
What solutions for the railway 
sector to adapt to climate change? 
Elements of socio-economic 
analysis
The extreme weather conditions that occurred in France 
in 2022 caused major disruptions to the national rail 
network. These resulted in delays, service cancellations, 
and additional maintenance costs, with socio-economic 
costs estimated at tens of millions of euros. In a context 
of expected intensification of these hazards, and of the 
need for efficient public spending, adapting the railway 
sector becomes imperative.
This study is a first step in developing a methodology for 
assessing the costs and benefits of adaptation solutions 
by compiling and analyzing a catalog of 59 adaptation 
solutions, with a strong focus on measures targeting heat 
waves and flooding. The multi-criteria analysis conducted 
on this catalog and the socioeconomic assessment of 
certain solutions highlight the following observations: 
the high effectiveness of maintenance and monitoring 
solutions, which also have relatively low costs and time 
horizons; the need for anticipation, with adaptation being 
taken into account from the investment planning phase 
in order to reduce costs; the need to develop integrated 
and territorialized strategies for effective adaptation. 

Current mitigation commitments would lead to an average 
warming of around +4°C in France by 2100 [1]. In France, 
2022 was marked by historic drought, record forest fires, 
multiple episodes of torrential rain, intense and repeated 
heat waves [2], and an annual temperature 2.9°C higher than 
in the period 1900-1930 [3]. With the IPCC considering an 
increase in the frequency and intensity of these events to be 
likely [4], such a climate could become the norm in the 
coming decades [5], based on current emission trajectories.

Whether directly or through associated disasters, these 
events have an impact on living organisms and human 
activities. It is therefore essential—in addition to mitigation 
efforts—to anticipate the impacts of global warming on this 
scale in order to minimize the associated risks and costs. 
Among other things, integrating climate projections into 

investment and infrastructure planning appears to be a 
necessary condition for avoiding the creation of stranded 
assets1 in the medium and long term. This requirement, 
which is necessary for resilience, is particularly critical for 
investments in infrastructure that is costly and has a long 
lifespan, such as in the rail sector.

The concept of resilience varies depending on the 
stakeholders and their priorities. For example, for SNCF 
Réseau (the French national infrastructure manager), it refers 
to preserving the integrity of infrastructure, while for railway 
operators, it translates into reliability and regularity of 
service. Therefore, having a clear and detailed vision of 
possible adaptation solutions, and in particular their 
respective socio-economic costs and benefits, appears to 
be an essential first step in informing public debate and 
decision-making, so that investments and public policies 
can then be optimally scaled. This approach enables to 
move on from reactive processes and limit as much as 
possible the economic losses associated with extreme 
weather events, while avoiding excessive spending on 
adaptation measures whose economic profitability has not 
been demonstrated. Currently, the existing literature on 
these points can be described as emerging [6] and needs 
to be consolidated. This study aims, from a socio-economic 
perspective, to analyze the nature of the costs incurred and 
to estimate some of them for the year 2022, then to shed 
light on the advantages and disadvantages associated with 
potential adaptation measures, first in qualitative terms and 
then quantitatively for some of them.

IMPACTS OF THE 2022 CLIMATE HAZARDS 
ON THE FRENCH RAILWAY SYSTEM

In order to implement coherent and effective adaptation 
plans in the rail sector, it is necessary to assess the impacts 
of climate hazards. The socio-economic approach allows 
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1 Refers to an investment that would lose value due to the impact of climate change or related policies.

https://www.ecologie.gouv.fr/sites/default/files/publications/catalogue_solutions_adaptation_ferroviaire_francais.xlsx
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these impacts to be measured through monetization, with 
the advantage of adopting a common metric. Quantifying 
some of these costs for the year 2022 allows us to 
understand the orders of magnitude at stake without 
prejudging the investments to be made in a changing future.

The impact of climate on rail services and infrastructure 
can be represented as a causal chain (Figure 1) stretching 
from the climate hazard causing the failure to the socio-

economic cost. This last link represents the "residual cost" 
(the extent of which depends on the level of adaptation of 
the rail system) and therefore informs the scale of the actions 
and investments to be made upstream in the causal chain. 
Adaptation measures are implemented to create breaks in 
the causal chain, thereby avoiding or reducing downstream 
social costs.

Figure 1: Causal chain of the socio-economic impact of climate on the rail system

Extreme
heat

Fires

Drought

Heavy rain,
floods, high
water levels,

and
submersion

Strong
winds

Frost, cold,
and snow

Time lost by users

Pertes de temps 
usagers

Time lost for
freight transport

Loss of toll
revenue

Compensation costs 
for delays/

cancellations

Costs of users
deciding not to travel

Loss of comfort 
and safety for users 

and staff

Operating costs
avoided in the event

of cancellation
of service

Operating costs of a 
replacement service

Negative effects 
on the operator's 

reputation

External costs
related to modal
shifts towards 

more externalities-
intensive modes

Claims/Repair costs 
for infrastructure

damage
and systems

Additional
maintenance costs

Temporary speed
restrictions

(TSR)

Cancellations
and service
disruptions

Discomfort 
for passengers 

and staff

Destruction (or risk 
of destruction) to 

the rail system

Accidents

Rail expansion (buckling)  
and derailment

Expansion of overhead lines and breaks

Expansion of structural works

Overheating of electrical  
and electronic systems

Overheating of on-board equipment

Destruction of installations

Collapse of earthworks  
due to desiccation

Shrinkage and swelling of clay

Flooding of tracks

Slope collapse and landslides

Risk of scouring of structures

Stagnant water in ballast

Erosion of coastal infrastructure

Damage to infrastructure  
and systems

Obstacles on tracks

Falling vegetation

Falling vertical structures

Damage to structures

Rail breakage and cracks

Obstruction by snow/ice

Freezing of technical installations

Implementation of 
replacement 

services 
replacement 

services

CLIMATE
RISKS

IMPACT ON SERVICE  
OR INFRASTRUCTURE

CONSEQUENCES SOCIO-ECONOMIC
COSTS

Source: CGDD



What solutions for the railway sector to adapt to climate change? 
Elements of socio-economic analysis

The quantification of many of these socio-economic 
costs remains complex. Many consequences are difficult to 
monetize (loss of passenger comfort, negative effects on 
the operator's reputation, etc.). Others are difficult to isolate 
(loss of attractiveness, "strategic" nature of a link, modal 
shift, etc.) because the causal chains are sometimes 
themselves complex to reconstruct. Finally, the data needed 
to quantify them is still incomplete. Consequently, the study 
focuses on a selection of costs that stand out in terms of 
scale and for which sufficiently robust estimation 
methodologies exist (Figure 2).

Based on events in 2022 (Box 1), the most significant 
cost item appears to be "loss of user and freight transport 
time." Amounting to tens of millions of euros in 2022, these 
costs are proportional to the delays accumulated during 
incidents related to adverse weather conditions, particularly 
when temporary speed restrictions (TSRs) are put in place, 
and are monetized using values of time (VoT) characterized 
according to the type of train (or the type of goods). This cost 
must be weighed against compensation paid to users, 

recorded here under operating losses, based on details of 
delays/cancellations and the refund policies of the various 
rail services. For this item, the associated losses for railway 
operators are estimated at several million euros. This item 
alone can amount to more than €10 million in 2022 for 
certain types of hazards, such as strong winds, which can 
for instance result in obstacles falling onto the tracks (three 
quarters of incidents for this hazard). To a lesser extent (up 
to €5 million depending on the hazard), traffic cancellations 
also impact transfers related to tolls collected by the 
infrastructure manager (or avoided expenses for railway 
operators, depending on the point of view).

Finally, some incidents require repairs to infrastructure 
and railway systems in order to restore service to normal 
operating conditions. These costs are partially estimated 
here based on claims reported by the manager to insurance 
companies (not exhaustive, the manager being its own 
insurer for numerous events) and broken down according to 
the different types of hazards and incidents, also amounting 
to millions of euros per hazard.

Figure 2: Socio-economic costs of climate hazards for the year 2022  
In € million2022

* Two types of fire incidents: "weather related" fires caused directly by climatic conditions (extreme heat or storms) and "other" fires caused by other factors (malicious acts,
technical faults, etc.). Regardless of the identified cause of the fire, weather conditions (droughts, heat waves, etc.) act as catalysts (or prerequisites, depending on the case)
for the spread of fire.
Note: as these costs are borne by different actors, and some take the form of inter-actor transfers that would cancel each other out in an overall socio-economic balance
assessment, these estimates should be used with caution and cannot be added together to calculate a total cost.
Source: CGDD
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BOX 1

The traffic incident reporting system: useful tools still to be improved 
The data used here is mainly extracted from the Bréhat database, which is part of the incident reporting system used by 
SNCF Réseau. Some 4,500 incidents related to weather conditions and fires that occurred in 2022 were selected and analyzed. 
The incidents are characterized (type, cause, location, etc.) and associated with a number of quantifications (minutes lost, 
services canceled). However, this system, which is very useful for monitoring traffic and its regularity, was not designed to enable 
such analyses and its use therefore shows numerous limitations.
Major incidents are partially invisible if they are prolonged and require, for example, repair work. They are then no longer identified 
as incidents caused by a natural hazard, even though they can individually have as much impact as thousands of minor incidents. 
Similarly, incidents for which climatic conditions are not the triggering factor are not identified as being correlated with them. This 
is particularly true for fires, for which climatic conditions may be a necessary condition without being the trigger.
Furthermore, the characterization of incidents does not allow for a detailed identification of the causal chain in action (Figure 1) 
and does not include information on the characteristics of the impacted subsystem. Finally, incidents are difficult to match with 
maintenance actions and additional repairs, which are treated separately.
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This catalog, compiled mainly from interviews with 
experts, reveals a number of general lessons. First, it appears 
that nearly half of the solutions identified address extreme 
heat events and one-third address flooding. In addition, 
many solutions for extreme heat appear to be "innovative". 
The level of knowledge associated with these solutions is 
therefore generally lower than for solutions dealing with 
flooding. Despite around 20 solutions dealing with the 
adaptation of maintenance or services, two-thirds of the 
solutions identified deal with the adaptation of assets (rolling 
stock or fixed equipment). Although generally assessed as 
effective, these solutions have also been assessed as having 
high implementation costs and timescales, unlike solutions 
dealing with the adaptation of maintenance and monitoring, 
which are highly effective despite relatively low costs and 
timeframes.

Some adaptation solutions can offer indirect positive 
effects beyond adaptation (co-benefits). Conversely, 
if poorly designed, they can increase society's vulnerability 
to climate change rather than reducing it (maladaptation). 
These dynamics must be studied on a case-by-case basis, 
but the catalog nevertheless allows us to draw some 
observations. For example, nature-based solutions (NBS) 
logically stand out for their ability to generate co-benefits, 
whereas no distinction seems to be made between the other 
types of solutions studied. In terms of maladaptation, 
the catalog suggests that solutions involving maintenance 
and monitoring present the least risk.

Designing adaptation solutions with a systemic approach
Developing an effective adaptation strategy requires an 
integrated approach rather than an isolated analysis of 
solutions. With this in mind, the solutions implemented 
should be consistent with an overall strategy, taking into 
account the vulnerability of the rail system to future climate 
conditions, based on its intrinsic sensitivities and exposure 
hazards. With an objective of achieving technical and 
economic optimization, their selection and coordination are 
based, as far as possible, on an approach aimed at 
maximizing their socioeconomic profitability while ensuring 

Although all hazards seem to have costs of the same 
order of magnitude, strong winds appear to have the 
greatest impact on all items. However, it is important to note 
that, in line with the scenarios adopted by SNCF Réseau [7], 
there is no clear trend regarding the future evolution of the 
frequency of strong wind events (and storms), whereas an 
increase in the frequency of heat waves and heavy rainfall 
is now established (as well as a decrease in snow and frost 
events) [8].

CATALOGUE OF ADAPTATION SOLUTIONS
AND MULTICRITERIA ANALYSIS

While the impacts of climate change on rail services and 
infrastructure are relatively well known and documented, 
there is currently little cross-disciplinary research on 
adaptation solutions. To contribute to this field, 59 adaptation 
solutions have been compiled in a catalog as part of this 
study (Box 2).

This catalog and the multi-criteria comparative analysis 
it contains were developed with a focus on the needs of the 
French case. The list of solutions was compiled from 
bibliographic resources and interviews with more than 
20  international experts. Following these interviews, 
the experts were asked to evaluate the solutions qualitatively 
based on a number of key criteria (Figure 3). Finally, 
bibliometric analyses were carried out in order to rank 
adaptation solutions according to the number of academic 
publications and existing patents relating to them. 
The findings presented in this section are the authors' 
interpretation of the results obtained using these methods. 
The aim of this catalog is to provide an overview of the 
adaptation solutions that exist to date and to compare them 
based on objective criteria in order to take the first step 
toward mobilizing them. The evaluation of solutions carried 
out here, although basic because it is not contextualized, 
allows for a qualitative assessment of the performance of 
the solutions as well as the level of existing knowledge about 
them, in order to effectively guide future research directions.

BOX 2

Catalog content and access 
The catalog can be consulted on the website of the Ministry of Ecology.
For each adaptation solution, there are purely descriptive characteristics (type of solution, climate hazard addressed, etc.) 
and others that aim to evaluate and compare them (technical maturity, effectiveness, costs, etc.) - (Figure 3). 

In particular, the solutions are classified according to a typology structured around three axes: adaptation of infrastructure and 
systems, adaptation of services and operations, and adaptation of maintenance and monitoring.

Source: CGDD

Figure 3: excerpt from the catalog of adaptation solutions
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COSTS AND BENEFITS OF CERTAIN HEATWAVE 
ADAPTATION MEASURES 

This part of the study is not based on a prospective scenario 
and considers 2022 as the baseline, comparing it to various 
adaptation investment scenarios described below (Box 3). 
The objective is to answer the following question: what 
would have been the costs and benefits associated with 
implementing certain adaptation measures in response to 
the heat waves that occurred in 2022?

Systematically integrate coherent adaptation solutions into 
existing and future investment programs and modernization 
processes
Adapting assets generally involves significant investment, 
which can result in seemingly unfavorable cost-benefit ratios 
if adaptation measures are implemented on an ad hoc basis. 
For example, the annual cost of installing catenary tensioning 
systems on affected rail lines not equipped with this 
technology in 2022 is estimated at between €25 million(A) and 
€305 million(B) (Box 3). As for the replacement of wooden 
sleepers with concrete sleepers, the annual cost is between 
€10 million(A) and €40 million(B). In comparison, the expected 
adaptation benefits for 2022 could reach €2 million(A,B) for 
these two solutions. These results must be interpreted with 
caution: at first glance, the assessment could conclude that 
it is not appropriate to adapt the assets. However, in many 
cases, the solutions implemented are not solely aimed at 
addressing climate issues. They are often part of a broader 
approach to improving the overall performance of the rail 
system, which is justified in itself: optimizing operations, 
enhancing safety, reducing energy consumption, lowering 
maintenance costs, and improving the robustness of the 
network. Maintaining investment in the modernization and 
regeneration of the rail system is therefore an essential first 
step in strengthening the resilience of the rail system to 
climate hazards. Furthermore, integrating adaptation 
solutions into rail infrastructure renewal processes that are 
already underway reduces overall costs compared to an 
alternative scenario based on retrofitting2.

One example concerns changing the rail installation 
temperature (neutralization temperature), which defines the 
rail's operating range. Increasing this temperature allows the 
network to adapt to higher temperatures and heat waves, 
which are expected to become more frequent in the future. 
Implemented in 2022, outside of a scheduled renewal, this 
measure could have cost between €50 million(A) and 
€145 million(B), with a potential benefit of around €10 million(A,B). 
However, if it is applied during track regeneration operations 
in exposed areas, the additional cost of this measure 
becomes virtually zero, limited to the adjustment of the laying 
temperature.

Some ad hoc asset adaptation solutions can be evaluated 
more easily, provided that there is detailed knowledge of their 
physical effectiveness. This is the case with the application 
of white paint to reduce rail temperatures. Its deployment, 
within the scenarios studied, would have had an annual cost 
of between €400 million(A) and €1.2 billion(B),for benefits of up 
to €10 million(A,B) only, heavily dependent on the wear and tear 
of the paint due to rail traffic. Therefore, while large-scale 
deployment seems unlikely, this solution could be considered 
in specific cases: lines with sharp curves, structures identified 
as sensitive, switches, etc.

However, for many adaptation solutions, socioeconomic 
evaluation remains impossible due to their physical 

their compatibility with cross-cutting objectives, in particular 
in regards to the mitigation of greenhouse gas emissions 
and the protection of biodiversity.

Identification of "limiting subsystems"
Identifying "limiting subsystems"—those that would be the 
first to fail in the event of a hazard—is an essential first step 
in deploying an effective adaptation strategy [9]. 
For example, a solution that aims solely to increase the 
neutralization temperature of rails, without first or 
simultaneously addressing the issue of catenary tensioning, 
may prove ineffective if the operating range of the catenaries 
is found t o be lower than that of the rails. Identifying and 
adapting these subsystems to the future climate would 
therefore be a minimum first step. As the critical subsystems 
of railway lines vary depending on many factors 
(geographical location, age of infrastructure, etc.), this 
exercise must be carried out at the local level, using 
vulnerability assessments, which have already been initiated 
by the SNCF.

A multi-risk approach
To effectively scale adaptation policies and related 
investments, the approach must consider all hazards that 
may occur in the perimeter under study. Ideally, the 
socioeconomic assessment of adaptation strategies should 
follow the same approach, considering all costs related to 
each hazard to which the rail system is exposed, as well as 
their combined effects (e.g., increased risk of landslides 
during alternating periods of drought and heavy rain). 
In contexts where several hazards overlap, it seems 
appropriate to favor solutions that offer protection against 
several risks simultaneously: for example, the use of 
concrete sleepers (replacing wooden sleepers) reduces the 
risk of rail deformation while improving resilience to floods 
and fires. For a comprehensive assessment, it would 
therefore be advisable to include the associated costs other 
than adaptation (in particular the material and carbon 
footprint of concrete in our example).

Compatibility of solutions and synergy with other climate 
objectives
The compatibility of the solutions implemented and their 
contribution to strengthening the overall resilience of the 
rail system are key objectives to be achieved. The interviews 
conducted as part of this study highlight that certain 
solutions can be mutually reinforcing, such as the 
combination of white roofs for rolling stock and on-board 
air condit ioning: l imit ing heat absorption while 
compensating for residual temperature increases, thereby 
improving thermal comfort. This type of measures also 
generate climate co-benefits: by reducing the heating of 
trains, white roofs lower energy consumption by minimizing 
the use of air conditioning. Solutions that provide beneficial 
redundancy or synergies with cross-cutting objectives 
should be prioritized whenever possible. Conversely, the 
implementation of adaptation solutions should be designed 
in such a way as not to exacerbate other risks (for example, 
vegetation shade, although effective in limiting temperature 
rise, can increase the risk of forest fires, falling trees, and 
leaves on the tracks).

A rigorous analysis of the interactions between adaptation 
measures and risks is therefore essential in order to avoid 
maladaptation and optimize the resilience of the system, 
while contributing to cross-cutting climate objectives. 

2 Installation or modification of certain components within existing assets.
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adaptation solutions are not limited to infrastructure and 
systems. They also concern rail services and operations. 
These solutions aim to strengthen the resilience of the rail 
system to climate hazards by optimizing traffic management, 
traffic planning, and passenger comfort. Temporary speed 
restrictions (TSRs), the main adaptation solution 
implemented around the world [11], fall into this category. 
In France, these are imposed when the rail temperature is 
likely to exceed a certain value (45°C in many cases). SNCF 
Réseau estimates that between 2011 and 2021, the 
implementation of TSRs accounted for nearly half of the 
delays due to high temperatures on the rail network [12]. 
In the event of this hazard, TSRs help prevent serious 
accidents such as derailments. As an indication, in the 
United States, the average financial cost of a derailment 
linked to track buckling and/or heat-induced deformation is 
estimated at just under €1 million over the period 2017-2022 
[13]. This operational solution could be optimized with better 
regionalization of instructions for implementing TSRs, made 
possible by increased investment in monitoring and tracking. 
For example, more accurate monitoring of the temperatures 
of limiting subsystems would optimize the application of 
TSRs on a finer scale: the installation of rail temperature 

effectiveness still being poorly established. This is particularly 
the case for adaptation solutions associated with monitoring, 
maintenance, and operation. and services. Nevertheless, 
several innovative solutions mentioned in the literature are 
worth exploring. This is particularly true for the optimization 
of rail fastening systems, which are essential components 
for track stabilization. A  German study highlights, 
for example, that switching to a simple but innovative system 
would significantly increase the critical temperature of the 
rail before buckling [10]. Subject to experimental validation, 
this solution would have cost between €5 million(A) and 
€20 million(B) in 2022,with potential benefits of around 
€10 million(A,B).

Promoting regional adaptation, with a focus on measures 
related to services, operation, monitoring, and maintenance
Usually, rail adaptation strategies are defined at the regional 
level, in line with the risks that regions will face in the future. 
Regeneration and modernization processes must 
incorporate adaptation issues, adjusting procedures 
according to specific geographical characteristics (for 
example, it may be appropriate to modify the temperature 
at which rails are laid depending on the region). Furthermore, 

Figure 4: illustration of the assessment methodology used in the case of the catenary tensioning system

Source: CGDD

BOX 3

Methodology for evaluating adaptation solutions 
Two adaptation scenarios are considered:
• Scenario A: infrastructure manager with detailed and comprehensive knowledge of the vulnerabilities of its network, combined 
with accurate weather forecasts that are fully integrated into adaptation investment decisions.
• Scenario B: infrastructure manager with partial knowledge of the vulnerabilities of its network, as well as limited weather 
forecasts for heat waves.
The results, based on an analysis of previously estimated socio-economic costs, are presented in terms of orders of magnitude 
and should be interpreted with caution. The cost-benefit assessment methodology (avoided costs) of a given solution is based on 
a GIS (geographic information system) analysis. This approach is based on the intersection of the characteristics of the rail 
network with the location of heatwave-related incidents (Figure 4). In scenario B, due to less knowledge, adaptation solutions 
are less precisely targeted geographically. (A) and (B) are used to indicate the scenario being referred to. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
It is important to note that the benefits considered here are only those associated with adaptation to heat waves and do not 
capture the full benefits generated by the implementation of these solutions.
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sensors (a solution currently being deployed on an 
experimental basis by SNCF Réseau) would promote more 
targeted management of TSRs, thereby improving their 
effectiveness and generating benefits of up to €5 million(A,B) 
for 2022,at a cost of between €1 million(A) and €2 million(B). 
Strengthening monitoring and alert capabilities and 
increasing maintenance and servicing resources could prove 
to be the most efficient adaptation measure.
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