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Historical Heat Wave Performance Analysis of
European Energy Systems (2018-2024)

The period from 2018 to 2024 has been marked by an unprecedented frequency and intensity
of heat waves across Europe, profoundly affecting the continent's energy systems. This report
provides a comprehensive analysis of how major heat waves have impacted nuclear and thermal
power plant operations, river transport logistics, electricity markets, and the overall resilience of
energy infrastructure in France, Germany, and other EU countries. Drawing on a wide range of
sources, the report evaluates the duration and severity of energy constraints during each major
event, regional differences in vulnerability, and the lessons learned for future adaptation.

Executive Summary

Between 2018 and 2024, Europe experienced several record-breaking heat waves, each testing
the limits of its energy infrastructure. Nuclear power plants, particularly in France and Germany,
faced recurring curtailments and capacity reductions due to elevated river temperatures and
diminished flows, directly impacting their cooling capabilities[ll 121 [31 [4] [S] [6] [7] [8] [9] [10] [11]
Thermal power stations, reliant on river water for cooling, also suffered efficiency losses and
output reductions during extreme temperature periods [81 1121 91 [ Rjver transport on the
Rhine and Danube was frequently disrupted by low water levels, restricting deliveries of coal and
other fuels essential for power generation[1 121, These combined factors contributed to notable
electricity price spikes, especially in regions heavily dependent on nuclear and thermal
generationZL 31 The severity and duration of energy constraints varied across events and
regions, revealing both vulnerabilities and strengths in system resilience. Lessons from each heat
wave have informed technical, regulatory, and operational adaptations, shaping a more robust
energy system for the future.

Nuclear Plant Curtailments and Capacity Reductions During Heat Waves

France: The Epicenter of Nuclear Curtailments

France, with its extensive fleet of 56—-58 nuclear reactors providing over two-thirds of national
electricity, has been particularly vulnerable to heat wave-induced curtailments[3l [41 [5]1 [71[8] [9]
[01 M| The majority of these reactors are sited along rivers such as the Rhéne and Garonne,
making them dependent on adequate water flow and temperature for cooling.

2018 Heat Wave

The summer of 2018 saw several French nuclear reactors forced to reduce output or shut down
temporarily as river temperatures exceeded regulatory thresholds[3l [0l [ EDF, the national
operator, closed reactors at the Golfech and Tricastin plants due to high water temperatures in



the Garonne and Rhéne rivers. Regulations require curtailment when river temperatures surpass
28°C or when flows are insufficient to dissipate heat, to prevent ecological harm[10l 1

2019 Heat Wave

In June and July 2019, France endured two distinct heat waves, with temperatures exceeding
45°C for the first time in recorded historyIgl Dol M six reactors experienced output
curtailments, and two were shut down to avoid breaching environmental limits on river water
temperature@lmlml. At the peak, French nuclear generation was reduced by around 5.2 GW,
or 8% of Capacityml. Despite these reductions, grid stability was maintained, aided by lower
summer demand and the flexibility of the remaining fleet 12 [

2022-2024: Recurring Challenges and Adaptations

The 2022 heat wave was notable for record-low nuclear availability in France, with capacity
dipping to around 40% for a month, although much of this was due to extended maintenance
shutdowns and corrosion issues, compounded by weather-related curtailments[21 181181 |n 2023
and 2024, similar patterns emerged, with reactors along the Rhéne, such as Bugey and Saint-
Alban, regularly reducing output during heat events!4l [S1[Z1[8] 'Regulatory waivers were
occasionally granted to allow continued operation when supply security was at risk 41 [8],

EDF estimates that annual production losses linked to water resource constraints currently
amount to about 0.3% of total output, projected to rise to 1.5% by 205041181 At peak times,
less than 5% of European nuclear capacity has been unavailable due to heat wave curtailments,
with France accounting for the majority of these events[2l [61[13]

Germany and Other EU Countries: Similar Patterns, Different Scales

Germany's nuclear fleet, though smaller than France's and now largely phased out, also faced
curtailments during heat waves, particularly at plants drawing cooling water from riverslll 1311121
The Grohnde and Brokdorf plants in northern Germany reduced output in 2019 due to high river
temperatureslll. Hard coal-fired and gas-fired stations, such as those in Karlsruhe and
Dormagen, were similarly affected, with some plants forced to shut down or reduce generation
due to cooling constraintsl [12]

Other European countries, including Switzerland, Belgium, and Spain, reported temporary
nuclear or thermal plant curtailments during heat events, but the scale and impact were
generally less pronounced than in France3l 16181

Technical and Regulatory Responses

The recurring nature of heat wave curtailments has prompted both technical and regulatory
adaptations. French authorities have occasionally granted temporary exemptions to discharge
warmer water, balancing ecological protection with grid securitylﬂ@“&l. Technical options,
such as recirculating or indirect wet cooling, are available and have been implemented at some
sites, reducing dependence on river waterl2 I8l Fyture projects may incorporate dry cooling,
although this is not yet commercially widespread in Europem@.



Thermal Power Plant Cooling Efficiency Losses and Output Reductions

Mechanisms of Cooling Efficiency Loss

Thermal power plants, including coal, gas, and nuclear stations, rely on water to absorb waste
heat and condense steam 81 [21 D1 M pyring heat waves, both the intake water temperature
and ambient air temperature rise, reducing the efficiency of heat exchange and limiting the
amount of waste heat that can be safely discharged into riversll [81[121 [91 [ ' Environmental
regulations restrict the discharge of hot water to protect aquatic ecosystems, further
constraining plant operations 1 [31 [12] [9] [1]

2018-2024: Case Studies of Output Reductions

Germany: 2018 and 2019

In both 2018 and 2019, German thermal plants experienced significant cooling efficiency losses.
The EnBW coal-fired plant in Karlsruhe was shut down in 2019 due to high river temperatures,
while RWE's hard coal plant in Westphalia faced fuel delivery constraints due to low Rhine water
levels[ 112l Gas-fired stations in Dormagen and Lingen also reduced output temporarilyﬂlm.
Despite these challenges, system security was maintained through increased renewable
generation and demand-side managementL1l 2],

France: Persistent Vulnerability

French thermal and nuclear plants along rivers faced similar constraints, with output reductions
at Bugey, Saint-Alban, Tricastin, and Golfech during multiple heat waves 4l [51 [71 [8] [9]1 [10] [1]
The magnitude of output loss varied by event, but typically ranged from a few hundred
megawatts to several gigawatts at the peak of curtailment. The impact on overall supply was
mitigated by the large size and flexibility of the French fleet, as well as by imports and increased
renewable generationlﬁl.

Other Regions

Thermal plants in Switzerland, Belgium, and the Netherlands also reported output reductions
during heat waves, especially those relying on river water for cooling 131 (81181 pjants with
closed-loop or air-cooled systems were less affected, highlighting the importance of
technological adaptation[2l 6]

Long-Term Trends and Adaptation

The frequency of cooling-related output reductions is expected to increase as climate change
intensifies heat waves and reduces river flowsI31 141161 Utilities and regulators are responding by
investing in alternative cooling technologies, improving forecasting, and updating operational
protocols to enhance system resilience(2l 6],



Rhine and Danube River Transport Disruptions and Impact on Fuel Deliveries

The Critical Role of River Transport

The Rhine and Danube rivers are vital arteries for the transport of coal, oil, and other bulk fuels to
power plants and industrial facilities across central Europelll 12, During heat waves, prolonged
droughts often accompany high temperatures, leading to critically low water levels that restrict
navigation and reduce cargo capacity 1 [12]

2018 and 2019: Severe Disruptions

Rhine River: Bottlenecks and Economic Impact

In 2018 and 2019, the Rhine experienced some of the lowest water levels on record, particularly
near Cologne and Bingenﬂl[ﬁl. Barges were forced to reduce their loads by up to two-thirds,
dramatically increasing transportation costs and delaying deliveries of coal and other fuels to
power stationst1 2L RWE and other operators had to carefully manage fuel inventories and
adjust plant operations in response to these constraints 112

Danube River: Similar Challenges

The Danube also faced navigation restrictions during drought and heat wave periods, affecting
fuel deliveries to power plants in Germany, Austria, and eastern Europel2l. While the impact was
generally less severe than on the Rhine, it underscored the vulnerability of the energy system to
hydrological extremes.

Systemic Implications

These transport disruptions had cascading effects on energy supply chains, forcing utilities to
rely more heavily on stored fuels, alternative transport modes, or increased imports. The
resulting logistical challenges contributed to higher operating costs and, in some cases,
temporary output reductions at affected plants1 2l

Electricity Price Spikes During Heat Wave Periods

Market Dynamics and Regional Variations

Heat waves exert upward pressure on electricity prices through several mechanisms: increased
cooling demand, reduced generation from thermal and nuclear plants, and constraints on fuel
deliveriesZL 131 The magnitude of price spikes varies by country and region, reflecting
differences in market structure, generation mix, and interconnection capacity.



France: Modest Price Increases Amid Curtailments

Despite repeated curtailments of nuclear output, electricity prices in France during heat waves
have generally remained within the €40-60/MWh range, aided by strong interconnections and
the flexibility of the remaining fleet[2 Z1 18] For example, during the August 2024 heat wave,
French day-ahead prices settled at €31.01/MWh, compared to €93.15/MWh in Germany[mﬁl.
This price stability is partly due to lower summer demand and the ability to ramp up other forms
of generation or imports as needed 18l

Germany: Higher Price Volatility

Germany has experienced more pronounced price spikes during heat waves, driven by reduced
output from thermal plants, low wind generation, and increased demand for cooling 1 IZ1 1131 |n
July 2019, for instance, prices on the Epex Spot exchange reached €93.15/MWh, reflecting tight
supply conditions and high demandZl 1381 Similar patterns were observed in 2018 and 2022,

with price volatility exacerbated by constraints on coal deliveries and renewable output[ll 121
13l

Other Regions

Southern and eastern European countries, with less nuclear capacity and higher dependence on
imports, have also seen significant price increases during heat waves, particularly when regional
interconnections are constrained (21 131

Duration and Severity of Price Spikes

The duration of price spikes typically corresponds to the length of the heat wave and associated
supply constraints, ranging from a few days to several weeks. The severity is influenced by the
availability of alternative generation, storage, and cross-border flows [z 1131

Duration and Severity of Energy Constraints (2018, 2019, 2022, 2023)

2018: The New Normal

The 2018 heat wave marked a turning point, with prolonged high temperatures and drought
affecting much of northern and central Europe 31 121181 Nyclear and thermal plant curtailments
were widespread but generally short-lived, lasting from several hours to a few days at each
affected sitel31 121181 River transport disruptions on the Rhine persisted for weeks, causing
sustained logistical challenges[ll 1121

2019: Record Temperatures, Repeated Curtailments

In 2019, two major heat waves in June and July set new temperature records across western
Europe 141 [31 [91 [101 ] Nyclear and thermal plant curtailments in France and Germany lasted
several days at a time, with some reactors offline for up to a week [21 01 1] | River transport

constraints were again severe, with low water levels persisting for much of the summer{ll 121,



2022: Compound Stressors

The 2022 heat wave was distinguished by its combination of weather-related curtailments and
extended maintenance outages in the French nuclear fleet, resulting in record-low availability for
about a month[2 181 18] Tpe impact on electricity supply was mitigated by imports and
increased renewable generation, but the event underscored the system’s vulnerability to
compound stressors2l 6181

2023: Early Onset and Regional Variability

The 2023 heat wave arrived earlier in the summer, prompting output restrictions at French
nuclear plants from mid-July 3l 181, The duration of curtailments was generally shorter than in
previous years, aided by improved forecasting and operational flexibility 131 8] River transport
and electricity markets were less severely affected, reflecting regional differences in weather
patterns and system resilience 3l [8],

Regional Differences in Heat Wave Vulnerability and System Resilience

France: High Exposure, High Flexibility

France's reliance on river-cooled nuclear plants makes it highly vulnerable to heat wave-induced
curtailments 2 [81[41 [51 [6] [7] [8] [o] [l0o] [11] However, the large size and flexibility of the fleet,
combined with strong interconnections and diverse generation sources, have enabled the
system to absorb shocks without major supply disruptionslgl sl Regulatory frameworks allow

for temporary waivers when supply security is at risk, balancing ecological protection with grid
stabilitylﬂ@“&l.

Germany: Transitioning System, Persistent Challenges

Germany'’s energy transition (Energiewende) has reduced dependence on nuclear and coal, but
the system remains vulnerable to heat waves due to the continued reliance on river-cooled
thermal plants and the variability of wind and solar output 11 121 [131 The country has
demonstrated resilience through demand-side management, increased renewable generation,
and cross-border flows, but price volatility and logistical challenges persist 11 [121 [13]

Other Regions: Diverse Experiences

Southern and eastern European countries, with less nuclear capacity and greater reliance on
imports or hydro, have experienced varied impacts during heat waves!Zl 131 Regions with
robust interconnections and flexible generation mixes have generally fared better, while those
with limited infrastructure or high dependence on vulnerable assets have faced more severe
constraintsZl [131,



Lessons Learned and System Adaptations

Technical and Operational Adaptations

Repeated heat wave events have driven significant technical and operational changes across
European energy systems. Utilities have invested in alternative cooling technologies, such as
recirculating or indirect wet cooling, to reduce dependence on river water2l I8 |mproved
forecasting and real-time monitoring have enhanced the ability to anticipate and manage
curtailments (2l [6], Regulatory frameworks have evolved to allow temporary waivers or
exemptions when necessary, balancing environmental protection with supply security41 [81 101

Market and Policy Responses

Electricity markets have adapted to increased volatility through enhanced demand response,
storage, and cross-border trading{Zl 131 Policymakers have prioritized investments in grid
infrastructure, interconnections, and flexible generation to enhance system resiliencel2l 18] The
experience of 2022, in particular, highlighted the importance of maintaining a diverse and
flexible generation mix, as well as the need for proactive maintenance and modernization of
aging assets!2l.

Strategic Lessons

The key lessons from 2018-2024 can be summarized as follows: Heat wave-induced
curtailments of nuclear and thermal plants are a manageable but recurring risk, requiring
ongoing adaptation. System resilience depends on flexibility, diversity, and robust
interconnections. Technical solutions exist to mitigate cooling constraints, but regulatory and
operational agility are equally important. The increasing frequency and intensity of heat waves
underscore the need for continued investment in adaptation and decarbonization.

Conclusion

The historical performance of European energy systems during major heat waves from 2018 to
2024 reveals a complex interplay of vulnerabilities and strengths. While nuclear and thermal
plant curtailments have been a recurring challenge, the overall resilience of the system has been
maintained through technical, operational, and market adaptations. River transport disruptions
and electricity price spikes have exposed specific weaknesses, but also driven innovation and
investment. Regional differences in vulnerability reflect the diversity of Europe’s energy
landscape, but common lessons and solutions are emerging. As heat waves become more
frequent and severe, continued adaptation and modernization will be essential to ensure a
secure, sustainable, and resilient energy future for Europe.
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