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Abstract: The problem of rational flood design has gained priority an all recent studies in EU countries in the framework of the 
implementation of the Directive on floods 2007/60. The paper focuses on the procedures for estimating the economic 
damages in the flood plain under each flood scenario of a certain exceedance probability. Using simplified linear land 
cross sections of the inundated area loss functions are constructed for estimating the anticipated average annual 
economic damage that is the annualized flood risk. This figure is then compared with the annualized cost of flood 
protection works leading to the rationalization of flood protection works design. 
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1. INTRODUCTION 

Floods are natural phenomena causing adverse conditions in the flood-prone areas by extensive 
inundation. The consequences of floods, which may be direct or indirect, include loss of lives, 
economic damages, damages on the environment and the cultural heritage. They can also influence 
the life and activities of large populations within and outside the flooded zone. 

The objective of this paper is to devise a simplified methodology for the estimation of direct 
economic damages caused by river floods and the formulation of a procedure leading to the optimal 
design of flood protection works. 

Floods are considered as extreme stochastic phenomena described by certain probability density 
functions. The magnitude of each flood scenario may be expressed by the economic consequences 
in the flood-prone area through a simple deterministic relationship with one or two independent 
variables, such as the inundation depth or the flood wave velocity. (CANAH, 2007; Pistrika and 
Tsakiris, 2007) 

In this paper the consequences of each scenario are then transformed into anticipated annualized 
risk values (including both the level of damages and their probability of occurrence) (Tsakiris, 
2007). 

Finally annualized flood risk values (R) are compared with the annualized cost of flood 
protection works (C). The minimum sum of both values (R+C) results in the optimal design of flood 
protection works. 

The area in which the methodology was applied is the central part of the stream of Rafina 
(Attica- Greece) which is currently under study. 

Rafina river basin is located in the prefecture of Attica - Greece. It has an area of 138 km2 and 
the main stream is 15 km long. Recently it was interconnected with Kifissos river basin through a 
tunnel of carrying capacity of 143 m3/s (T=50 years). Due to this additional discharge and the 
increasing pace of urbanization caused mainly by the new airport of Athens El. Venizelos, the flood 
risk has increased substantially. 

The proposed rational procedure is in line with the new EU-flood directive 2007/60, which 
emphasizes the role of rationality in flood protection measures from planning to construction (EU, 
2007). 
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2. FLOOD SCENARIO VS INUNDATION AREA 

The study is focusing on the estimation of the anticipated mean annual direct economic damages 
caused by river floods in the flood plain. The proposed procedure consists of the following steps: 

i. Estimation of flood discharge of certain return periods following an extreme type probability 
function. 

ii. Estimation of inundated area and depth for each scenario (of a certain return period). 
iii. Linking each flood scenario with the economic damages. 
iv. Annualization of flood economic damages.  

In this section the first two steps of the procedure will be analyzed whereas the steps (iii) and (iv) 
will be discussed in the next paragraph. The procedure will be better explained following the data of 
the application of the Rafina stream flood plain. 

As known, annual maximum discharges may be represented by a certain extreme probability 
distribution e.g. EVI (Gumbel) or other suitable probability distribution. Using such a probability 
distribution, we first estimate its parameters and then we are able to determine the discharge (Qmax) 
which corresponds to a certain probability scenario that is a certain return period. In the case of the 
application of this study, the scenarios selected correspond to return periods 2, 5, 10, 25, 50, 100 
and 1000 years, respectively. The flood discharges of these return periods were calculated as 194, 
295, 373, 467, 542, 614 and 876 m3/s, respectively. These discharges enter into the flat main section 
of the stream for a length of 11 km, which crosses the flood plain of the stream. Since no discharge 
measurements were available, the above discharges were generated by using rainfall data of the 
meteorological stations of the area which were transformed into stream flow using the software 
package HEC-HMS (US Army Corps of Engineers, 2000). 

In order to estimate the inundation area of both sides of the 11 km reach, several simplifications 
concerning the terrain of the riverine areas were assumed. Namely constant traverse slopes of 2 % 
were adopted creating a triangular cross-section. The inundation area, its width and the mean depth 
of inundation are presented in Table 1 as resulted by the application of another software package 
HEC-RAS (US Army Corps of Engineers, 1998). 
 

Table 1. The characteristics of the inundation area for each flood scenario. 

Scenario Return Period T 
(years) 

Inundation Area 
W*L (103*m2) 

Width  
W (m) 

Mean Depth hmean 
(m) 

1 2 1747 159 0.80 
2 5 2046 186 0.93 
3 10 2233 203 1.02 
4 25 2431 221 1.11 
5 50 2563 233 1.17 
6 100 2695 245 1.23 
7 1000 3080 280 1.40 

 
It should be noted that the above figures refer to the do nothing scenario. That is no rectification 

work is considered. In case of designing a cross-section with a certain return period it is expected 
that all flood scenarios below the design scenario will produce zero inundation area. Only the flood 
scenarios with returns periods higher than the design scenario will produce inundation areas and 
further economic consequences as can be seen in Fig. 1. 

3. ANTICIPATED ECONOMIC DAMAGES 

For the calculation of economic damage the maximum potential consequences (MPC) are firstly 
determined (Zentelis, 2001). The average MPC depends a) on the percentage of land uses, b) on the 
cost of reconstruction (CR) of existing items at risk and c) on the percentage of the cost of 
reconstruction which is anticipated to be needed due to the destruction caused by floods.  
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Figure 1: Determination of inundation areas 

For the case study the average MPC was calculated as in the Table 2. From this table, the MPC is 
determined as 231.2 €/ha of land. Due to other anticipated damages to vehicles, tractors, etc., the 
total MPC was increased to 254 €/ha. Due to the uncertainty of the assumptions adopted, it is 
logical to consider a range of MPC 200-300 €/ha. 

 
Table 2: Calculation of the maximum potential consequences (MPC). 

 Percentage of 
land covered 

(%) 

Cost of  
reconstruction 

(€/ha) 

Percentage of 
required 

reconstruction 
(%) 

MPC  
(€/ha)         

Urban & industrial 
buildings 10 20000 10 200 

Agricultural areas 84 60 50 25.2 

Common utility areas 
(e.g. roads) 6 200 50 6 

Total       231.2  
 

However, these maximum economic damages, referred to as maximum potential consequences 
correspond to high inundation depths or alternatively to mean depths created by floods of very high 
return periods. In this paper, the critical inundation depth, above which MPC occurs, was postulated 
as 1 m. For inundation depths below, it is assumed that the damages are proportional to the 
inundation depth. That is, for mean inundation depth 0.60 m the anticipated economic damages are 
equal to the 60% of MPC, which is expressed by the factor F = 0.60. 

Based on the above, the economic damages for each flood scenario (in which the return period 
exceeded the return period of the design scenario) are calculated by the following equation: 

    Z MPC W F L= ⋅ ⋅ ⋅   (1) 

in which: Z  is the economic damage for the entire inundation area for each flood scenario  
W  is the width of the inundation area  
F   is the ratio of mean depth over critical depth (e.g.1 m)  
L   is the total length of the reach of the stream (e.g.11 km) 

 
For each design scenario the anticipated annualized economic damages are calculated as the sum 

of products of the mean economic damage for each probability class. The probability class is 
obtained by subtracting the cumulative exceedance probability of each couple of flood scenarios. 
For example, if we wish to obtain the probability class (Pi to Pi+1) between flood scenarios with T=5 

and T=10 years respectively, this is calculated as Pi+1-Pi =
1 1 0.10
5 10
− = . Since in the application 

example we use 7 flood scenarios, 6 probability classes are obtained. 
The final anticipated annual economic damage, which is in fact the annualized flood risk, is 

calculated for each design scenario by the following equation: 
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in which Zi  is the anticipated economic damage for the i-th flood scenario having exceedance 

probability Pi=
1

iT
 

In the application example the annualized risk obtained for each design scenario using the latter 
equation, appears in Table 3. 
 

Table 3: Annualized risk in M€/y for each design scenario (M€/y = million euros per year). 
Design Scenario (T years) Do nothing 2 5 10 25 50 100 1000 
Annualized Risk [R(Z), M€/y] 35.41 8.49 4.20 1.91 0.84 0.40 0.20 0.00 

4. ANNUALIZED COST OF FLOOD PROTECTION SYSTEMS 

The cost of engineering work comprises of the initial cost of construction and the annual cost of 
operation and maintenance (e.g. Chin, 2006). Since these cost categories are of different nature, 
discounting is needed for transforming initial costs (P) to annual costs (A) according to the well 
known “capital recovery” equation: 

(1 )
(1 ) 1

n

n

i iA P
i
+
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+ −

 (3) 

in which i  is the interest rate and n  is the economic life of the protection works in years. 
By presenting all engineering and maintenance costs in annual figures it is possible to compare 

or add them with the annual anticipated economic losses caused by floods. Therefore, the optimal 
design can be the alternative which corresponds to the minimum sum of both annual cost of the 
engineering works and the annual anticipated economic damages (annualized risk) which are 
associated with this level of design.  

It should be noted that for the transformation of initial costs to annual values, the economic life 
of the flood protection works and the interest rate for the cash flow operations should be determined 
based on reliable information from the region of the flood plain. For the application example, both 
the interest rate and the annual maintenance cost were represented by a unique composite interest 
rate equal to 4.5%, whereas the economic life of the protection works was assumed equal to 50 
years. 

The annual cost of construction and maintenance for each design scenario is presented in Table 4 
(Tsakiris, 2009). 
 

Table 4: Annual cost of protection works of each design scenario 
Design Scenario (T years) 2 5 10 25 50 100 1000 
Annual Cost of Protection Works (M€/y) 1.42 1.94 2.25 2.42 2.63 2.89 3.66 

5. ANTICIPATED ECONOMIC DAMAGES 

Finally the sums of annualized risk and the annual cost of protection works are obtained. The 
optimal solution corresponds to the minimum sum. For the application example this minimum sum 
is derived for the design return period of 50 years as can be seen in Figure 2. 

It should be mentioned here that the result obtained is based on a number of assumptions most of 
which seem very uncertain. Therefore a type of sensitivity analysis is needed for investigating the 
range of expected values of the optimal design scenario. From a thorough analysis of the factors 
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involved two were examined in the sensitivity analysis, namely the maximum potential 
consequences and the interest rate. It should be mentioned that for the sensitivity analysis the 
economic life of the works was 50 years and the interest rate was 4.5%. 

 

Figure 2: Determination of the optimal design. 

From this simple sensitivity analysis it was concluded that as the maximum potential 
consequences increase, the optimal design return period also increases as can be seen in Table 5. In 
this table several values of maximum potential consequences are tested and for each of the 
minimum total annual cost was calculated associated with the return period of the design flood 
discharge.  

On the opposite as the interest rate increases the optimal design return period decreases. 
However the results from this analysis are not as sensitive as to the maximum potential 
consequences and are not presented here. 
 

Table 5: Sensitivity of return period of design flood discharge in relation to the maximum potential consequences 
Maximum potential 

Consequences  
(k€/ha) 

Minimum Total Annual Cost 
(M€/y) 

Optimal Return Period of 
Design 

(y) 
100 2.83 50 
200 3.03 50 
300 3.19 100 
500 3.38 100 

1000 3.66 1000 

6. CONCLUSIONS 

Apart from the reconnaissance and quick assessment of the economic consequences from flood 
events, achieved with the methodology presented in this study, some other important conclusions 
were derived: 

1. The optimal design of river rectification works is selected for the stream which is analyzed. 
For the most probable future conditions the optimal design discharge is found to correspond 
to the 50-year flood. 

2. As it was expected, the increase of the maximum potential consequences from floods in the 
flood prone area leads to design floods of greater return periods. 

3. Greater interest rates lead to more expensive flood protection works and therefore they lead 
to design floods of smaller return periods. However, the optimal solution (return period of 
design flood) is not significantly sensitive towards the interest rate change. 

50 
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