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The ‘cost assessment cycle’ – a proposed framework for the integrated cost assessment of
natural hazards.

Reported costs of natural hazards are at historically high levels, and are increasing due to ever
more costly events with wide-scale effects. The Thailand flood in 2011, for example, shut
down scores of factories, damaging global car manufacturing and electronics industries.
Typhoon Haiyan in the Philippines in 2013 caused many casualties and displaced thousands
of people. Globally, natural hazards caused damage estimated at US$125 billion for 20131.
Property damage has doubled about every seven years over the past four decades2.

But such assessments generally do not reflect the complete set of costs of natural hazards,
which comprise direct, business interruption, indirect, intangible, and risk mitigation costs
(see Box 1 for definitions). In fact, most assessments account only for direct costs, and even
these are thought to be at least 50% higher than internationally reported3. Substantial indirect
and intangible damage, caused for instance by disruptions of global supply chains or
environmental and health impacts, are often neglected3.

A better understanding of total costs and their physical and societal drivers is needed for
efficient risk management4,5. Regions can be left under-protected unless all costs are
considered. Optimal investment in risk mitigation requires that each measure is used up to the
point where the marginal benefit of risk reduction is equal to the cost of achieving that
reduction6. Investment in risk management will be suboptimal unless the total costs of natural
hazards, including those of risk mitigation, are fully understood (see Supplementary
Information).

Efficient risk management requires a comprehensive analysis of the probabilities of extreme
events as well as of the various effects and associated costs that natural hazards evoke. A
generally accepted framework is the ‘risk management cycle’, which describes the
consecutive phases followed when aiming to reduce the impacts of hazardous events:
emergency response; recovery and reconstruction; risk analysis; and risk reduction (Fig. 1).

Costs arise in all phases of the risk management cycle and need to be comprehensively
assessed – more than they are at present – to improve risk management decisions. Such costs
comprise those for damage (including recovery) and risk mitigation. Damage costs include
direct, business interruption, indirect, and intangible costs. Risk mitigation costs arise due to
emergency response, planning (including risk analyses), and risk reduction measures.

Because budgets for risk management are limited, the choice of appropriate measures, the
assessment of the costs and effects of such measures, and their prioritization are crucial for
decision makers. Thus, cost assessments need to become an integral part of efficient risk
management, with the aim to minimize the total costs related to all the risk management
phases. Our vision for an integrated cost assessment in risk management is represented by
what we call the ‘cost assessment cycle’ (Fig. 1). It is based on a comprehensive compilation
and synthesis of currently available and applied methods for the cost assessment of natural
hazards7.

Natural hazard risk depends on climate variability, climate change, and changes in exposure
and vulnerability8. Because of its dynamic nature, cost assessment should be a continuous
process able to detect relevant changes in risk, and to initiate appropriate adaptation to
changes9. The objective is to establish a systemic cost assessment framework.

We propose a four-phase continuous costing, as described below.

Phase 1: Contextualization. Cost assessments are purpose-oriented10. This means that cost
assessments for a private company, a municipality, or a whole country differ in various
aspects. It is important to define clearly the aim and scope of the assessment and the relevant
hazards. Identifying system boundaries, such as spatial scale and time horizon, is also
important as these will determine the required analysis and assessment of cost categories. The
relevant cost categories are defined on the basis of preliminary assessments or expert
judgments. Socio-economic aspects that might influence the system’s recovery or response
after a hazardous event are taken into account.

Potential risk mitigation measures and strategies can be identified through open dialogue with
relevant stakeholders. The costs of these potential strategies are then assessed in the
following step.

Phase 2: Cost assessment considering dynamics. Cost assessment is conducted for all
relevant cost categories identified in phase 1. It aims to achieve comprehensiveness and avoid
double-counting. Appropriate cost assessment methods are selected based on available
overviews and guidelines7. Method selection depends on the specific properties of different
cost categories and fields of application (e.g. investments in structural measures, land use
planning, or insurance), as well as on relevant hazard types and sectors at risk. It needs to be
decided whether it is necessary or helpful to include intangible costs in monetary terms, or
whether they should be considered in a non-monetary or qualitative way, e.g. through multicriteria approaches.

In order to account for changes in risk, scenarios for the future development of major risk
drivers are created and used for assessing costs up until a specified time horizon. Potential
changes in the cost estimates based on these scenarios are described, and their influence on
the evaluation of risk mitigation measures (phase 3) is assessed. Uncertainties pertinent to the
dynamic scenarios need to be quantified, clearly communicated, and taken into account in the
decision-making process11.

Phase 3: Decision support under uncertainty. Economic cost assessment supports the
choice between alternative risk mitigation strategies. Cost assessment figures are integrated in
decision-support frameworks, such as cost-benefit analysis, multi-criteria analysis, and robust
decision making11,12. They assist decision makers in evaluating different risk mitigation
strategies under uncertainty. The choice between alternative decision support frameworks and
their associated decision rules, such as the weighting of evaluation criteria, should be made
transparent to the decision makers. The choice made may substantially influence the results
of an evaluation and the ranking of options.

When decision makers feel that uncertainties are too high to make a decision on pre-selected
risk mitigation strategies, more detailed or precise cost estimates need to be achieved in
putting more efforts on data collection and modelling (return to phase 2).
Alternatively, additional criteria, like robustness (performance of an option under different
future scenarios), flexibility (ability to adjust a risk mitigation strategy according to future
risk changes), and the precautionary principle (measures that are taken in the face of
uncertainty to avoid harm to human health or the environment) can be considered in the
evaluation of risk mitigation strategies11,13.

Phase 4: Monitoring. The continuous monitoring of the actual damage caused by natural
hazards and the expenditures for their risk reduction should be put in place by the responsible
authorities14. Although damage can only be recorded in the aftermath of natural hazard
events, the expenditures for risk reduction can be collected continuously, e.g. on an annual
basis across the multiple levels of the administrations involved. Such evaluations of damage
and risk mitigation costs should be fed into national and international, open-access databases,
in order to improve the evidence basis for decision making. These data may then be used to
update, improve, validate and adjust cost assessment models and cost estimates, which serve
as inputs for phases 2 and 3. Furthermore, new information on the expected development of
the major risk drivers is used to update the cost estimates (phase 2). It should be verified
regularly whether such new insights or other developments are leading to necessary
adjustments in the decision context of risk management (phase 1). Updated cost estimates are
used for a new evaluation of risk mitigation strategies (phase 3). If necessary, decisions are
revised, and the chosen risk mitigation strategies are adjusted.

Making better, more informed decisions for natural hazard risk management will gain even
more importance in view of global environmental change. So far, such decisions are
hampered by biased and uncertain cost estimates. The proposed framework for integrated,
continuous cost assessment in natural hazard risk management throughout the new cost
assessment cycle could provide more efficient solutions. It initiates the continuous
monitoring of all damage and risk mitigation costs associated with climatic and other natural
hazards. This enables the early detection of inefficient or efficient risk mitigation strategies.
The cost assessment cycle is linked to the risk management cycle, which has proven to be an
effective framework for risk management2. The resulting new, extended framework would

allow more integrated cost assessment and improved decision making for natural hazard risk
management.
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Figure 1 The proposed framework for integrated, continuous cost assessment in natural
hazard risk management throughout the new cost assessment cycle.

Box 1 – Definitions of cost categories: Definitions of cost categories differ between
communities dealing with different types of hazards. The following terminology is largely
based on the classification of costs introduced to the flood damage literature by Parker et al.
(ref. 15). New aspects are the addition of risk mitigation costs, as well as considering
business interruption costs as a separate cost category ( see Supplementary Table S1). The
reason for choosing this classification is that these cost categories require different cost
assessment methods7.
Direct costs are damage costs that occur as a result of the direct physical impact of a hazard
on humans, economic assets, or any other object. Examples include the destruction of
buildings, contents and infrastructures, or the loss of life.
Business interruption costs occur in areas directly affected by the hazard. Business
interruptions take place if, for example, people are not able to carry out their work because
their workplace is either destroyed or made inaccessible. They also occur if industrial or
agricultural production is reduced due to water scarcity.
Indirect costs occur inside or outside of the hazard area, often with a time lag. They are
induced by either direct damage or business interruptions. Examples are negative feedbacks
to the wider economy, such as the production losses of suppliers and customers of the
companies directly affected by the hazard.
Intangible costs refer to damage to people, goods and services which are not easily
measurable in monetary terms because they are not traded on a market. All cost categories
described before may be tangible or intangible costs (Table S1). Intangible costs include, for
instance, costs associated with environmental impacts, health impacts, and impacts on
cultural heritage.

Risk mitigation costs are part of the total costs of natural hazard risk management, and are
thus considered an essential cost category. The direct costs of risk mitigation refer to any
costs attributed to research and design, the set-up, operation and maintenance of
infrastructure, or other measures for the purposes of risk mitigation. The indirect costs of risk
mitigation relate to any secondary costs (externalities) occurring in economic activities or
localities that are not directly linked to such infrastructure investment. The intangible costs
refer to any non-market health or environmental impacts of risk mitigation measures, such as
environmental damage due to the development of a structural risk mitigation measure.

Supplementary table S1. Cost categories including examples adapted from Parker, D.,
Green, C. & Thompson, C. S., Urban Flood Protection Benefits: A Project
Appraisal Guide (Gower, Aldershot, 1987).

Damage costs including
recovery costs
arise during and after an
event, as well as during the
recovery phase

Risk mitigation costs
arise due to emergency
response, planning
(including risk analyses),
and risk reduction

Tangible costs

Intangible costs

Direct costs

• Physical damage to
assets:
− buildings
− contents
− infrastructure

• Loss of life
• Health effects
• Loss of environmental
goods

Business
interruption
costs

• Production interruption
because of destroyed
machinery

• Ecosystem services
interrupted

Indirect costs

• Induced production
losses of suppliers and
customers of companies
directly affected by the
hazard

• Inconvenience of post-flood
recovery
• Increased vulnerability of
survivors

Direct costs

• Design and set-up of
mitigation measures
• Operation and
maintenance costs

• Environmental damage
- due to development of
mitigative infrastructure
- or due to a change in
agricultural practices

Indirect costs

• Induced costs in other
sectors

Total cost minimization approach
The total cost (C) of risk management depends on risk mitigation costs and expected damage
costs, as formalized in equation 1. Expected damage costs (ED) are the sum of direct,
business interruption, indirect, and intangible damage costs, which depend on the extent to
which the different selected risk mitigation measures are applied (x ,y,…n), such as the height
of a levee. ED is decreasing in x and y. Risk mitigation costs (ci, i=1,2,..n) are the sum of the
costs of all selected risk mitigation measures. The total cost minimization approach in the
case of two selected risk mitigation measures, with the cost c1 of measure 1 rising in x and the
cost c2 of measure 2 rising in y, reads as follows:
Minimize C(x,y) = c1(x) + c2(y) + ED(x,y).

(1)

The first-order conditions are:
∂C(x,y)/∂x = dc1(x)/dx + ∂ED(x,y)/∂x = 0;

(2)

∂C(x,y)/∂y = dc2(y)/dy + ∂ED(x,y)/∂y = 0.

(3)

These conditions can be rewritten as:
dc1(x)/dx = - ∂ED(x,y)/∂x;

(2a)

dc2(y)/dy = - ∂ED(x,y)/∂y.

(3a)

These conditions mean that for each measure the marginal cost of the measure has to
be equal to the marginal benefit, i.e. the avoided expected damage costs due to this measure.
This implies that an incomplete accounting of costs and benefits, for example, only direct
expected damage or only measure 1 will not satisfy these optimality conditions and thus lead
to a deviation from the global optimum.

This example of two selected risk mitigation measures easily extends to the case of n
risk mitigation activities, which demonstrates the need of comprehensive cost-effectiveness
and cost-benefit analysis of mitigation measures in the risk management cycle.

