thresholds 
specified in environmental regulations to be exceeded. In combination 
with drought due to a lack of precipitation together with higher water 
consumption, the required amount of cooling water is simply no longer 
available (van Vliet et al., 2012). This once again emphasises the 
problematic nature of planning in the 1960s and 1970s, when cooling 
towers were regarded as a perfect technological fix. Nuclear power 
plants were planned for at least thirty years into the future and energy 
companies generally plan their grids in periods of one hundred years. 
The unpredictability of today’s climate presents the energy sector with 
challenges that are not in keeping with its essence.

The year 2003 marked a pivotal moment that heightened both 
governmental and public awareness regarding the operational chal
lenges and conflicts faced by nuclear power plants. This awareness came 
sharply into focus when Spain’s nuclear regulators mandated reactor 
shutdowns due to the excessive heat, prompting authorities in France 
and Germany to implement similar actions. The consequences of these 
shutdowns were immediate, leading to electricity shortages. Notably, 
the French utility company EDF was forced to cut its nuclear electricity 
exports to Italy,7 which directly contributed to widespread blackouts 
(The Guardian, 2003; UNEP, 2004; Kopytko and Perkins, 2011).

The subsequent exceptionally hot and dry European summers of 
2018, 2019, and 2022 further underscored the vulnerability of nuclear 
operations to climatic extremes (Gutting, 2024). These challenging 
conditions have served as a cautionary example, particularly for coun
tries like India, which harbours ambitious plans for expanding its nu
clear infrastructure. The same goes for China which is in dire need to 
decarbonise its energy system and is continuously expanding their nu
clear power plant fleet (Deng et al., 2023; Wang et al., 2024). In response 

to these challenges, Europe has shifted its strategy towards constructing 
new nuclear projects exclusively by the seaside, moving away from the 
previously favoured riverine sites deemed too risky for future de
velopments.8 This shift reflects a growing consensus on the unsustain
ability of situating new nuclear facilities along rivers.

A similar reevaluation occurred in the United States following a dry 
summer in 2006, which forced several nuclear power plants to dial back 
their output to avoid breaching legal limits on waterway heating. The 
Tennessee Valley Authority (TVA) experienced a significant reduction in 
its nuclear electricity production in August 2008, losing a third of its 
capacity due to the same issue, with recurrences in 2010 and 2011 
(Kopytko and Perkins, 2011). This ongoing dilemma has sparked a 
power struggle between nuclear operators and environmental agencies. 
Nuclear operators are pushing for exemptions from thermal pollution 
regulations, arguing for the necessity of uninterrupted electricity pro
duction. This was evident in France in 2022 when the government sided 
with nuclear operators, a decision that hints at the intensifying conflict 
expected to escalate in the future (World Nuclear News, 2022).

In summary, the historical excursion into the negotiations regarding 
the thermal load of the Rhine in the International Commission for the 
Protection of the Rhine has shown that although there was an awareness 
of the limited thermal load capacity of the Rhine already at an early 
stage of nuclear development, the planning of nuclear power plants was 
approached too optimistically (Gutting, 2025). On the one hand, this 
had an impact on the Rhine itself (as well as on other European rivers) 
and, on the other hand, it now increasingly means that nuclear power 
plants have to be shut down involuntarily during prolonged periods of 
heat and low water levels.

5. Ecological consequences of the operation and construction of 
nuclear power plants

To what extent are water scarcity and thermal pollution serious 
problems from an environmental point of view? This is an important 
question that needs to be discussed when assessing the (un)sustain
ability of riverine nuclear power in an age of climate change.

The withdrawal of river water for cooling water purposes and its 
subsequent discharge to the river leads to an increase in river water 
temperature and, if cooling towers are used, to water consumption, 
resulting in water scarcity. These effects on ecosystems are closely 
interlinked. Reduced runoff results in less water, which warms faster. 
Water discharge, flow velocity and water temperature are decisive 
environmental factors for fish assemblages, inhabiting river stretches. 
Each species has its preferred habitat, characterised by such factors. In 
the case of the Rhine River basin, the upper river stretches are home to 
the iconic salmonid species of brown trout (Salmo trutta fario L.) and 
grayling (Thymallus thymallus L.). They inhabit montane and sub
montane reaches of rivers with a fine gravel bottom and well- 
oxygenated, cold, and fast-flowing water (Kottelat and Freyhof, 2007).

Their temperature preference varies with life stage and season. 
Brown trout is categorised as near threatened by the International Union 
for Conservation of Nature, IUCN, and multiple stressors are likely 

7 In 2022, Italy was the third largest importer of electricity globally. The 
imported electricity for Italy comes primarily from Switzerland followed by 
France, Slovenia, Austria, and Montenegro (OEC, 2024). Italy was one of the 
first countries to build nuclear power plants, but ended its nuclear energy 
programme after a referendum in 1987 due to Chernobyl. 5 % of the electricity 
used in Italy comes from imported nuclear power (World Nuclear Association, 
2024b).

8 Just to name a few examples: The Netherlands is planning to expand the 
operational Borssele nuclear power plant on the River Schelde and its estuary 
into the North Sea with two additional reactors (IAEA, 2023a). Poland wants to 
largely move away from coal-fired power generation and switch to nuclear 
energy by 2033. Lubiatowo-Kopalino close to the Baltic Sea has been selected as 
the site for the first nuclear power plant and construction is scheduled to begin 
in 2026 (World Nuclear Association, 2024c). Sweden and Finland only operate 
nuclear power plants on the coast (IAEA, 2023b; Schneider et al., 2024). Fin
land’s Olkiluoto 3 started its commercial operation on 1 May 2023 and the 
Finnish energy company Fennovoima had plans to construct the Hanhikivi 
nuclear power plant south of Oulu at the Gulf of Bothnia together with Russia’s 
Rosatom. The plans were withdrawn in 2022 (STUK, 2024).
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causing cumulative effects, responsible for population decline in many 
countries (Burkhardt-Holm et al., 2005). The adult fish grows best at 
13 ◦C, while growth ceases below 3 ◦C and above 19.5 ◦C, approximately 
(Elliott and Hurley, 2001). Their incipient lethal temperature is 24 ◦C at 
which a survival of 7 days was reported (Elliott, 1981). The grayling, 
which is stated as ‘endangered’ in Switzerland by IUCN and protected by 
the Bern Convention similarly prefers a temperature range of 6–18 ◦C 
(Baensch and Riehl, 1991; Armstrong et al., 2003; Bundesamt für 
Umwelt (BAFU) and info fauna (CSCF), 2022). Introduction of cooling 
water results in a loss or reduction of the preferred thermal habitats and 
forces cold-water species to make an upward shift in thermal habitats. 
This is however hindered where construction of dams, e.g. hydropower 
plants, interrupt the longitudinal migrations or the habitat is unsuitable 
for other reasons (low oxygen, high pollution load, etc.). The oxygen 
level decreases with the warming of water. While at 15 ◦C freshwater 
can contain 7.2 mg oxygen per liter the concentration is reduced to 5.6 
mg/l at 30 ◦C. This is below the comfortable range for salmonids (7–9 
mg/l oxygen). If oxygen consuming processes are taking place, such as 
decay of organic material, or respiration of aquatic plants at night, the 
lethal threshold of 2 mg oxygen per liter can easily be reached. Mass 
mortalities are described in hot summers. Furthermore, the clinical 
outbreak of some fish diseases is temperature dependent. The Prolifer
ative Kidney Disease PKD is caused by a unicellular pathogen in sal
monids. The young-of-the-year are most heavily affected, experiencing 
mortality rates of up to 95 % (Burkhardt-Holm and Scheurer, 2007). The 
clinical outbreak of this disease is temperature dependent and only oc
curs when the river water reaches a temperature of 15 ◦C for more than 
2–4 weeks (Wahli et al., 2002). A decline of more than 50 % of the 
brown trout populations in a typical salmonid river in Southern Ger
many where PKD is impacting the fish in concert with climate change 
was stated in just the last two decades (Ros et al., 2021).

In consequence, the named influences are of considerable disad
vantage for sensitive species. A strong catch decline was stated for many 
riverine fish species, and a causal link to temperature increase is very 
likely for some species (Burkhardt-Holm et al., 2005; Wedekind and 
Küng, 2010). Taking in consideration that a third of the total flow of the 
Rhine River experiences a temperature increase of >5 ◦C on average 
over the year (Raptis et al., 2016), a thermal shift of the fish assemblages 
in downward direction is the consequence, with losing the fish assem
blages of cold-water species.

Nuclear power plants, for which reengineering works was necessary, 
such as straightening the river course, constructing dams, locks, canals 
and further anthropogenic alterations of the river structure, affect the 
ecosystems additionally by simplification of habitats and reducing or 
eliminating structural diversity. However, the demands of species such 
as brown trout are considerable also in this respect. The different life 
stages involve various diel9 and seasonal movements between fast- 
running stretches, shallow coastal zones, hiding pools, feeding pools, 
and spawning habitats, and thus require various stream-margin habitats 
(Roussel and Bardonnet, 2002). The loss of this diversity acts as an 
additional stressor and contributes to the multifactor constellation, 
leading to a decline in population density and eventually threaten the 
sensitive species (Burkhardt-Holm et al., 2005; Borsuk et al., 2006).

6. Interaction between climate change and continued releases of 
warmed cooling water by nuclear power plants

In the specific case of Switzerland, river water temperature increase 
due to climate change in the last 50 years by approximately 1.5–3 ◦C was 
measured and is enhanced by discharge of warmed cooling water 
(Bundesamt für Umwelt BAFU, 2022). This already led to an upward 
shift of the preferred thermal habitat of cold-water species. Increase of 
temperatures due to global warming – and other drivers – also have an 

augmenting effect on occurrence and severity of several infectious dis
eases (Jonsson and Jonsson, 2011). In tributaries of the Rhine in 
Baden-Württemberg, model projections using forecast climate condi
tions show an approximately 70 % decline in the size of areas suitable for 
salmonids in which the PKD pathogen occurs, by 2070. This would result 
in a roughly 40–72 % decrease of the brown trout population and a 
11–25 % decrease in the population of grayling (Ros et al., 2021; Ros 
et al., 2022). This can be expected to be enhanced by warmed cooling 
water as well.

An increase in temperature in winter and spring was already stated 
and is associated with an earlier emergence of trout by approximately 
two weeks from the gravel (Burkhardt-Holm, 2009). For grayling, the 
timing of spawning has shifted to 3–4 weeks earlier in the year compared 
to 39 years ago, as reported (Wedekind and Küng, 2010). When the time 
of emergence from the gravel, and with this the start of the feeding 
phase, is in mismatch with the occurrence of prey organisms, the risk of 
starvation is evident. Life-cycle models predict changes in such critical 
life-history transitions which increases the probability of qua
siextinction (Crozier et al., 2008). A climate-related population decrease 
has already occurred for brown trout (Hari et al., 2006). In conclusion, 
increasing temperatures are assumed to lead to a reduction in the hab
itats of cold-water fish species, as well as an increase in 
temperature-sensitive diseases.

With climate warming — particularly when combined with struc
tural habitat changes — thermal habitats are emerging in river sections 
that previously did not support certain species. Often, these are oppor
tunistic species which have low requirements to the habitat peculiar
ities. Not rarely, non-indigenous species are invading such river sections 
and might become invasive, i.e. exert negative effects. Invasive species 
are one of the greatest threats to biodiversity worldwide (Hirsch et al., 
2005). Climate change is likely to enhance the expansion of these in
vaders since elevated water temperatures are often closer to their opti
mum (Kornis et al., 2012). Additionally, climate change will also 
enhance their competitive and predatory effects on native species and 
increase the virulence of some diseases (Rahel and Olden, 2008; Kornis 
et al., 2012). Such effects have been observed in many ecosystems and 
many different species.

In consequence, construction of nuclear power plants and the 
anthropogenic warming of rivers due to warmed cooling water inflow 
are two of the multiple drivers with far reaching consequences and 
eventually contribute to ecosystems change.

7. Conclusion and policy implications

Limiting CO2-emissions is essential and in order to decarbonise the 
electricity sector more and more governments are considering nuclear 
power. Energy scenarios are furthermore supportive of the use of nu
clear energy (IEA, 2023b; von Hirschhausen, 2023; Ramana, 2024). One 
factor that is often disregarded in the debate is the environmental impact 
of (currently in use) light-water nuclear power plants on aquatic envi
ronments such as rivers. In this article we have analysed the unsus
tainability of riverine nuclear power plants along three categories of 
sustainability: technical, regulatory, and ecological. Our findings can 
have important policy implications as the aquatic impact of nuclear 
power plants is still not getting the necessary attention from a policy 
perspective, as being emphasised by the inclusion of nuclear power into 
the sustainability strategies of different countries and scenarios.

From a technical standpoint, water scarcity poses a genuine threat to 
the reliability of nuclear energy production. Although water scarcity is 
unlikely to result in new safety issues at nuclear power plants, we can 
anticipate an increasing number of unplanned outages due to water 
scarcity in various continental regions in the future (Linnerud et al., 
2011; Ahmad, 2021). This implies that nuclear energy will become more 
intermittent, and potential nuclear developers will be hesitant to build 
new nuclear power plants along rivers facing water scarcity issues. 
Consequently, new nuclear power plants constructed are likely to be 9 A 24-h cycle in the context of animal behaviour.
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situated by the sea more frequently than in the past. Seaside nuclear 
power plants come with their own difficulties. This is, on one hand, the 
impact of thermal discharges on the marine environment and its 
biodiversity, which is further increased due to the use of once-through 
cooling (Ilus, 2009; Byers et al., 2014; Soares Ferreira Guimarães 
et al., 2023). On the other hand, constructions of such plants at coasts 
may cause challenges in case of (i) sea level rises, alongside with coastal 
erosion, or (ii) catastrophic events, such as storms and high floods, 
which both might lead to problems in the supply of cooling water, as 
well as shut-off of power necessary to operate water pumps and control 
panels (Kopytko, 2015).

Legally, a warmer climate has led to a growing number of instances 
where nuclear operators breach approved legal limits on how much a 
river can be heated (World Nuclear News, 2022; Reuters, 2024). Recent 
developments suggest an escalating struggle between nuclear operators, 
regulatory bodies, and lawmakers, with conflicting objectives of 
ensuring electricity supply to industries and households while safe
guarding the environment.10 Global warming is making it increasingly 
challenging to reconcile these goals in the context of riverine nuclear 
energy. The construction of new nuclear power plants on rivers must 
therefore be prevented. The temperature limits set in the 1960s and 
1970s are still applicable today but are too often overridden by energy 
companies in exceptional circumstances, as seen in the case of France 
(IAEA, 2012; World Nuclear News, 2022; Gutting, 2025). It is crucial for 
future planning to prevent such emergency situations. This also means 
that the energy system must be further diversified. Dependence on a 
single energy resource can be precarious, as demonstrated by Germany’s 
reliance on Russian gas following the Russian invasion of Ukraine 
(Wettengel, 2024).

Energy operators such as EDF are trying to limit the water con
sumption of their nuclear power plants with cooling towers (EDF, 2023). 
Nevertheless, even if water consumption can be reduced, water will still 
be returned slightly warmer and in combination with a generally higher 
water consumption and higher air temperatures, the impact on the 
aquatic environment will still be perceived negatively. Retrofitting nu
clear power plants might be a short-term solution, but nuclear has never 
been a cheap energy source and more investment into innovation will 
very likely not change this (von Hirschhausen, 2023).

Finally, in environmental terms, the combination of global warming 
and existing thermal pollution problems is certain to have severe 
adverse effects on riverine ecosystems. We have demonstrated that these 
effects are more multifaceted, complex, and interrelated than typically 
assumed in political discussions about nuclear energy.
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plants. Électricité de France. https://czech-republic.edf.com/en/edf-looks-for-w 
ays-how-to-reduce-water-consumption-in-its-nuclear-power-plants. (Accessed 1 
November 2024).

Elliott, J.M., 1981. Some aspects of thermal stress on freshwater teleosts. In: Pickering, A. 
D. (Ed.), Stress and Fish. Academic Press, London, pp. 209–245.

Elliott, J.M., Hurley, M.A., 2001. Modelling growth of brown trout, Salmo trutta, in terms 
of weight and energy units. Freshw. Biol. 46 (5), 679–692. https://doi.org/10.1046/ 
j.1365-2427.2001.00705.x.

European Commission, 2022. EU taxonomy. Accelerating Sustainable Investments. 
European Union. https://ec.europa.eu/commission/presscorner/detail/en/ip 
_22_711. (Accessed 31 March 2024).

European Parliament and Council of the European Union, 2006. Directive 2006/44/EC of 
the European Parliament and of the Council of 6 September 2006 on the Quality of 
Fresh Waters Needing Protection or Improvement in Order to Support Fish Life. 
European Parliament. https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex 
%3A32006L0044. (Accessed 28 October 2024).

European Parliament and European Council, 2000. Directive 2000/60/EC of the 
European Parliament and of the Council of 23 October 2000 establishing a 
framework for Community action in the field of water policy. https://eur-lex.europa. 
eu/eli/dir/2000/60. (Accessed 15 August 2024).

Farhat, E., 2024. Italy Turns to French Nuclear Power to Cool Heat Wave. Bloomberg, 22 
July. https://www.bloomberg.com/news/articles/2024-07-22/italy-turns-to-french- 
nuclear-power-to-cool-heat-wave. (Accessed 4 November 2024).

Genscher, H.-D., 1972. Thermische Belastung von Gewässern durch Kernkraftwerke. 
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(Eds.), The Nuclear-Water Nexus. MIT Press, Cambridge, Massachusetts, pp. 1–19.

Holdren, J.P., 2007. Energy and sustainability. Science 315, 737.
Hornborg, A., 2023. The Magic of Technology. The Machine as a Transformation of 

Slavery. Routledge, London, New York. 
Huria, S., 2025. The unsustainability of India’s nuclear energy policy: resisting the 
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