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Outline
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1. The model



Modes: road, rail, inland waterway, lake, maritime, air

Costs: damage to infrastructure, disruption to service

Users: risk-averse individuals & firms

Means of adaptation:

• Users: self-protection and insurance

• Government: enhanced infrastructure protection

4

Scope of model
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The setting

Demand for a transportation service

One mode/route is preferred, but risky.

Two states:

0: Normal
1: Disrupted by a shock
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User strategies

Users choose one of three strategies:

Strategy N (adopted by Group N):

Purchase insurance

ቐ

In normal conditions: Use risky mode

During a shock: Continue with risky mode

or forgo service

Rail: Speed restrictions, trains held, trains rerouted
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User strategies

Users choose one of three strategies:

Strategy N (adopted by Group N):

Purchase insurance

ቐ

In normal conditions: Use risky mode

During a shock: Continue with risky mode

or forgo service

Rail: Speed restrictions, trains held, trains rerouted

Strategy A  (adopted by Group A):

Purchase insurance
Invest in “self-protection” 

ቊ
In normal conditions: Use risky mode

During a shock: Use substitute

Substitute: another mode, route, or supplier; storage
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User strategies

Users choose one of three strategies:

Strategy N (adopted by Group N):

Purchase insurance

ቐ

In normal conditions: Use risky mode

During a shock: Continue with risky mode

or forgo service

Rail: Speed restrictions, trains held, trains rerouted

Strategy A  (adopted by Group A):

Purchase insurance
Invest in “self-protection” 

ቊ
In normal conditions: Use risky mode

During a shock: Use substitute

Substitute: another mode, route, or supplier; storage

Strategy O (adopted by Group O): 

Avoid risky mode and use a risk-free alternative.
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Rail user strategies

Group N

Buy insurance

No

shock
Shock

Rail Rail or 
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Rail user strategies

Group N

Buy insurance

No

shock
Shock

Rail Rail or 

Group A

Self-protect

No

shock
Shock

Rail Road

Buy insurance
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Rail user strategies

Group N

Buy insurance

No

shock
Shock

Rail Rail or 

Group A

Self-protect

No

shock
Shock

Rail Road

Buy insurance

Group O

Choose risk-free 

alternative

No

shock
Shock

 Alternative →



12

Other players

Government

Insurance companies Set competitive insurance premium 

Infrastructure protection

Maybe: subsidize insurance
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Notation
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Utility functions

Group N
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Utility functions

Group N

Group A
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Utility functions

Group N

Group A

Group O
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Utility functions

Group N

Group A

Group O

Users differ with respect to  and .
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2. General analytical results
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Group N

If insurance is priced at actuarial odds

Users buy full insurance.

Otherwise, buy less

No insurance is bought if

(𝑐𝑟= 𝑥):
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Supply curve
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High premium: no insurance
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Group A

If insurance is priced at actuarial odds

Users obtain full protection (self-protection + insurance)

Otherwise, obtain less

Insurance and self-protection are substitutes:
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Group A

Properties of interior solution

Effects of probability of shock:

Effects of insurance premium:
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Choice of strategy (and group)

Difficulty of self-protection, α
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3. Constant Absolute Risk Aversion
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Group N

Quantify loss of utility due to risk using Equivalent Variation (EV)
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Group N

Quantify loss of utility due to risk using Equivalent Variation (EV)

With CARA preferences
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Group A

Equivalent Variation
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Group A

Equivalent Variation

With CARA preferences

To get analytical solution, choose a tractable form for self-protection function:

User self-protects if:
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Group A

Interior solution
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Total social costs
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4. Numerical example
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Parameterization



A (2093) N (2526)

O (2333) O (3046)

β

α
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Self-protection Insurance Equiv. Var.

Adaptation

€ € €

Difficulty of self-protection, α Difficulty of self-protection, α Difficulty of self-protection, α
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Varying the probability of shocks
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Varying the probability of shocks
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Varying the probability of shocks
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Misperception of risks
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Misperception of risks

A (2585) N (3152)

O (1841) O (2422)

β

α

β

α

A (2093) N (2526)

O (2333) O (3046)

Groups A and N expand.
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Misperception of risks

Insurance [€]

Equivalent

Variation [€]

Difficulty of self-protection, α Difficulty of self-protection, α

Difficulty of self-protection, α Difficulty of self-protection, α

86,588 15,000

5,466 6,600



49

Misperception of risks & Government intervention

Two instruments:

• Subsidize insurance

• Enhance infrastructure protection

Scope for adjustment by users:

• Flexible: self-protection, insurance, and group

• Inflexible: only insurance
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Misperception of risks & Government intervention

Welfare improvement higher with flexible adaptation
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Misperception of risks & Government intervention

With inflexibility, users less able to self-protect may end up better off

Insurance subsidy Greater infrastructure protection

𝜋 𝜋

Difficulty of self-protection, α

Equiv Var. 

[€]

Difficulty of self-protection, α

Equiv Var. 

[€]
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5. Constant Relative Risk Aversion
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Comparison of CRRA and CARA

Similarities to CARA:

• With actuarially fair insurance: complete protection

• Amount of self-protection is the same

Differences from CARA:

• With less than actuarially fair insurance: coverage decreases 

with income, and increases with size of shock
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Comparison of CRRA and CARA

Combinations of income (y) and index of relative risk aversion () 

yielding same EV for Group N in base case as with CARA
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6. Conclusions



Empirical example

Rail with road alternative ?

Inland waterway with road alternative ?
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Potential extensions



Insurance

• Incomplete coverage, use of deductibles, self-protection requirements,

prevalence of self-insurance

Misperceptions

• Insurance companies underestimate risks, fail to raise insurance

premiums quickly as climate hazards rise

• Government may also underestimate risks

Moral hazard

• Following a shock, government compensates users for some of their

losses that are not covered by insurance
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Potential extensions



Damage and loss caused by a shock

• Replace single-valued user losses and infrastructure damage by

probability distributions

• Additional losses to supply chains, the environment, etc

• Assume government protection reduces not only the probability of a

shock, but also damage

Externalities

• Congestion or infrastructure damage

• Add an infrastructure manager as a player. The manager cares about the

infrastructure and users of it, but not Group O or insurance companies.
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Potential extensions
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1. Introduction



“any behavior, investment or other decision taken in direct

response to realized or anticipated changes in the climate”

Carleton et al. (2024, p.2)
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Definition of adaptation



Ex ante or up-front

build a dyke
reinforce infrastructure
relocate infrastructure

Periodic/intermittent. When threat reaches a threshold 

maintain and/or rehabilitate roads
manage vegetation
stockpile

Ex post

reduce train speed
reschedule rail maintenance to nighttime
use smaller barges
disaster recovery
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Types of adaptation
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Rail
Garrett and Amekudzi-Kennedy (2025)Ex ante  Periodic Ex post

Threat Impact Adaptation options 

Extreme heat 

Track buckling 

Temperature sensors 

Paint rails white 

Nature-based solutions: green corridors, 

vegetation shading, vegetation management 

Impair structural 

integrity 

Concrete mixes with less drying shrinkage and 

reduced thermal expansion 

Concrete joints accommodating potential 

expansion 

Sagging of overhead line 

equipment 

Upgrade wiring systems 

Auto-tension systems that adjust lines according 

to temperature 

Worker health Alternative construction days 

Passenger health Ventilation inside stations 

General 

Stockpile resources 

Reroute trains 

Reduce or hold traffic 

Speed restrictions 
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Rail
Garrett and Amekudzi-Kennedy (2025)Ex ante  Periodic Ex post

Threat Impact Adaptation options 

Winter weather 

Track deformation 

breaks, cracks 

Insulate embankments and air ducts 

Sun sheds 

Track blockages or 

 Signal failures 

Signal hoods 

Heat conductor rails 

Earthwork failures 
Geothermal piles 

Rock slope stabilization 

High 

precipitation 

Bridge scour Foundation countermeasures 

Flooding of track 
Elevation of track 

Maintenance and upgrade of drainage 

Failure of earthworks 

slope 

Slope risk evaluation model 

Natural drainage 

Vegetation management 

Excessive moisture 

content weakens the 

subgrade 

Monitor using piezometers and tensiometers 

Droughts 
Risk of earthworks failure 

Misalignment of assets 

Green walls and embankments 

Reinforce tracks with stone 

Re-ballasting and tamping 

Realign rails 
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Rail

Threat Impact Adaptation options 

Extreme winds 
Damage to infrastructure 

Track blockages 

Vegetation management including tree-free 

zones, shelterbelts 

Wildfire 

Falling trees 

Overheating of tracks 

Damage to overhead lines 

Tree-free zones in rail corridor 

Vegetation management along tracks 

Staff or maintenance 

working conditions 
Revised scheduling and maintenance plans 

 

Garrett and Amekudzi-Kennedy (2025)Ex ante  Periodic Ex post
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Players and strategies

Government
Infrastructure protection (G)   → Prob. of a shock

Subsidize insurance

Insurance companies Set competitive insurance premium 𝑐𝑟 = 1 +𝑚 𝑥
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Players and strategies

Government
Infrastructure protection (G)   → Prob. of a shock

Subsidize insurance

Insurance companies Set competitive insurance premium 𝑐𝑟 = 1 +𝑚 𝑥

Users

Group N

Buy insurance (RN)

No

shock
Shock

Rail Rail or 
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Players and strategies

Government
Infrastructure protection (G)   → Prob. of a shock

Subsidize insurance

Insurance companies Set competitive insurance premium 𝑐𝑟 = 1 +𝑚 𝑥

Users

Group N

Buy insurance (RN)

No

shock
Shock

Rail Rail or 

Group A

Self-protect (A→ P)

No

shock
Shock

Rail Road

Buy insurance (RA)
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Players and strategies

Government
Infrastructure protection (G)   → Prob. of a shock

Subsidize insurance

Insurance companies Set competitive insurance premium 𝑐𝑟 = 1 +𝑚 𝑥

Users

Group N

Buy insurance (RN)

No

shock
Shock

Rail Rail or 

Group A

Self-protect (A→ P)

No

shock
Shock

Rail Road

Buy insurance (RA)

Group O

Choose risk-free 

alternative

No

shock
Shock

 Alternative →



74

Group N

If insurance is priced at actuarial odds

Users buy full insurance:

Otherwise

No insurance is bought if

(𝑐𝑟= 𝑥):
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Group A

Insurance and self-protection are substitutes:

If insurance is priced at actuarially-fair odds, users obtain full protection:

Otherwise:
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Group A

Joint optimum for A and RA

Equalize expected benefits from self-protection and insurance:

Effects of probability of shock:

Effects of probability of insurance premium:
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Group A: Graphical exposition

and corner solutions
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Misperception of risks

A (2585) N (3152)

O (1841) O (2422)

β

α

β

α

A (2093) N (2526)

O (2333) O (3046)

Groups A and N expand.
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Misperception of risks

A (2585) N (3152)

O (1841) O (2422)

β

α

N (5184)

O (2954)

A (1194)

O (667)

β

α
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Total social costs


