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ABSTRACT 

 
In the last twenty years, the entropy generation approach has been developed in order to analyse complex systems (open and 

irreversible). The first applications of the entropy generation extrema theorem were developed on energy systems, but recently, it has 

also been extended to biological systems in order to evaluate their stationary states. In this paper, the entropy generation is analyzed in 

relation to the hydrological and hydraulic behaviour of rivers. An example is developed on the Tanaro River in Piedmont (Italy). 
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1. INTRODUCTION 

 

A sustainable approach to water management [1] is a 

fundamental topic in the contemporary society. The concept 

of Integrated Water Resources Management was introduced 

in order to incorporate the multiple competing uses of water 

resources at the United Nations Conference on Water in the 

Mar del Plata (1977). In the 1990s, at the “International 

Conference on Water and Environment” (1992), at the 

“Second World Water Forum” (2000), in the “International 

Conference on Freshwater” (2001), at the “World Summit on 

Sustainable Development” (2002) and at the “Third World 

Water Forum” (2003), its fundamental role in sustainability 

was pointed out [2].  

In history there have always been flood events, and today 

they continue to be, as a consequences of natural behaviour of 

rivers and water flows during particular atmospheric events. 

Consequently, when there exists human establishment flood 

prevention or mitigation plans must be developed in order to 

promote and manage actions regarding water, land and 

related resources. But these actions should cover the entire 

river basin, by using a global approach which allows us to 

consider it as a complex system, where different phenomena 

occur: flooding, erosion, mass deposition, landslides, etc.. It 

has been pointed out that mitigation measures tend to be 

potentially more efficient and long term more sustainable 

solutions to flood problems and should be developed in order 

to reduce the vulnerability of human beings and goods 

exposed to flood risk. Indeed, even if defence structures are 

important elements of the protection of human safety, it has 

been underlined that flood protections are never absolute, and 

defence structures can generate a false sense of security in the 

people. The concept of residual risk must always be 

considered. So, flood forecasting and warning are 

fundamental in order to obtain successful mitigation of flood 

damage [3]. 

 In this context, the quantitative evaluation of discharge at 

river sites is fundamental in order to develop the water 

resource management both for its use and to prevent the 

floods. But, the discharge evaluation is related to the velocity 

measurements, often restricted by the excessive costs 

involved. Consequently, many mathematical physical models 

have been developed in order to evaluate the velocity profiles 

distribution, but only few studies obtained the spatial velocity 

distribution during high flood conditions [4]. But, the useful 

information on discharge is the water flow. So, instead to 

evaluate the velocity it could be useful an approach to the 

river hydraulic behaviour to obtain just the water flow.  

Last, during floods, it is fundamental to be able to evaluate 

the area interested by the phenomena and the time in which 

they will occur, in order to work for people safety and 

damages prevention.  

Nature is governed by the second law of thermodynamics, 

with particular regards to irreversibility. Entropy has been 

successfully introduced in the hydraulic and hydrological 

analyses [4-6] pointing out how this quantity can be effective 

in these studies. In the last two decades many results have 

been obtained just in irreversible thermodynamics useful to 

evaluate quantitatively many natural phenomena [7-20]. 

The aim of this paper is to present the entropy generation 

extrema theorem [15] use in river flows analysis as a first step 

for a future possible quantitative approach to hydrology and 

hydraulics in order to evaluate the evolution and the 

behaviour of water flows [8] and effects. To do so in Section 

2 the entropy generation approach is developed, in Section 3 

it is used to analyze the behaviour of Tanaro river. 
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2. ENTROPY GENERATION APPROACH 

 

Earth system is far from equilibrium as pointed out by 

Lovelock [21]. The hydrologic cycle is caused by the vapour 

concentration out of equilibrium, driven by [6]: 

o Updrafts: the vapour is brought to supersaturation 

o Precipitation: the vapour becomes unsaturated when 

it descends back to the Earth surface 

o Potential energy on the Earth surface associated with 

the different height 

o Different water state of matter due to temperature 

gradient on the Earth surface. 

All these disequilibria represent the source of exergy flows 

due to energy gradients [22-27] associated with them [17]. 

In order to study the dissipation of fluid systems entropy 

has been introduce [28-30], for any volume V considered: 
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where s is the specific entropy, V is the volume, q  is the 

specific heat power absorbed, T is the temperature and w  is 

the specific lost mechanical power, and such that it is always 

verified that: 
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with 
Q

J
 
heat power flux density.  

Gibbs introduced the available energy, named exergy, 

defined as the maximum useful work obtained if a system is 

in thermodynamic equilibrium with the environment with a 

process in which the system interacts only with it [29]. The 

available work lost in an irreversible process, the exergy lost, 

called also as anergy or exergy dissipation, can be obtained 

as: 
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This relation is known as the Gouy-Stodola theorem [31-

33]. It represents a fundamental approach in engineering 

analysis of the irreversibility of open systems, useful to 

evaluate the work lost for irreversibility using the entropy 

generation balance [17].  

Starting from this theorem, since 1995 we are carrying on a 

theoretical and phenomenological approach based on entropy 

generation in order both to introduce a principle of analysis 

for irreversibility in engineering and science [15] and to 

obtain a computational approach related to the ‘natural’ 

behavior of the phenomena. The mathematical basis of this 

approach is the variational calculus, while the physical basis 

is the principle of least action and the Noether’s theorem too, 

and some phenomenological hypothesis as follows [15]: 

1. a real open irreversible linear or non-linear system is 

considered; 

2. each process has a finite lifetime; 

3. what happens in each instant in the range [0, ] 

cannot be known, but what was happened after the time  

(the result of the process) is well known (at least it is 

sufficient to wait and observe is required only to define 

temperature and entropy; 

4. the entropy balance equation is a balance of fluxes of 

entropy and energy. 

The result obtained consists in the conditions of stability of 

a stationary state for an open system [15]: 
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where W 1 is the lost work required to maintain the state 1 

of the open system at the temperature T1 ≠ T0, with T0 

environment temperature. This relation proves that: 

o the entropy generation has an upper limit for non 

equilibrium states; 

o the entropy generation rate has a maximum for the 

stationary states (sign =).  

The relation (8) underlines that the entropy generation Sg 

due to the transition to a new state at temperature T is related 

to the initial state conditions. Therefore, it represents a 

selection rule in relation to the initial and final states: not all 

the thermodynamic path are allowed and the most probable 

path [16] is the one that satisfies the relation (8) with the sign 

"=". Now, considering that, in the stationary states the 

entropy generation is at an extremum [7, 10], it can be 

derived the following relations: 
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where  is the considered spatial variables (x or V, etc.) and: 
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then it follows: 
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from which it is possible to argue if the open system 

evolves also in space to attain the stationary state, the entropy 

generation results maximum or minimum in consequence of 

the prevailing of the spatial or time term. 

In order to use this principle in relation to hydraulics and 

hydrology, it is possible to state that the hydrological or 

hydraulic system must satisfy the relations (4) and (7) and in 

particular that the system is stationary if  

 

0 gS                                                                   (8) 

 

The entropy generation approach is very interesting 

because it: 

o introduces the time-life of the process, the time of 

occurrence of a process; 

o analyzes the systems in a time greater than or equal 

to the lifetime of the entire process occurred in the system. 
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3. ENTROPY GENERATION IN HYDRAULICS AND 

HYDROLOGY 

 

The entropy generation approach can allow us to obtain 

information on the stationary states of rivers, channels, 

hydro-morphological states of systems, etc. As example this 

principle will be used to evaluate the stability of the Tanaro 

river in Piedmont (Italy). 

First, for a river, the hydraulic entropy Sh is defined as [28]: 

 

/ /
hdS dt dH dx

HV
                                                     (9) 

 

with t time, V  river discharge (volume flow), H elevation 

above the base level. 

But, the entropy generation Sg can be written as follows 

[18-20]: 
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where 
V  

is the gradient evaluated in the direction of the 

flow; in a one-dimensional simplified model it results: 
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Now this relation will be considered on the Tanaro river. It 

is a 276 km-long river in northwestern Italy. It rises at the 

confluence of two small torrents whose sources are in 

Piedmont, the Tanarello and the Nerone, in the Ligurian Alps, 

close to the border with France and is the most significant 

right-side tributary to the Po in terms of length, size of 

drainage basin and discharge. The river is highly prone to 

flooding. During the two hundred year period 1801–2001 

parts of the Tanaro basin were affected by floods on 136 

occasions. The most recent and devastating occurred on 

November 1994 when the whole of the river valley was 

affected by severe flooding and the town of Alessandria was 

especially stricken. Consequently, it is important to obtain a 

model useful to evaluate the behaviour of Tanaro river, in 

order to prevent possible calamities. 

The data considered are the ones collected by the two 

hydrometers in Alba (172 m on the sea level) and Masio (142 

m on the sea level). The distance between the two city is 

around 34.4 km. In stationary state, we expect that the 

entropy generation of the Tanaro river between the two cities 

is constant in time. They are represented in Figure 1. 

Following the previous results, it is possible to state that, 

during a calamity the expectation is that the entropy 

generation rate between the two places becomes negative and 

then change its sign to becomes positive and then constant 

again at the end of the calamity. Greater the difference more 

intense the calamity.  

We have evaluated the entropy generation for Tanaro using 

the data collected and reported by ARPA-Piemonte [34]. The 

analysis obtained confirms the approach suggested. Indeed, 

Figure 2 represents the entropy generation evaluated in Masio 

and Alba, while the Figure 3 the variation of entropy 

generation in Masio and Alba. The entropy generation reach a 

maximum value during the maximum value of flood, 

represented in Figure 4, which underlines the sign of the 

entropy variation that gives information on the behaviour 

(increasing or decreasing of the flood). In Figure 5 the 

entropy variation (its gradient) on the path between Masio 

and Alba is represented. As expected it is negative during the 

increasing of the flood, null at the maximum flood and 

positive when the flood decreases. 

 

 

4. CONCLUSIONS 

 

Any effect in Nature is the consequence of the interplay 

and dynamic balance between pairs of opposite elements of 

the interaction between the systems and the environment [35-

37]. Annila [22] pointed out that the natural behavior of the 

open systems is ascribed to the decrease of free energy in the 

least time, which can be calculated by the extrema entropy 

generation theorem here summarized [15]: this principle is 

interesting in science and engineering [38-40] because it 

allows us to obtain a range in which an open system persists 

in a stationary state.  

In this paper this approach is introduced in order to 

evaluate the behavior of hydrologic and hydraulic systems for 

the forecasting and prevention of any eventual disaster caused 

by water flows and flood. The analysis of the Tanaro flood 

between two hydrometric measurement stations is developed 

as example of use of this approach. The results on the data 

collected during a disaster agree with the evaluation obtained 

by the entropy generation approach, proving its use. Indeed, 

the entropy generation for Tanaro was evaluated by using the 

data collected and reported by ARPA-Piemonte [34]. The 

results obtained are represented in Figure 2-5 and can be 

summarized as follows: 

o Figure 2 shows the entropy generation evaluation in 

Masio and Alba. It is the behaviour of the flow in the two 

villages and it reach a maximum at the stationary state, 

corresponding to the stationary flow, but this step is 

fundamental only to evaluate the variation of the entropy 

generation, the basic quantity used in the approach; 

o In the Figure 3, the variation of the entropy 

generation in Masio and Alba is represented. The entropy 

generation reaches a maximum value during the maximum 

value of flood. This information is important because 

underlines how the analysis of the entropy generation shape 

for a river is fundamental in order to evaluate the behaviour 

of the flows; 

o In Figure 4, the sign of the entropy generation 

variation rate is represented. The study of the sign is the 

fundamental step of the water flow analysis because it 

allows to obtain information on the increasing or decreasing 

of the flood; 

o In Figure 5, the entropy generation gradient on the 

path between Masio and Alba is represented. It is negative 

during the increasing of the flood, null at the maximum 

flood and positive when the flood decreases, suggesting how 

to forecast to the behaviour of the water flow. 

o Last, the analysis of the entropy generation related to 

the rivers can be useful to simulate the flood behaviour and 

to underline the more sensitive area where engineers can 

work to prevent or reduce disasters. 
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Figure 1. Geographic representation of the area considered 

 

 
 

Figure 2. Entropy generation rate and specific weight in Masio and Alba vs days from the flood inception 

 

 
 

Figure 3. Specific entropy generation rate variation in Masio and Alba vs days from the flood inception 
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Figure 4. Entropy generation gradient per unit time and unit mass density and gravity between Masio and Alba vs days from the flood 

inception 

 

 
 

Figure 5. Flood vs days from the flood inception 
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