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Abstract: The floods caused by river flooding are increasingly at the center of public attention
and government agencies. This is due to climate change, a higher risk consciousness of settled
populations, as well as the deteriorating state of water basins caused by the persistent absence of
appropriate controls on the use of mountain and hilly territories. In Italy, the risk of flooding is
particularly high, posing a significant social problem due to the number of victims and the damage
inflicted on properties, industries, and infrastructure. This paper aims to examine the principles
and methods of evaluating the damage caused to the territory by river flooding. Two evaluation
models are developed for the formal definition of the variation law of damage caused by flooding,
considering the return period of the flood event. The first model allows the evaluation of damage to
the productive part of the territory affected by floods, while the second considers damage related to
the environmental aspects.

Keywords: damage; river flooding; flooding damages’ monetary valuation; productive and
environmental resources

1. Introduction

The floods caused by river flooding are increasingly at the center of public attention
and government agencies. This is attributed to the heightened cultural awareness and a
more mature risk consciousness among settled populations, as well as the worsening state
of disrepair of water basins resulting from the persistent absence of appropriate controls on
the use of mountain and hilly territories.

In the Mediterranean area, an increasing number of floods are occurring, making both
cities and rural areas more vulnerable [1–3]. Specifically, Italy is highly exposed to various
geological hazards, leading to significant casualties each year. In this context, geohydro-
logical disasters, encompassing all types of slope movements and floods, are undoubtedly
among the most frequent and likely the most impactful on the built environment [4].

Factors such as urbanization and development contribute to accentuating the dev-
astating effects of this natural disaster by reducing the soil’s capacity for water retention
and increasing surface runoff [5]. Climate change, in turn, contributes to increasing the
frequency and intensity of floods worldwide [6]. This combination of territorial, demo-
graphic, climatic, and unsustainable development factors threatens to intensify the risk of
natural hazards, with even more worrying consequences for the environment and society,
challenging the resilience of the latter to such dangers.

The European Union has sought to establish a strong regulatory framework to guide
the prevention and risk planning policies of its member states. The Flood Directive
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2007/60/EC (FD) has been adopted as a complement to the Water Framework Direc-
tive (WFD), acknowledging that Europe has experienced severe floods with devastating
consequences and recognizes that extreme natural events are more often the result of cli-
mate change and intense urbanization. In particular, the FD aims to establish a framework
for the assessment and management of flood risks, with the primary objective of reducing
the negative effects on human health, the environment, cultural heritage, and economic ac-
tivities connected with floods. The so-called “Piano di Gestione Rischio Alluvioni” (PGRA)
is the operational tool provided for by Italian law, specifically Legislative Decree No. 49
of 2010, which implements the FD. PGRA covers all aspects of flood risk management,
including flood prevention and risk protection, as well as flood forecasts and warning
systems, taking into account the characteristics of the river basin.

One of the PGRA’s goals is the identification of measures to mitigate flood risk. Dam-
age assessment is an essential condition for identifying the best strategies. It involves
providing an early estimate of the economic damage suffered by the Public Administra-
tions due to natural disasters, offering valuable technical support for decision-making in
planning interventions, supporting the FD objectives (including the revision/updating of
hazard maps and flood risk), and assessing the efficiency of defense or mitigation works to
reduce hydrogeological risk. Regarding the latter point, a fundamental role in planning
mitigation works for rivers, streams, and entire water basins is played by the monetary eval-
uation of flood damages. This evaluation is preliminary to the design of interventions since,
in the absence of budget constraints, works must be sized so that the marginal variation of
the potential damage or marginal benefit is equal to the marginal cost of implementation. It
is also preliminary to the economic valuation of interventions since the measure of damage
corresponds to the benefits obtained with the implementation of works, which are to be
compared, in the analysis of feasibility, to the costs of implementation.

In general terms, damage assessment must be carried out ex-ante, i.e., to determine the
extent of the prejudice that can be produced by a hypothetical event. Sometimes, however,
it can be carried out ex-post, to ascertain the extent of the prejudice resulting from a real
event, for the purpose of calculating, for example, compensation to be paid for the injury to
a legally protected interest. In all cases, the assessment of flood damages must consider the
multiplicity and heterogeneity of resources, both productive and environmental, affected
by the event.

This study aims to examine the principles and methods of evaluating the damage
caused to the territory by river flooding. The principles and methods considered aim
at the monetary evaluation of flood damage to productive and environmental resources.
The work is structured into five sections, some with theoretical–methodological purposes,
others with applicative purposes. Preliminarily, a literature review concerning the types
of flood damage and the methods of flood damage evaluation is outlined, distinguishing
between the categories of productive resources (agricultural crops, business structures and
plants, buildings, infrastructure, etc.) and environmental resources. First, a literature review
is conducted about the types of flood damage and the method of evaluating flood damage.
This review also examines the methodologies that could be used to assess indirect damages.
A mathematical formulation of evaluative models follows this, which are then applied to a
concrete case study. A discussion of the results and conclusions closes the work.

2. Principles of Flood Damage Valuation
2.1. Types of Flood Damages

Flood damages can broadly be classified into two fundamental categories (see Table 1):
tangible and intangible damages [7–9]. Specifically, tangible damage can be quantified
in monetary terms, whereas intangible damage cannot [10–12]. Translating intangible
damage, such as the loss of ecosystem functions, is challenging due to the inability to
readily assess its monetary value [13]. Flood damages can also be experienced in a direct
or indirect manner [14]. Therefore, the tangible and intangible damages can be further
divided into two subtypes, i.e., direct and indirect damages. Direct damages refer to the
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damage that resulted from the direct contact of flood water with individuals, properties,
or any other asset, such as buildings and inventory items [9,15]. Indirect damages are
caused by the flood’s impact and occur outside of the flooded area. In addition, it is
sometimes necessary to distinguish between actual and potential damage [16,17]. Actual
damage is the amount of damage that happened during a specific flood, while potential
damage is the amount that would occur if there were no damage reduction measures in
place. These damages are evaluated based on the type of data input, which may be real
or hypothetical data [18]. Flood damages can also be classified into three levels: micro-
scale, meso-scale, and macroscale [15]. This distinction is influenced by the spatial scope
of damage assessment, the size of the study area, and the distinction between land use
categories [19–21].

Table 1. Types of flood damages (adapted from [22,23]).

Damages Category Tangible Intangible

Direct

Damage to building structures and
their contents, infrastructures,

agriculture (e.g., soil erosion/harvest
destruction), business goods, livestock,
and land and environment recoveries.

Loss of life, injuries,
psychological distress,

cultural heritage damages,
and negative effects on

ecosystems.

Indirect

Business interruption, public
services/utility interruption (e.g.,
communication systems), induced

production losses to companies outside
the flooded area (e.g., suppliers of

flooded companies), traffic disruption
costs, and tax revenue losses due to

migration of companies in the
aftermath of a flood.

Traumatic experiences, loss
of trust in authorities,

deteriorating health, and
emotional damages.

From an economic perspective, Meyer et al. (2013) categorize the impacts of disasters
into direct, business interruption, and indirect costs [24]. Damages affecting humans,
assets, properties, and any other objects in areas that had physical contact with the flood
are considered direct [15,24]. Losses that occur to businesses directly affected by the
disaster are termed business interruptions, often referred to as primary indirect damages
because they happen when business activities are halted. Indirect losses are observed both
within and outside the flooded area, as documented by Merz et al. (2010) and Messner
et al. (2007) [15,21], and are attributed to direct expenses and/or business interruption
expenses, as documented by Przyluski and Hallegatte (2011) [25]. The occurrence of indirect
impacts is linked to the physical inventory of capital that is damaged, transmitted through
the interconnections of economic systems [15,26], resulting in a disruption of economic
flows [27,28].

2.2. Flood Damages to Productive Assets

Flood damages to productive resources are assessed based on the general principle
that the amount of damage is proportional to the reduction in net income or the decrease in
capital value resulting from the event [29–31].

From a methodological perspective, the damage assessment departs from the ordinary
estimating principle. It is imperative that the assessment of the asset’s specific characteristics
and its income-generating capabilities, as determined by the conditions in which it was
discovered prior to the occurrence, be considered [32]. The assessment of flood damage also
involves the preliminary definition of the intended uses and productive and infrastructural
endowments of the areas affected by flooding. These areas require identification of the
agricultural production arrangements, existing crops, fixed business investments, as well as
the typological characteristics and consistency of urban settlements, network infrastructure,
settlements, and industrial facilities.
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The approaches to assess damages to agricultural products vary, with some models
making a distinction only between damages to crops and damages to meadows [33], and
others making a distinction between different types of crops [34,35]. The estimation is also
influenced by the duration of the productive cycle of the damaged crops, which can be
annual or multi-year, as well as the extent of the damage: partial or total [36].

The damage valuation to structures and business facilities departs from the conven-
tional method of damage evaluation based on the diminution of income or capital value,
given the impossibility of assigning a specific amount or income to these assets outside of
the company’s overall context. Operationally, damage to structures and business facilities is
measured based on relevant metrics that serve as proxy variables for the monetary measure
of the damage. These metrics must be specified in relation to different damage scenarios:
total damage, if the damaging event causes complete destruction of the structure or facility,
and partial damage, if the event results in the loss of functionality and productive efficiency.
The amount of damage caused by the total destruction of a commercial establishment can be
compared to the diminished reconstruction expenditures associated with the building. The
economic criterion employed is that of depreciated cost, used in estimating the replacement
value of economic assets for which there are no market references [37].

The physical manifestations of flooding damage to buildings and urban areas are
similar to those related to properties classified as business structures. The damage, in fact,
involves the physical deterioration of various structures and materials of different kinds
affected by flooding. Specifically:

• For residential properties, including those designated for tourist–recreational purposes,
the measure of damage can be determined in terms of a reduction in value or income,
linked to the transition from the pre-event situation to the post-event situation.

• For properties used for productive purposes generating business income, the damage
is generally quantifiable through the decrease in net income resulting from the inter-
ruption of work phases, or the loss of goods and final services due to flooding. This
general rule does not apply to industrial or commercial enterprises in the start-up or
decline phase, as they may, in such cases, produce negative income or, in any case,
limited positive income [38].

2.3. Damages to Environmental Resources and Contingent Valuation Method (CVM)

The contingent valuation method (CVM) can be employed to assess flood damages
by gauging the economic value that individuals place on avoiding losses related to floods.
This method involves posing hypothetical questions to individuals about how much they
would be willing to pay to prevent flood damages. By analyzing the responses, researchers
can determine the economic worth of flood damages and use these results to inform
decision-making processes relating to flood management policies.

Generally, the CVM approach is widely used to monetize non-market goods and
address issues by simulating actual market conditions [39]. Stated preference methods are
survey-based approaches that seek to directly obtain people’s preferences using measures
such as willingness to pay (WTP), to attain an environmental enhancement or to avoid an
environmental degradation, or willingness to accept (WTA) compensation for reneging
on an environmental enhancement. First used by Davis [40] to determine the value of
recreational activities carried out within nature reserves, the CVM has found widespread
applications for solving environmental problems, such as those related to air pollution [41],
the protection and enhancement of the territory [42], and the management of water re-
sources [43,44]. The CVM has been used in some cases for estimating the environmental
impacts of natural hazards, especially floods. Markantonis et al. (2013) applied the CVM
method in order to estimate the environmental costs associated with the extreme flood
events in the Evros River during March–April 2006, including the impacts on soil, biodiver-
sity, and the aesthetic environment of the flooded areas [45]. Messner et al. (2007) provided
examples for the utilization of CVM, elucidated methods for monetizing environmental
goods [21], and primarily based on the recommendations of Arrow et al. (1993), offered
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suggestions on the appropriate application of CVM techniques [46]. In another study, Daun
and Clark (2000) utilized CVM to determine the WTP for the maintenance of current flood
risk levels and/or the corresponding ecological enhancements in watersheds [47]. Further-
more, in the study conducted by Birol et al. (2006), a CVM was employed to determine the
non-use values that are affected by droughts in the Cheimaditida wetland in Greece [48].

Designing a CVM survey requires several steps, with the most important, according
to Hoevenagel (1994), being [49]: (a) defining the valuation problem and the hypothetical
market; (b) selecting the sample; (c) designing the questionnaire—this step involves devel-
oping the basic structure of the questionnaire, selecting an appropriate elicitation format,
and choosing an appropriate interview vehicle able to express a welfare measure, such as
willingness to pay or to accept; (d) piloting the survey and consulting with relevant experts;
(e) implementing the actual survey; (f) validating the WTP/WTA estimates; (g) analyzing
the results.

Some limits of the CVM applications are due to a lack of comprehension in the
questionnaire [50]. This leads to a response bias, as individuals are required to guess
their WTP [51]. Another related issue is the so-called “embedding effect”, also known as
“part–whole bias” [52]. Due to this effect, survey responses may be inconsistent [53]. A lack
of motivation further contributes to a substantial number of non-responses, as individuals
simply disregard the question because they are unable to comprehend the contingent
valuation scenario [54]. One final issue arising from the hypothetical nature of the survey
is that the responses of individuals may reflect factors other than their WTP [50].

2.4. Indirect Damages

Indirect damages can be estimated with different methodologies, such as post-event
economic surveys [55–57], econometric models [58–61], input–output (I-O) models [62–67],
and computable general equilibrium (CGE) models [68–73]. Each of these methodologies
has multiple advantages and disadvantages. Specifically, post-event surveys and economet-
ric models, if well-specified and based on good-quality data, can effectively quantify the
indirect effects that damaging events can have on the national/local GDP. However, they
are unable to describe sectoral interdependencies and thus identify the economic channels
within the production system through which these effects propagate. In contrast, I-O and
CGE models can analyze sectoral interdependencies in regional economies [74]. In I-O
models, the production system is broken down into several sectors, and their interrelation-
ships are expressed in terms of goods and services exchanged. CGE models can capture
feedback effects on initially affected “markets” from the macroeconomic context [28]. They
also, in principle, offer the possibility to simulate comparisons between what happened
and what would have happened in the absence of the catastrophic event. However, CGE
models have several limitations, as they assume perfect markets and cannot capture non-
market values [71]. Another significant limitation of CGE models is their “coarse” unit
of investigation, typically the country. This makes local analyses particularly challenging,
especially for small and medium-sized disasters.

Due to the operational difficulties associated with the use of the above models, the
assessment of indirect damages is typically conducted through empirical–argumentative
procedures, leading to the evaluation of indirect damages in terms of percentage rates of
direct damages [75].

3. Methods for Ex-Ante Flooding Damages’ Monetary Valuation

This section presents two evaluation models for formally defining the variation law
of damage (D) caused by flooding as a function of the return period (T) of the flood event.
Specifically, the first model (T-Dp) enables the assessment of damage to the productive
resources of the territory affected by floods, while the second model (T-Da) focuses on
damage related to the environmental resources.
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3.1. Productive Resources

For productive resources, the extent of damage and the return period of the flood event
need to be appropriately correlated, using the existing relationship among the variables
involved in the study of flooding phenomena. The law to be defined (T-Dp) requires
identifying: the relationship correlating the return period of the flood event to the flooded
area (T-S law) and the function representing the variation of damage in relation to the
flooded area (S-Dp law).

The function (T-Dp) is constructed by hypothesizing a linear function, assuming that
capital and economic activities subject to the risk of flood are uniformly distributed across
the territory. The deliberately general approach responds to the need to ensure that the
law (S-Dp) is sufficiently adaptable to various manifestations of damages, the variability
of conditions, and the structural and productive differences of the territories affected by
floods [76].

The (T-Dp) law is developed with reference to the following graph or “path” (Figure 1),
capable of configuring the relationships between the variables involved.
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In Figure 1, the variables indicated by the nodes are: T, return period of the flood
event; Qc, maximum flood discharge; Dw, flood volume; S, flooded area; Dp, amount of
damage.

The graph arc connecting two generic nodes represents the correspondence law, or
transfer function, that relates the associated variables. In general, it can be assumed that the
graph arc connecting two non-consecutive nodes is obtained by composing the respective
correspondences.

Assuming, therefore:

Qc = α(T), Dw = β(Qc) = γ(Dw), Dp = δ(S), (1)

for each flood event with an assigned return period, the corresponding amount of damage
can be associated through the path outlined in Figure 1:

Dp = δ{γ[β(α(T))]}. (2)

The amount of damage is uniquely determined if the correspondences composing (1)
are functional and if set A = {x ∈ X : f(x) ∈ Y} is non-empty with x, X, and Y, respectively,
being a variable of set X, the definition set of f(x), and the domain of g(y), provided that
they are:

x ∈ X ∅ f(x) (3)

and,
y ∈ Y ∅ g(y) (4)

two real functions that are components of the generic composite function g[f(x)] defined
within (2).

The hydraulic data related to the flood event, such as maximum flood flow rate
and flood volume, and the reference to the orographic structure of the flooded territory,
that can be ascertained through the use of a digital elevation model (DEM) generated
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using topographic maps, contour data, and surveyed point elevation data, allow for the
preliminary identification of the:

S = γ{β[α(T)]} (5)

relationship between the flooded area S and the return period T of the event, where α,
β, and γ are functional correspondences to be specified based on the aforementioned
hydraulic and orographic data.

Then, the specification of the correspondence law becomes an economic problem:

Dp = δ(S), (6)

which, in turn, expresses the relationship between the flooded area and the overall amount
of damage caused in the territory during flood events.

A satisfactory estimate of the amount of damage can be conducted under the assump-
tion of a uniform distribution of capital at risk, understood as economic activities and
investments (agricultural resources, urban areas, infrastructure, etc.) present in the flooded
areas. In this case, it can be assumed that (6) is linear and is as follows:

Dp = duS, (7)

where du encompasses all direct damages caused to the existing productive resources on
the territory. It is given by:

du = dua + duu + dui, (8)

with: dua, unitary damage to agriculture (€/Ha); duu, unitary damage to urban areas
(€/Ha); dui, unitary damage to infrastructure (€/Ha).

Then, (8) can also be expressed as:

du = ∑j duj, (9)

where j is the category of capital.
Equation (9) must be defined in every territorial context subject to flooding character-

ized by a fairly uniform distribution of activities and assets at risk.
It follows that the slope of the line representing the amount of damage will vary

whenever, as the flooded area increases, different categories of assets affected by the floods
will result in different uniform distribution contexts. In this way, when all the categories
identified in the investigation area are present in the S0 context and, for example, the urban
areas category is missing in the S − S0 context, the law of variation of damage as a function
of the flooded area takes the form:

Dp = du1S, for 0 ≤ S ≤ S0 (10)

Dp = du2

(
S − S0

)
+ D0, for S ≥ S0 (11)

representable on the Cartesian plane (Figure 2a).
In Figure 2, D0 is the amount of damage corresponding to the flooded area S0, and

α = arctg(du1) = arctg(dua + duu + dui); β = arctg(du2) = arctg(dua + dui).

Similarly, the damage function is constructed when investments are punctually located
on the territory and, therefore, constitute a discontinuity within the zones of uniform
distribution of assets at risk subject to flooding. In these cases, the S-Dp law (Figure 2b) is
expressed as follows:

Dp = duS, for 0 ≤ S ≤ S0 (12)
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Dp = du

(
S − S0

)
+ D*, for S ≥ S0 (13)

where D* − D
0

is the increase in damage attributable to the structure located at S0, and
β = arctg(du).

In general, it can be assumed that:

Dp = du1S, for 0 ≤ S < S0 (14)

Dp = du2

(
S − S0

)
+ D*, for S ≥ S0 (15)

where du1 ̸= du2, if the slope of the damage line varies for S > S0.
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With the introduction of simple elements of matrix algebra, the proposed model can
be extended to determine the individual characteristic variables of flooding phenomena as
a function of the value assigned to one or more of them.

3.2. Environmental Resources

The mathematical law correlating environmental damages with the return period
of flood events assumes that individuals’ willingness to pay equals the loss of collective
well-being and corresponds to the decrease in value experienced by the environmental
asset after the event. Consequently, this model is well-suited for implementing contingent
valuation as a method to assess the cost of environmental damages [77,78].

Let Ei(i = 1, 2, 3, ..., p − 1, p) be the generic event of maximum flood that can occur for
the watercourse located in the investigation area.

Given a certain time horizon, associate to the event Ei the corresponding return period
TEi , such that TEj < TEj+1(j = 1, 2, 3, ...p − 1).

For the event Ei, with return period TEi , calculate the flooded area SEi according to the
notation:

SEi = γ
{
β
[
α
(
TEi

)]}
, (16)

where α, β, and γ are functional correspondences to be specified based on hydraulic data
(maximum flood flow rate and flood volume) and the orographic structure of the territory
affected by the floods [79,80].

Under the assumption, generally satisfied, that the correspondences composing (16)
are strictly monotone increasing functions, it is verified that SEj < SEj+1 for TEj < TEj+1 .
Therefore, the flooded area SEi is uniquely associated with the event Ei.

Let us identify the population PEi consisting of nEi individuals who use the environ-
mental resources characterizing the SEi area. From the population PEi , a sample CEi is then
extracted, consisting of mEi individuals

(
mEi < nEi

)
.
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Through a survey conducted based on interviews (contingent valuation method,
CVM), we proceed to determine, for the sample CEi , the average value of individual

willingness to pay
(

WTPEi
)

s
to avoid the compromise of the environmental resources

located in SEi through the construction of appropriate flood control works. To this end, the
following main formulas for solving the average willingness to pay can be used [78]:(

WTPEi
)

med
=

1
mEi

∑
(

WTPEi
)

s
, [CVMopen − ended] (17)

(
WTPEi

)
med

=
∫

[1 − G(x)]dx, [CVMclose − ended] (18)

where [1 − G(x)] = Prob(SI = 1/x) = Prob(x ≤ WTP) expresses the probability that the
interviewees agree to the donation, with G(x) being the cumulative frequency distribution
(c.f.d.) of the discrete variable “yes/no” as a function of the monetary amounts indicated
individually by the analyst during the interviews.

For the population PEi , the total willingness to pay value is then calculated as:

WTPEi = nEi

(
WTPEi

)
med

, (19)

or also, as a precautionary measure, as:

WTPEi = ηnEi

(
WTPEi

)
med

, (20)

where η = m′
Ei /mEi represents the effective success rate of the interviews, where m′

Ei is
the number of interviewed individuals who provided useful answers for the analysis.

The mathematical law that relates the different amounts of WTPEi to the flooded areas
SEi defines the correspondence:

WTPEi = f
(
SEi

)
, (21)

which, in general, is a strictly monotone increasing function, with WTPEj+1 > WTPEj for
SEj+1 > SEj being the usual case.

By substituting (16) into (21), we obtain:

WTPEi = f
{
γ
[
β
(
α
(
TEi

))]}
= F

(
TEi

)
, (22)

where F is, in turn, a strictly increasing function as TEi varies.
By setting WTPEi equal to the account price Da

Ei of the damage caused to the resources
existing in the SEi area, it follows from (22) that:

Da
Ei = F

(
TEi

)
, (23)

which, in formal terms, represents the function correlating the amount of environmental
damage to the return period of flood events.

Assuming a continuous variation of the variables Da
Ei and TEi , and subject to the re-

sults of the statistical verification, the algebraic form of (23) can be assumed to be parabolic,
corresponding to the qualitative trend of the curve shown in Figure 3.

In other words, it can be supposed that as the return period of the flood event increases,
the amount of damage increases at a rate that is punctually decreasing. This is equivalent
to asserting that the marginal willingness to pay (W′ = dW/dT = F′), which is equal to
the marginal rate of substitution between income and environmental protection levels, is a
decreasing function of the return period of flood events (Figure 3), i.e., the compensated
demand function for environmental resources is decreasing. This assertion not only reflects
the theoretical assumption of decreasing marginal utilities but also indicates the logical
circumstance that the community tends to assign less importance to events characterized
by higher return periods, or lower probabilities of occurrence.
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4. Case Study

The ex-ante monetary valuation of flooding damages has been applied to the water-
shed of the Sele River, situated in the central–western mountainous part of the Campania
region in southern Italy. The study of the watershed involved identifying specific investiga-
tion areas and their corresponding flood zones for events with different return periods.

Covering an area of 3223 km2 and boating numerous tributaries, the Sele River water-
shed navigates between rocky walls or through the bottoms of narrow valleys. Only two
areas within this watershed are prone to flooding issues: the plain of Vallo di Diano and
the territory between the Sele and Calore Rivers just before their confluence.

All hydraulic parameters or those related to flood events are provided by local public
entities involved in the management of water basins.

4.1. Investigation Areas
4.1.1. Vallo di Diano

The plain of Vallo di Diano extends on both sides of the Tanagro River for approxi-
mately 20 km in the SSE–NNO direction. The area maintains relatively constant elevations
transversely, averaging around 3 km. In terms of longitudinal terrain, there is a gradual
ascent toward the mountains, starting from elevations of approximately 400 m above sea
level in the immediate vicinity of Polla, reaching about 444.50 m above sea level near Atena
Bridge, located roughly 7 km from Polla. The investigation area (Figures 4 and 5) has
been delineated to encompass all potential flooding zones. The topographic surface of the
investigation area is equal to 2100 Ha, of which 36.7% falls within the municipality of Polla.

In Vallo di Diano, floods primarily occur during the autumn–winter period and at
the beginning of the spring. The causes can be attributed to the regurgitation of streams,
inadequacy of watercourses in the plains, or the breaching of embankments. As a result,
the volumes of flooding exceed those generated by the peak of the flood wave.

Table 2 shows, for the Tanagro River, the maximum peak flows (Qc) for flood events
with return periods (T) of five, ten, twenty, thirty, and fifty years, the corresponding volumes
of water that flow into Vallo di Diano for such events (Dw), the length of flooding from
Polio Bridge (l), and the surface area of flooding for an assumed average length of the plain
equal to 3 km (S). The total duration of each flood can be assumed to be about 48 h. The
ebb time of water from flooded surfaces can be estimated, considering the low slope of the
plain terrain, to be 1 or 2 days for floods that occur following 5- and 10-year events, and
3–5 days for those that occur for 20-, 30-, and 50-year events.

Referring to flows of 300–400 m3/s, which correspond to water levels close to the
minimum levels of the embankments, on average at 442 m above sea level, it is found that
water flooding from the Tanagro River can occur following flood events with return periods
even less than ten years. It is, therefore, evident that, in addition to fifty-, twenty-, and
ten-year flood events, even floods of lesser magnitude than the maximum ten-year events
are likely to cause damage and inconvenience in the area.
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Table 2. Tanagro River: parameters of flood events.

T (Years) Qc (m3/s) S (Ha) Dw (m3/s·106) l (km)

5 300 120 1 - 0.4 2

10 400 240 1 - 0.8 2

20 500 360 1.4 1.2
30 600 660 4.6 2.2
50 700 900 9.2 3.0

Note(s): 1 Surface areas were calculated with the mathematical model described in Section 3.1. 2 Distance from
Polio Bridge obtained as the ratio between the flooded surface area and the average width of the plain.

For flows greater than 400 m3/s, corresponding to flood events with return periods
greater than 10 years, water overflow occurs for several kilometers, considering the sub-
stantial constancy of the crest levels of the embankments, although, as water levels increase
during floods, overtopping may have begun only on short stretches that are disconnected
due to the inevitable irregularity of the embankments.

Based on the data contained in Table 2, relating to the volumes of flooding that occur
during flood events, and in relation to the orographic layout of the area, the cartographic
delimitation of the flood-prone areas for flood events with different return periods was
carried out for Vallo di Diano (Figure 6).

Table 3 shows the topographic surface areas of flooded zones for flood events with
different return periods, distinguished between those downstream and upstream of Polio
Bridge, and the surface areas along the Tanagro River channel, subject to the risk of
overflowing from embankment stretches of insufficient height. In addition, the data
on the surface areas of agricultural land affected by flooding for each level of event
are summarized.

Table 3. Vallo di Diano: surface areas of flood-prone zones.

Items
Return Period of Events (Years)

5 10 20 30 50

Area of flood zones (Ha)
- Downstream of Polio Bridge 62 62 62 62 62

- Upstream of Polio Bridge - - - - -

- Due to the difference between the inflowing
and outflowing flows in the Rio Maltempo 120 240 360 660 900

- Due to overflowing from embankment
stretches of insufficient height along the
Tanagro River

245 219 201 147 117

Total: 427 521 623 869 1.079
Urban areas, network infrastructure areas,
watercourses, and drainage canals (Ha) 120 127 131 141 151

Farm area (Ha) 307 394 492 728 928
Areas occupied by rural buildings, farm and farm
roads, ditches, and drains and installations serving
agricultural activity (Ha)

18 24 28 44 55

Usable agricultural area (Ha) 289 370 464 684 873
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4.1.2. Sele–Calore Rivers’ Confluence

The geographical area, known as Sele–Calore Rivers’ confluence, is mostly flat, cover-
ing approximately 6400 hectares. The land elevations range between 10 and 15 m above sea
level, with a total length of 5–6 km. The investigation area (Figure 7) has been delineated
based on the areas affected by flooding, as outlined by the EC Flood Directive 2007/60. The
topographical surface of the investigation area is equal to 765 hectares.
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The orographic and geomorphological characteristics make the soils frequently and
easily prone to flooding. Therefore, the discharge sections of the Calore River are insufficient
to contain the maximum flood flows, just as the flood wave of the Sele River is hindered
by the outflow of water into the Calore River, forming a backflow wave that travels up
the Calore River and causes the water to overflow at points of insufficient section. The
delimitation of the flood-prone areas was carried out in accordance with the EC Flood
Directive 2007/60, indicating three possible scenarios related to the probability of a flood
event: high, medium, and low (Figure 8).

Table 4 shows the parameters related to the maximum peak flows (Qc) and the average
flooded area (S) for flood events with return periods (T) of five, ten, twenty, thirty, and fifty
years for the Sele–Calore Rivers’ confluence. Table 5 shows the surface areas of flooded
zones in the Sele–Calore confluence for each level of event.

Table 4. Sele–Calore confluence: parameters of flood events.

T (Years) Qc (m3/s) S (Ha)

5 1300 333 1

10 1700 466 1

20 2000 466
30 2300 542
50 2700 612

Note(s): 1 Surface areas were calculated with the mathematical model described in Section 3.1.
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Table 5. Sele–Calore confluence: surface areas of flood-prone zones.

Items
Return Period of Events (Years)

5 10 20 30 50

Area of flood zones (Ha) 333 466 542 612 -
Urban areas, network infrastructure areas,

watercourses, and drainage canals (Ha) 33 46 46 52 62

Farm area (Ha) 300 420 420 490 550
Areas occupied by rural buildings, farm and farm
roads, ditches, and drains and installations serving

agricultural activity (Ha)
20 30 30 35 40

Usable agricultural area (Ha) 280 390 390 455 510
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4.2. Damages to Productive Resources
4.2.1. Damages to Agriculture

The damages caused by maximum flood events to the agriculture of flood-prone zones
concern both company land investments and current crops at the time of the damaging
event. Company land investments include rural buildings (farmhouses, warehouses, ma-
chine shelters, stables, etc.) and hydraulic land improvement works. The quantification
of damages is attributable to the estimation of the cost to be incurred to restore the works
damaged by the event. The estimation of damages to agricultural structures must be
carried out by applying percentage rates to the value of the damaged parts. These rates
proportionally assess the degradation caused by the events and are assumed as equivalent
to the cost to be incurred to restore the damaged structures to normal physical and func-
tional conditions. For the different categories of works assets and based on the damages
historically occurred, the following floods in the investigation areas, and the following
damage rates to be applied to the value of the structures, calculated as the construction
cost depreciated at 1990 prices (at the time of estimation), have been fixed established:
(a) farmhouses, 10%; (b) stables and other buildings, 5%; (c) corporate drainage network,
30% (Table 6). The unit costs used to quantify the depreciated construction cost are the
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following: (a) farmhouses, EUR 309.87/sqm; (b) stables, EUR 232.41/sqm; (c) warehouses,
shelters, barns, etc., EUR 206.58/sqm; (d) drainage system, EUR 1.03/mL.

Table 6. Damages to agricultural productions and structures in the flooded areas of the Vallo di Diano.

Degrees of Event Damages to Agricultural
Productions (EUR·103)

Damages to Agricultural
Structures (EUR·103) Total (EUR·103)

Five years 251.16 204.00 455.16
Ten years 340.61 224.66 565.27

Twenty years 400.52 246.35 646.87
Thirty years 578.14 250.48 828.62
Fifty years 750.69 254.61 1005.30

In relation to flood damages to crops in the investigated area, the affected periods are
autumn–winter and spring. The duration of flooding in these areas can range from 1 to
5 days, depending on the events. Consulting the trade associations in the investigated area,
the historical average damage per hectare of agricultural lands resulting from flooding for
different crops has been elaborated with reference to: (a) value of production, (b) expenses
not incurred as a result of the event (extra off-farm products and labor), (c) net product
of any replacement crops, (d) replanting expenses, and (e) lost net product until maturity.
Damages to the agricultural productions and structures of the flood-prone areas of the
Vallo di Diano are summarized, for each degree of event, in Table 6.

Similarly, damages to the production systems present in the flood-prone areas of
the Sele–Calore Rivers’ confluence, distinguished by degree of event, are described in
Table 7. In the flood-prone areas of the Sele–Calore Rivers’ confluence, rural buildings
are completely absent. Agricultural structures are, in fact, exclusively represented by the
company drainage channels.

Table 7. Damages to agricultural productions and structures in the flooded areas of the Sele–Calore
Rivers’ confluence.

Degrees of Event Damages to Agricultural
Productions (EUR·103)

Damages to Agricultural
Structures (EUR·103) Total (EUR·103)

Five years 817.04 4338 821.37
Ten years 1025.17 6042 1031.21

Twenty years 1025.17 6042 1031.21
Thirty years 1092.31 6972 1099.28
Fifty years 1265.84 7902 1273.74

4.2.2. Damages to Urban Areas

There are no urban centers or developed areas within the flood-prone areas of Sele–
Calore Rivers’ confluence. The urban areas exposed to flood risk are located in the town of
Polla, which falls within the investigation area of Vallo di Diano. The value of the capital
stock present in the flood-prone area of Polla, determined as the product of the size of each
structure at risk by the unit construction cost, was not differentiated by the degree of event
because the flooded area was almost the same for the different return periods of flooding
events. The total value of the urban structures affected by flooding events from the Tanagro
River amounts to 57,700.48 EUR·103 (Table 8).

The damages to urban areas must be estimated based on the type of property and
the use of areas at risk. It was assumed that ground-level and semi-basement premises,
basements of buildings and appurtenances, gardens, and green areas awaiting allocation
are subject to damages.
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Table 8. Value of urban areas affected by the events.

Items Size (m2) Unit Cost (EUR/m2) Value (EUR·103)

Dwellings 94,400 361.52 34,127.49
Commercial premises 32,000 516.46 16,526.72

Basement rooms 31,600 118.78 3753.45
Appurtenances 29,600 103.29 3057.38

Gardens 1 20,000 2.06 41.20
Green areas 2 112,000 0.26 29.12

Total: 57,506.34

Note(s): 1 The term “Gardens” refers to the areas pertaining to private residential settlements. 2 The term “Green
areas” refers to the green spaces, not equipped, located in the urban context.

The determination of damages was carried out by applying a percentage of the damage
incidence to the value of the endangered structures related to the highest maintenance costs:

• For buildings, damages were measured by the cost of restoring the external fin-
ishes of premises affected by flooding. Assuming an average value per premise
of 413.16 EUR/m2, the unit damage was conservatively set at about 30% of that value,
or about 123.94 EUR/m2. The unit damage to basement premises of structures was
estimated at 25% of that amount, or about 30.99 EUR/m2.

• For appurtenance areas of buildings, damages were estimated at an amount equal to
the reconstruction costs of the wear layer, averaging 15.49 EUR/m2.

• For gardens and green areas, a unit damage of 0.52 EUR/m2 and 0.026 EUR/m2,
respectively, was assumed.

Table 9 shows the total amounts of damages distinguished by the category of area
at risk.

Table 9. Polla town: value of capital at risk in areas affected by events.

Items Exposed Area (sqm) Unit Damage
(EUR/sqm)

Total Damage
(EUR·103)

Dwellings 94,400 123.95 11,700.88
Commercial premises 32,000 123.95 3966.40

Basement rooms 31,600 30.99 979.28
Appurtenances 29,600 15.49 458.50

Gardens 20,000 0.52 10.40
Green areas 112,000 0.026 2.92

Total: 17,118.38

Overall, the damage amounts to 17,118.38 EUR·103 and is independent of the return
period of flood events due to the substantial invariability of the flooded areas with respect
to the assumed event degrees.

4.2.3. Damages to Network Infrastructures

The value of each infrastructure, impacted by flooding events, was determined by
multiplying its exposed area by the current unit construction cost. For estimation pur-
poses, flood damages were assessed using the higher costs associated with regular and
extraordinary maintenance of the facilities (personnel, equipment, etc.). The calculation
involves applying percentages of degradation to the construction cost of the damaged
infrastructure, reflecting the additional burden required to restore it to normal service. The
degradation rates were defined based on data collected from comparable interventions:
(a) roads, 4%; (b) aqueducts, 1%; (c) buried power lines, 4%; (d) buried telephone lines, 4%;
(e) sewers, 0.5%; (f) sewer mains, 0.5%; (g) reclamation canals, 4%; (h) irrigation canals,
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4%. The application of degradation rates to the cost value of network infrastructures in
the flood-prone resulted in the damage amounts listed in Tables 10 and 11 for the two
investigated areas.

Table 10. Vallo di Diano: damages to network infrastructures.

Items
Amounts of Damages for Flood Event Degree (EUR·103)

5 10 20 30 50

Roads 77.48 141.51 294.38 362.04 528.85
Aqueducts 5.16 8.78 17.04 21.17 29.95

Sewer mains 5.68 8.26 15.49 20.14 28.40
Sewers - - 1.03 1.55 2.06

Buried power lines 1.03 2.58 5.16 7.75 10.84
Buried telephone lines 1.03 2.06 3.61 5.68 8.26

Reclamation canals 61.97 107.42 149.77 193.15 264.42
Total: 152.35 260.71 486.48 611.48 872.78

Table 11. Sele–Calore Rivers’ confluence: damages to network infrastructures.

Items
Amounts of Damages for Flood Event Degree (EUR·103)

5 10 20 30 50

Roads 82.12 113.10 113.10 128.60 150.81
Aqueducts 1.03 1.03 1.03 1.03 1.03

Reclamation canals 44.42 63.52 63.52 71.79 82.12
Irrigation network 37.70 52.16 52.16 60.94 69.21

Total: 165.27 229.82 229.82 262.36 303.16

4.2.4. Total Damages

Once the flood damages to the two investigation areas were quantified for each sector
(agriculture, urban areas, and network infrastructures) and for each degree of flood event,
the total damage amounts were summarized, as in the subsequent tables, Tables 12 and 13.

Table 12. Vallo di Diano: total damages by sector and flood event degree.

Sector
Amounts of Damages for Flood Event Degree (EUR·103)

5 10 20 30 50

Agriculture 455.00 565.00 646.60 828.40 1005.02
Urban areas 17,118.48 17,118.48 17,118.48 17,118.48 17,118.48

Network infrastructures 152.35 270.62 486.50 611.48 872.81
Total: 17,725.83 17,954.10 18,251.58 18,558.36 19,002.31

Table 13. Sele–Calore Rivers’ confluence: total damages by sector and flood event degree.

Sector
Amounts of Damages for Flood Event Degree (EUR·103)

5 10 20 30 50

Agriculture 821.16 1031.21 1031.21 1099.28 1273.74
Network infrastructures 165.27 229.82 229.82 262.36 303.16

Total: 986.38 1261.19 1261.19 1361.38 1577.26
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4.3. Implementation of the Damage Estimation Model

The relationship between the flood event’s return period (T) and the damage amount
(D) was established through two consecutive steps:

• Determination of the variation law of the flooded area based on the flood event’s
return period,

• Calculation of the damage per unit of flooded area and application of the relationship
between the flooded area and the damage amount.

The law correlating the flood event’s return period with the flooded area was identified
by interpolating data provided by hydraulic studies of local public entities involved in the
management of water basins, using an exponential linear regression model.

4.3.1. Vallo di Diano

To calculate the flooded area S (expressed in hectares) for a given flood event with a
return period T (expressed in years), the following function should be used (see Table 14):

370ln T − 596 = S, (24)

whose coefficient of determination is 98.5%.

Table 14. Vallo di Diano: return period—flooded area.

Return Period of Flood Events (Years) Flooded Area (Ha)

5 120 (*)

10 240 (*)

20 360
30 660
50 900

100 1140
200 1350

Note(s): (*) Value obtained by interpolation.

The function (24) provides the extent assumed by the flood surface in recurrence of
overflow resulting from flood events characterized by return periods greater than five years.

For return periods of 20 years, the function overestimates the extent of the flooded area
by approximately 40% due to the deviation between the observed value and the theoretical
value obtained from interpolation of the data.

To determine the law of variation of damage as a function of the flooded surface, it
is assumed that, starting from the boundaries of the area that floods following five-year
events, the territory of Vallo di Diano is characterized by a fairly uniform distribution of
capital and economic activities subject to risk. This, moreover, can be assumed since the
damages, within the area of interest, exclusively concern agricultural activities and network
infrastructure. For this area, the unit damage to productive structures is estimated directly
at 1.62 thousand EUR/Ha, an amount made up of damage rates related to agriculture (43%)
and network infrastructure (57%).

Based on the unit damage parameter and function (24), the following relationship
is obtained:

1626·(370ln T − 716) + 17, 725.83 = D
(

EUR·103
)

. (25)

Equation (25) allows calculating the damage, D, resulting from flood events with return
periods, T, greater than five years. The damage amounts calculated using Equation (25) are
shown in Table 15.
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Table 15. Return period—amount of damage for Vallo di Diano.

Return Period of Flood Events (Years) Total Damage (EUR·103)

10 17,946.88
20 18,363.66
30 18,607.94
50 18,915.23

4.3.2. Sele–Calore Rivers’ Confluence

Similar to the other area under investigation, for events with return periods not less
than 20 years, the relationship between the flooded area and the return period of the flood
event is outlined as follows (see Table 16):

S = 231, 066T0.254 (26)

whose coefficient of determination between the variables is 96.1%.

Table 16. Sele–Calore Rivers’ confluence: return period—flooded area.

Return Period of Flood Events (Years) Flooded Area (Ha)

5 333
10 466
20 466
30 542
50 612

100 759 (*)

Note(s): (*) Value obtained by interpolating data related to 20-year, 30-year, and 50-year events.

Function (26) provides the extent assumed by the flooded surface in recurrence of
overflow resulting from flood events characterized by return periods greater than five
years. Based on the hydraulic data reported in Table 16, the flooded area corresponding
to flood events with return periods between 10 and 20 years is assumed to be equal to
that calculated using the previous function for 20-year return periods. To identify the
functional relationship between the return period T and the corresponding damages Dp,
it can be assumed that, starting from the boundaries of the area of floods following twenty-
year events, the capital and economic activities subject to risk are uniformly distributed
throughout the Sele–Calore Rivers’ confluence territory. For this homogeneous area, the
unit damage to productive structures (du), estimated directly, resulted in 2164 EUR/Ha.
In this amount, the agriculture sector and network infrastructure, respectively, account for
77% and 23%.

The parameter du and function (26) allow deriving the relationship:

2164
(

231, 066T0.254 − 466
)
+ 1, 261, 188 = D

(
€·103

)
, (27)

which allows determining the amount of damage Dp corresponding to flood events with
return periods, T, not less than 20 years. The damage amounts calculated using Equation (27)
for return periods of 10 years, 30 years, and 50 years are shown in Table 17.

Table 17. Return period—amount of damage (Sele–Calore Rivers’ confluence).

Return Period of Flood Events (years) Total Damage (EUR·103)

10 1,046,858
30 1,335,557
50 1,499,791
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4.4. Damages to Environmental Resources Using CVM

The evaluation of flood-induced damages to environmental resources was carried out
using the CVM considering three distinct phases.

The first phase involved applying the CVM to an event with a defined periodicity or
probability of occurrence, and included:

• Cartographic delimitation within the investigation area of zones subject to the reference
flooding event,

• Defining a statistically representative sample of the population of “users” of environ-
mental resources present in the zone subject to the considered flooding event,

• Estimating the “average individual WTP” calculated on the sample, based on the
amount that the user is willing to pay to avoid damages to the resources affected by the
event; additionally, determining the “total WTP” calculated for the entire population of
resource users corresponding to the “accounting price” of the environmental damage
produced by the considered event.

The second phase involved estimating the damage for every other event with a differ-
ent periodicity expected within a certain return period. Events with varying periodicities
were derived from the study of flood volumes conducted for the design of hydraulic works
for flood containment. In cases where environmental resources subject to flood risk are
uniformly distributed across the territory, the evaluation for each event can be carried out
using the damage measurement parameter obtained from the estimation conducted in the
first phase. When individual zones are specifically characterized from an environmental
perspective, the evaluation is instead conducted in relation to the unique resources that
each flood zone possesses.

The third phase of the evaluation concerned the calculation of overall damage, corre-
sponding to the accumulation, at the time of evaluation, of the estimated damage amounts
for each individual event. It represents the total amount of damage that flooding can cause
to the environmental resources of the territory over the period for which the estimation
of the flood volumes was carried out. The accumulation should be performed in terms of
either a financial sum or an arithmetic sum, depending on whether the quantization of the
individual damage amounts is related to the return periods of the events or directly to the
time of evaluation (present).

The geographical area of interest exhibits typical characteristics of anthropized regions
with exclusively agricultural settlements. The vegetation cover in areas near the banks
of the Sele and Calore Rivers consists of Mediterranean scrub and riparian forest, with
widespread aquatic and hygrophilous plants. The territory lacks resources of significant
historical, cultural, or architectural value, yet it serves as a focal point of attraction for
populations from nearby cities. Potential environmental damages primarily stem from
the impacts of flooding on use functions, posing a risk to natural tourism, and causing
associated morphological modifications, such as avulsion, erosion, and sedimentation.
In the case study, the application of the CVM was linked to a flood event with a return
period of 50 years, covering an area of 763 hectares. This area encompasses all flood
zones, intermittently inundated by events with return periods of less than fifty years. The
sample of users of natural resources in the investigation area was defined based on the
population residing in municipalities affected by flooding. The criterion for delimiting
the user basin was “territorial contiguity” of subjects with the affected resources. Criteria
such as “frequency of visits” were excluded due to the open accessibility of resources
being evaluated, devoid of constraints and controls that could be subject to a measurement
system of the resources’ relationship with users. Similar reasons prevented the quantitative
differentiation of the user population among cities in the area. The study area included five
cities: Albanella, Altavilla Silentina, Capaccio, Eboli, and Serre (Figure 9). The statistical
sample was divided into five components of equal numerical size, each representing the
resident population in each city.
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Overall, 210 subjects were interviewed, randomly selected from each city in the
study area. All the conducted interviews were valuable for statistical analysis. Table 18
summarizes the socioeconomic key characteristics of the selected interviewees.

Table 18. Socioeconomic key characteristics of the selected interviewees.

Characteristic Category
Albanella Altavilla

Silentina Capaccio Eboli Serre

Number of Interviewees

Age

0–19 4 1 5 3 3
20–34 5 15 11 13 10
35–49 15 7 9 10 15
50–64 6 11 12 9 11
>65 12 8 5 7 3

Gender
Male 15 18 21 21 19

Female 27 24 21 21 23

Education
Level

Bachelor’s degree 4 2 3 8 4
High school degree 10 17 18 21 18

Middle school degree 15 14 13 8 18
Elementary degree 13 9 8 5 2

Literate 0 0 0 0 0
Illiterate 0 0 0 0 0

Occupation

Craft, manual, or agricultural professions 15 13 14 9 13
Professions with a low level of competence 17 20 15 19 22

Professions with a high–medium level
of specialization 7 9 10 12 7

Unemployed 3 0 3 2 0

Income
Level

<10,000 0 0 1 1 2
10,000–15,000 19 15 22 17 19
15,000–26,000 8 12 10 5 9
26,000–55,000 8 10 7 11 8
55,000–75,000 7 4 2 6 4

75,000–120,000 0 1 0 1 0
>120,000 0 0 0 1 0
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The questionnaire developed and used to estimate the WTP was divided into three
sections. The first section presented questions aimed at gauging the interviewee’s sensitivity
to environmental issues, aiming to outline: (a) the inclination of the interviewee to acquire
information on the subject of the investigation, (b) their willingness to financially contribute
to environmental protection initiatives, and (c) their personal level of use of the resources
within the scope of the evaluation. The second section described the effects that flooding
has on the natural environment of the territory, including both transient effects (degradation
of the territory and consequent prolonged impracticability of places) and permanent effects
related to the irreversible modification of the landscape. The elicitation question was then
posed directly to assess the importance that the interviewee attributes to the different types
of benefits achievable from the natural environment considered. The elicitation question
aimed to determine the interviewee’s willingness to pay a predefined amount (WTP), to be
contributed to a hypothetical foundation that would use the funds collected to protect the
affected environmental resources through the execution of hydraulic works or to promote
scientific research and naturalistic education activities. The question was formulated in a
way that the interviewee’s response provided the donation amount and, thus, the value
of the resources to be safeguarded, referring to the time of estimation. The last part of
the questionnaire gathered information about the socioeconomic characteristics of the
interviewee (average annual income, educational level, sector of activity, number of people
in the family, etc.). The trend of the responses (YES/NO) provided by the interviewees as
the amount of the proposed donation in the questionnaire varied is described in Table 19.

Table 19. Relationship between the proposed donation amount and interviewee responses.

Donation Amount (EUR)
Size of the

Sub-Sample
Number of Responses

YES NO

2.58 12 11 1
5.16 15 13 2

10.33 14 12 2
12.91 12 9 3
15.49 14 10 4
18.07 9 6 3
20.66 20 12 5
25.82 11 6 5
30.99 9 4 5
36.15 16 6 10
41.32 8 2 6
46.48 10 2 8
51.64 10 2 8
64.55 24 4 20
77.47 16 2 14
103.29 10 1 9

Based on the obtained responses, the average individual WTP was carried out using
the close-ended version of CVM, through the following equation:(

WTPE
)

med
= −[1 − G(x)]dx, (28)

where [1 − G(x)] expresses the probability that interviewees agree (i.e., respond affirma-
tively) to the donation x, and G(x) is the cumulative frequency distribution of the random
variable WTPE.

To specify the function correlating the probabilities defined in the geometric space of
both WTP and individual utilities, the following relationship was used:

1 − G(x) = Fη(∆V), (29)
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where the cumulative distribution of the stochastic error η was solved through the logit
model:

F(∆V) = [1 + exp(−∆V)]−1. (30)

The functional correspondences considered to determine the variation in utility
(∆V) are:

∆V = w − u·χ (mod. I), (31)

∆V = w − u·ln(1 − χ

R
) (mod. II), (32)

∆V = w − u·lnχ (mod. III), (33)

where χ represents the proposed donation amount to the interviewee, and w and u are the
models’ parameters. In particular, u represents the marginal utility of income (R). In model
II, the income (R) was equal to the mean value of income in the analyzed statistical sample
(EUR 6825.22). Model III approximates model II.

Parameters of the models were obtained through the maximum likelihood estimators
method, and they had the expected signs and were all statistically significant (Table 20).

Table 20. Results of the logit models.

Variable Model I Model II Model III

Constant 1.585248 1.578688 15.033495
Donation −0.00025

ln (1-donation/income) 321.959046
ln (donation) −1.405207

The values of the average individual WTP were calculated for the three examined
models through numerical integration of the cumulative distribution function. The re-
sults were then divided by a constant K = (ProbWTP > 0). The integration truncation
level was set equal to the maximum value of the proposed donation to the interviewee
(Xmax = EUR103.29). This assumption was primarily based on the range of variation of
the donations [81] and the evaluative practice, which attributes equal credibility to different
truncation levels [82]. In this case, the assumption was supported by the general stability
of the evaluation results, as reported in Table 21.

Table 21. Values of the average individual WTP (EUR).

Probability of Truncation of the Distribution

Prob. (Xmax) a Prob. (0.100) Prob. (0.050) Prob. (0.010)

Model I

43.94 41.384 42.823 43.850
0.00043 * 0.00043 * 0.00043 * 0.00043 *
35.930 ** 34.422 ** 35.539 ** 36.391 **

103.291 *** 78.139 *** 93.575 *** 127.675 ***

Model II

44.069 42.297 43.662 44.700
0.00043 * 0.00043 * 0.00043 * 0.00043 *
36.534 ** 35.064 ** 36.196 ** 37.056 **

103.291 *** 79.578 *** 95.215 *** 129.632 ***

Model III
35.109 35.721 41.102 50.005

103.291 *** 109.238 *** 185.913 *** 601.811 ***
Note(s): a Truncation probabilities at Xmax = EUR 103.291 were: 0.031 (Model I), 0.034 (Model II), and 0.107
(Model III). * Constant; ** value not normalized; *** amount corresponding to the probability of truncation.
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The total amount of WTP was finally calculated as follows:

WTPEi = ηnEi

(
WTPEi

)
med

(34)

where η = m′
Ei /mEi indicates the success rate of the interviews, considering that mEi

is the number of interviewees who provided usable responses for the evaluation. The
calculation was preceded by defining the number of households (nEi) comprising the
statistical population of the investigated area.

The amounts of environmental damage generated by the event with a 50-year recur-
rence, taken as a reference for the estimation, were EUR 1,240,736 (model I), EUR 1,262,937
(model II), and EUR 990,652 (model III). The amounts of damage estimated with the linear
algebraic model and the logarithmic model, expressed in the reciprocal of income, were of
similar magnitude. The amounts obtained with the logarithmic model, representing the
subjective appreciation of environmental benefits, appeared to be lower. However, the first
two evaluation models are preferable to this model due to the lower reactivity of the results
that can be obtained with them, as the truncation values of the numerical integration of the
probability law of individual utilities vary.

Floods caused by river overflow, as periodic events, occur with a certain probabilistic
regularity. At the confluence of the Sele–Calore Rivers, such events can occur every 5, 10, 20,
30, and 50 years. The 5-year events can occur 10 times in 50 years, the 10-year events 5 times,
the 20-year events twice, and the 30-year and 50-year events only once, respectively. The
floodable area has the maximum width in the fifty-year event recurrence and the minimum
in the five-year event recurrence. Over the 50-year period, the total damage is calculated as
the amount corresponding to the financial or arithmetic sum of the damage amounts that
can be produced by the 19 events.

Starting from the damage determined for the fifty-year event, the damage amounts
related to events with lower return periods, considering the uniform distribution of environ-
mental resources in the investigated area, can be calculated using the following relationship:

DTEi−1 =
DTEi

STEi

·STEi−1 , (35)

where TEi (with i = 1, 2, 3, . . . i′− 1, i′) represents the return period of the generic flood event
Ei, and TEi coincides with the timeframe for which the estimation of the environmental
damage is carried out.

Throughout the evaluation period, the total environmental damage can be obtained
using the following relationship:

D = ∑
i

n′DTEi , n′ =
TEi

′

TEi

(36)

The values of the different calculation elements are shown in Table 22. The total
environmental damage in the studied territory for the nineteen fifty-year recurrence events
was approximately 12,900 EUR·103.

Table 22. Calculation parameters of environmental damage.

TEi (Years) STEi (Ha) DTEi (EUR·103) n′
i (N) n′

i·DTEi (EUR·103)

5 333 540.730 10 5407.304
10 466 757.126 5 3785.629
20 466 757.126 2 1514.252
30 542 880.559 1 880.559
50 763 1239.496 1 1239.496

D = 12,827.240
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The estimation of damage for different return periods of the events suggests using the
results in designing flood control works. This involves comparing the marginal costs of
construction with the corresponding marginal benefits of avoided damages. The optimal
design is achieved when the marginal costs equal the marginal benefits for events within
the economic life of the work.

5. Discussion

The results obtained from the application of the two damage assessment procedures
concerning productive resources led us to a natural comparison. By comparing the amounts
carried out from the T-Dp model with those resulting from the direct appraisal approach, in
both case studies, it emerged that the divergence never exceeded 5% (see Tables 23 and 24),
except the case of a return period of 10 years of the Sele–Calore Rivers’ confluence, where
extra costs were probably covered. This circumstance strongly indicates the remarkable
adaptation of the relationships (25) and (27) to express the estimated flood damage series, re-
spectively, in the Vallo di Diano territory and in the Sele–Calore Rivers’ confluence territory.

Table 23. Results comparison between the T-Dp model and the direct appraisal: Vallo di Diano.

Return Period of
Flood Events (years)

Amount of Damage (EUR·103)
Divergence (%)

T-Dp Model Direct Appraisal

10 17,946.88 17,954.10 0.04
20 18,363.66 18,251.58 0.61
30 18,607.94 18,558.36 0.27
50 18,915.23 19,002.31 0.46

Table 24. Results comparison between the T-Dp model and the direct appraisal: Sele–Calore Rivers’
confluence.

Return Period of
Flood Events (Years)

Amount of Damage (EUR·103)
Divergence (%)

T-Dp Model Direct Appraisal

10 1,046,858 1261.19 20.47
30 1,335,557 1361.38 1.93
50 1,499,791 1577.26 5.17

The significant alignment between the calculated and estimated values further con-
firmed the suitability of the model for assessing damages arising from flood events charac-
terized by return periods different from those considered thus far.

Starting from this insight, we can assume that a similar alignment could emerge
with return periods different from those already treated. In the following, the damage
amounts relative to the return periods analyzed for the two case areas are reported (see
Tables 25 and 26).

Table 25. Return period—amount of damage: Vallo di Diano.

Return Period of Flood Events (Years) Amount of Damage (EUR·103)

15 18,190.640
25 18,497.950
35 18,700.390
40 18,780.950
45 18,851.190

100 19,332.010
200 19,748.790
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Table 26. Return period—amount of damage: Sele–Calore Rivers’ confluence.

Return Period of Flood Events (Years) Amount of Damage (EUR·103)

25 1281.846
35 1383.071
40 1425.421
45 1464.155

100 1760.805

We can assume that the damage amounts reported in the Tables 25 and 26 are a very
probable prevision of the costs that the administrations would sustain in case of river floods
with the analyzed return periods.

6. Conclusions

River floods represent a highly dangerous natural disaster affecting human health,
the territory, assets, the environment, cultural heritage, and economic and social activ-
ities located in affected areas. These natural phenomena are closely linked to weather
conditions, geological–morphological conformation, and hydrographic characteristics of
the territory [79]. Human activities have intensified this phenomenon, contributing to its
severity and increased frequency. The rising frequency and intensity of floods, coupled
with high-density residential settlements concentrated in the exposed area, are the primary
factors leading to increased economic losses [80]. This scenario leads to new challenges
being faced.

The present work aimed to address the challenges that have arisen in the river floods
context, providing a forecast of the economic damages in case of future events. The objective
was to examine the principles and methods of evaluating the damage caused to the territory
by river flooding, focusing especially on the monetary evaluation of flood damage to
productive and environmental resources. With particular attention on the productive
aspect of the damage, we followed two paths: the first was based on a direct appraisal
approach, employing the economic criterion of the depreciated cost, used in estimating the
replacement value of economic assets for which there are no market references; the second
one, namely the T-Dp model, moved away from the analysis of previous events, trying
to extrapolate the damage entity through the determination of a law that, in particular,
involves the return period of the event. This approach was tested in two areas, namely,
Vallo di Diano and Sele–Calore Rivers’ confluence, both located in Campania, a region of
Southern Italy. We validated the results of the damage assessment carried out with the
T-Dp model by comparing them with data obtained through direct appraisal and observed
that the alignment degree between them was less than 5%. This last finding demonstrated
that in both instances, there existed a precise correlation between the values obtained from
the procedures, indicating that the adopted model is well suited to characterize the damage
entity, even when considering return periods that differ from those analyzed.

The results shown here support the importance of the employment of quantitative
assessment models that are crucial to evaluating potential flood damage [81], particularly
those that provide a comprehensive estimate of total damage, considering different hazard
parameters and all affected categories. The possibility of estimating the flood damage in
monetary value for events with different return periods allows the decision- and policy-
makers to adopt the best flood-preventive measures. In addition, the ex-ante knowledge
of the flood damage could also establish new structural measures by evaluating the ef-
fectiveness of preventive investments with a cost–benefit analysis of the flood mitigation
scenarios. The need for highly reliable models often faces challenges due to the lack of
ex-post data on damage to resources in flooded areas [82–88]. Based on the results obtained
from the case studies, it appears that continued efforts to collect data on past flood hazards
and damage are necessary for further improvement and application of precise and reliable
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damage assessment models similar to those in this study, but in contexts different from
those considered here.
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