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Introduction 
Growing population worldwide, economic development and increasing degradation of freshwater 
resources make the actual management of urban waters unsustainable for the world of tomorrow. 
Competition between water users, inadequate technologies or inappropriate managerial approaches makes 
better and adequate capacity building necessary. Furthermore, due to academic financial restrictions, PhD 
students are often limited in their ability to present and discuss their ongoing research projects at an 
international level. 

The LEESU research group and the H2o Association organise in the framework of the "University for 
water and sustainable development" of the Val-de-Marne County (South-East of Paris) an annual 
doctoral workshop dedicated to young environmental scientists. 

Since the creation of the workshop in 2001, the thematic outline is "Urban waters, resource or risk", 
emphasizing the necessity of the integration of human activity in the natural environment to enable 
sustainable development of urban space. The workshop is multidisciplinary joining natural (urban 
hydrology, chemistry, ecology, health sciences...) and social sciences (architecture, management, decision 
making...), to improve trans-disciplinary discussions and social commitment of the scientific research in 
the field of integrated water management. 

This workshop is characterized by a non formal work environment stimulating scientific creativity, 
exchange and discussion between participants, which number is limited to 25. For each participant, both 
papers and oral presentations especially focus on:  

o The scientific context,  

o The research questions together with their environmental justification,  

o The field and/or laboratory and/or model methodologies that are currently or will be used, 
together with their justification for addressing the questions presented before,  

o The planned research activity,  

o The significance and limitations of these methodologies for developing countries. 

Indeed this workshop is not mostly dedicated to present original results (the purpose of all conventional 
scientific conferences), but to present, discuss and justify methodologies selected by each PhD student. 
Furthermore, taking into account the large field of "urban water", papers and presentations are well 
illustrated for being well understood. Finally, taking into account the large participation of students issued 
from developing countries, each paper and oral presentation should also include some discussion of the 
benefits and limitations of such methodologies within developing countries, where most up-to-date 
technology is often not available. 

The five days of the workshop are dedicated: 

o To the presentation, discussion and assessment of the individual research projects of each 
participant and  

o To the building-up of international environmental research projects.  

o A half-day of the workshop is dedicated to a technical visit of urban water management 
equipments in the Val de Marne County. An evening session is dedicated to the public 
presentation and discussion of an international survey, conducted by the workshop participants, 
on drinking water resource, production and distribution conditions in selected towns. 

In conclusion the capacity building objectives of the WWW-YES workshop are focussed on 8 major tasks 
of an environmental scientist who wishes to reach an international expertise level: 

1. Ability to present, discuss and build collaborations using English as a communication language, 

2. Prepare a well formatted and structured scientific paper according to International Water 
Association guidelines, 
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3. Prepare a review report on a paper submitted for publication in an international journal and 
make general comments as well as specific questions to the author(s), 

4. Chair a scientific presentation and discussion on a topic not closely related to your own one, i.e. 
moderate the discussion, find justified questions if necessary, control the discussion time, 

5. Build an international work group including both nature and human scientists, working 
efficiently on a common goal,  

6. Build a collaborative research project according to an international call and to limited time and 
strict format constrains and justify it for an international expert panel, 

7. Conduct a scientific survey on a given city and collect both technical, economical and social 
data, the 3 major pillars of a sustainable development approach, 

8. Present and discuss environmental or sustainable development issues to/with an non specialised 
public made of elected representatives and local citizens. 

Oral presentations (31 May to 2 June 2010) 
Each participant has prepared and uploaded prior to 6 April 2010 a 6-10 page manuscript following the 
suggested format. 

Each participant has prepared a 10 min scientific presentation, in English, on his / her research project 
and is ready for 30 min detailed scientific discussion during the workshop, also exclusively in English, 
chaired by the workshop participant in charge of reviewing his/her manuscript. 

The oral presentation (ca. 10 slides) should especially focus on: 

o The scientific context of the research subject,  

o The research questions that are expected to be answered during the PhD preparation, together 
with their environmental justification,  

o The field and/or laboratory and/or model methodologies that are currently or will be used, 
together with their justification for addressing the questions presented before,  

o One or two major results obtained so far,  

o The planned research activity till the end of the PhD (or after its termination, in the case of a PhD 
which is already finished),  

o The significance and limitations of these methodologies for developing countries. 

Workshop participants are reminded of the large diversity of background knowledge within their 
colleagues, i.e. from natural to human sciences: thus these oral presentations should be extremely clear 
and well illustrated, allowing non-specialists of the research field to understand the raised environmental 
questions and the applied methods. 

Each participant has received a manuscript to review, using a referee report form: this review was 
expected to be filled and sent back prior to 26 April 2010 to Daniel Thevenot, who has then send these 
reports to the author of the refereed manuscript. Thus WWW-YES-2010 participants should be ready, 
after their oral presentation, to answer to comments and questions raised by his/her referee. 

A printed version of the proceedings draft version will be given to each participant upon arrival. In the 
meanwhile a light version of this document will be available on the web: due to file size limitations on 
this server, all photographs and numerous illustrations may have to be deleted. Since 2008, all 
participants are offered to publish their paper in an Open Source specific collection (http://hal.archives-
ouvertes.fr/WWW-YES/fr/ ). 

Field visit (Tuesday 1st June 2010 afternoon) 
A half-day technical visit on urban water issues will be organised at several sites of Bièvre valley, close 
to Arcueil. The SIAVB will explain the Bièvre River management upstream the highly urbanised part of 
the river where it becomes a domestic underground sewer. A visit of one of the hydraulic regulation lakes 

http://hal.archives-ouvertes.fr/WWW-YES/fr/�
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will follow. Finally, participants will discover parts of the Bièvre River where it has been re-opened, in 
the middle of a newly designed park (Parc des Prés). This visit will be accompanied by senior scientist to 
ensure the transfer of knowledge and the discussion with the representatives of the local water authority. 

Public discussion on drinking water management (Tuesday 1st June 2010 evening) 
In the evening of Tuesday 1st June, all WWW-YES-2010 participants are invited to take part to a public 
discussion session with institutions, associations and citizens of the Bièvre valley on the topic of 
"Drinking water management: results of an international survey conducted by young environmental 
scientists". This public discussion will take place at Jean Vilar picture theatre (few hundred meters from 
CAVB buildings at Arcueil) after a documentary film presentation. This English speaking film "Water 
Diary" by Jane Campion, is part of the film set "8" corresponding to the 8 Millennium Development 
Goals. Translation to/from English will be offered to the workshop participants, so that they understand 
the questions raised by the French public and are able to reply in English and be understood by the public. 

Thus each selected participant has received, an html link to an on-line survey questionnaire which 
should have been filled prior to 6 April 2010 on a city of his/her choice (except for cities which have 
been surveyed by participants of past WWW-YES editions). For the same deadline, each participant should 
have sent to Daniel Thévenot 3 JPG pictures files and a country map illustrating the drinking water 
equipment and/or problems on the selected city as well as a map of the country indicating the city 
location. 

Three voluntary workshop participants have prepared an English summary presentation of the surveyed 
towns and present it orally to the public attending this meeting. During the discussion, workshop 
participants will be asked on the city which they will have selected for this survey. In order to prepare this 
public presentation and discussion, a rehearsal will be performed, in the presence of only WWW-YES-
2010 participants, on Monday 31 May afternoon. 

Collaborative research project building-up (2-4 June 2010 - half-day sessions) 
At the start of the workshop, participants will be invited to build multidisciplinary groups of 4-5 
persons. Each group will prepare a proposal for international scientific research, under the guidance of 
senior experts. The topics of these proposals are defined with the help of actors of decentralized 
cooperation in the field of water supply and sanitation, or with academic searchers. 

For better understanding of such role game, this collective proposal preparation will be introduced by a 
short course on scientific proposal writing and accompanied by senior scientists who have all experienced 
European research projects. 

Each collaborative research proposal will result both into a one-page ‘expression of interest’ distributed 
to participants and into an oral presentation and discussion with a panel of senior scientists and 
practitioners on the morning of Friday 4 June 2010. The aims of this exercise are to learn how to justify 
all aspects of an international research project and to help participants to possibly obtain a support for 
future environmental research projects during or after their PhD preparation. 

Organising committee 
• Daniel THEVENOT – University Paris-Est – LEESU, France 

• Martin SEIDL - UFMG EHR Brazil / Université Paris-Est Ecole des Ponts ParisTech - LEESU, 
France  

Scientific committee 
• Daniel THEVENOT - Université Paris-Est – LEESU, France 

• Martin SEIDL - UFMG EHR Brazil / Université Paris-Est Ecole des Ponts-ParisTech LEESU, 
France 

• Robert ARFI - IRD Montpellier, France 

• Sani LAOUALI - University Abbou Moumouni, Niamey, Niger 
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• Tahar IDDER - University Kasdi Merbah, Ouargla, Algeria 

• Gilles VARRAULT - Université Paris-Est Créteil – LEESU, France 

• Bruno TASSIN - Université Paris-Est Ecole des Ponts-ParisTech – LEESU, France 

• Jean Claude DEUTSCH – Université Paris-Est Ecole des Ponts-ParisTech – LEESU, France 

• Nilo NASCIMENTO - UFMG EHR, Brazil 

Accomodation site 
Thanks to Arcueil municipality, all WWW-YES-2010 participants (including those living in Paris 
conurbation) will be accommodated within the “Maison des Sportifs” ground level which access is 
situated at 12 rue Victor Bash, 94 114 Arcueil (see map below). This site is conveniently situated ca. 
250 m from RER B (fast metro line directly connected to CDG airport) Laplace station. Room keys will 
be provided by WWW-YES-2009 organisers during Sunday 30 May at this site or on Monday 31 May at 
the workshop site. 

This accommodation site is conveniently situated ca. 250 m from Arcueil city hall (Monday 31 May 
work place) and ca. 400 m from Communauté Urbaine du Val de Bièvre (CAVB) (Tuesday 1st June till 
Friday 4 June workplace). 

This accommodation site contains: 

o 9 double rooms and 1 single room, all containing a washing basin,  

o Sheets, blankets, pillow… are placed in plastic gaskets below each bed, but neither towels nor 
soap are provided,  

o A sanitary block containing several showers, toilets and basins (including equipment and 
products for cleaning after use),  

o A small eating area including a fridge, a microwave, a coffee maker, tables, chairs and utensils 
for ca. 8 persons: thus, just as for the sanitary block, participants need to get organised and 
successively share these facilities; WWW-YES-2010 organisers will provide basic drinks and 
food for breakfast prior to 31 May morning,  

o Each room key allows the opening of both the outside door and the room door, but only room 
number 1 key (the only single room) contains a key for opening the garden grid: thus it is 
suggested not to close this grid during the workshop. 

Participants will be accommodated at this site from Sunday morning 30 May till Sunday morning 6 June 
2010. Keys to the rooms will be given to WWW-YES-2010 participants (one key per double room) by 
Martin Seidl on Sunday 30 May (from 9 am till 1 pm and from 2 pm to 7 pm). 

An information meeting will be held at accommodation site on Sunday 30 May at 7 pm (19:00) by Martin 
Seidl. 

Workshop sites 
Thanks for the Arcueil municipality, a large and well equipped function hall named “Salle du Conseil” 
will be available for the first day of the workshop (Monday 31 May). It is conveniently situated at ca. 400 
m from the accommodation site at 10 avenue Paul Doumer, 94 114 Arcueil (see map below). 

This hall contains:  

o A workshop zone with table, chairs, video projector, laptop PC and paper boards, 

o A lunch area where a buffet lunch will be delivered. 

Thanks to the «Communauté Urbaine du Val de Bièvre (CAVB)», a large and well equipped function 
hall named “Salle du Conseil” will be available during the rest of the workshop Tuesday 1st June till 
Friday 4 June). It is conveniently situated at ca. 400 m from the accommodation site at 7-9 avenue 
François Vincent Raspail, 94 114 Arcueil (see map below). 
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This hall contains:  

o A workshop zone with table, chairs, video projector, laptop PC and paper boards,  

o A coffee break area with coffee machine, boiler and soft drinks,  

o A lunch area where a buffet lunch will be delivered each day,  

o Computer Internet access facilities (using RJ45 cables), either in the main hall or in an adjacent 
small room, 3 PCs and a black and white printer. 

Public meeting site 
Thanks for the festival de l’Oh! and the Val-de-Marne county, the Jean Vilar picture theatre will be 
opened to the public and to the WWW-YES-2010 participants for the evening of Tuesday 1st June. This 
hall is conveniently situated at ca. 800 m from the workshop site at 1 Rue Paul Signac, 94110 Arcueil 
(see map below). After a documentary film projection (“Rain diary” by Jane Campion), WWW-YES-
2010 participants will present and discuss with an non-specialised public the results of the drinking 
water surveys conducted in 2009 and 2010 (3 workshop editions). 

Urban transportation in Paris by RATP 
From the Airport (< 10€) 
RER : line B from the CDG Airport to Laplace station, then walk (10 min) till 12 rue Victor Bash, 94 114 
Arcueil (see map below) 

 
Figure 1: Map of WWW-YES-2010 accomodation and work sites 

RER B (fast metro 
with direct connexion 
from CDG airport): Laplace 
station 

Accommodation site 
12 rue Victor Bash (ca. 250 m from  
RER Laplace station) 

Work site (1-4 June): CAVB 
7-9 ave François Vincent Raspail 
(ca. 400 m from accommodation site) 

Work site (31 May): Arcueil 
city hall  
10 Avenue Paul Doumer, 94110 Arcueil 
(ca. 400 m from accommodation site) 

Jean Vilar hall (1 June)  
1 Rue Paul Signac, 94110 Arcueil  
(ca. 800 m from accommodation site) 

http://www.ratp.info/touristes/index.php?langue=en�
http://www.paris-cdg.com/maps.html�
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FAMILY 
NAME  

First 
Name Nationality University Title of presentation and 

paper 

Paper 
chair-
person and 
reviewer 

  Monday 31 May 

  

8:30 THEVENOT Daniel   Universite 
Paris-Est 

WWW-YES-2010 
participants welcome   

  

9:00 MEIER Olivier   
Val-de-
Marne 
county 

Official opening of the 
10th WWW-YES 
workshop 

  

  

9:15 METAIRIE Christia
n   Val-de-

Bievre 

Official opening of the 
10th WWW-YES 
workshop 

  

  

9:30         
Short presentation of 
each WWW-YES-2010 
participant 

  

  10:30         Break   

  Session 1. Urban flood management 

1 11:00 ELEUTERI
O Julian Brazilian 

Ecole 
Nationale 
du Genie de 
l'Eau et de 
l'Environne
ment de 
Strasbourg 

Identifying how the 
strategies used to assess 
potential damages of 
future floods can affect the 
results of the evaluation 

FURUSHO 
Carina 

  Session 2. Domestic wastewater management 

2 11:40 GRANBER
G Kelly USA 

University of 
Illinois at 
Chicago 

Sources of heavy metals 
and polycyclic aromatic 
hydrocarbons to 
transportation corridor 
swales in Chicago. 

FODDIS 
Maria Laura

3 12:20 BENNAJAH Mounir Moroccan Toulouse 
INPT 

Defluoridation of drinking 
water by 
Electrocoagulation/Electrof
lotation - kinetic study 

MUNOZ-
TROCHEZ 
Camilo 

  13:00         Buffet lunch and group 
set-up   

  14:00     Presentation of research cooperation project 
topics   

  14:30     Selection of research cooperation project topic by 
each group   

  15:00 THEVENOT Daniel Research cooperation project building-up 
methodology: an introduction   

  15:30 Summary group 
members 

Rehearsal of presentation and discussion of 
drinking water survey summary   

  18:00 End of session 
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Name Nationality University Title of presentation and 

paper 
Paper chair-
person and 
reviewer 

  Tuesday 1 June 

4 8:30 GILBERT Solène French 

Ecole des 
Ponts 
ParisTech 
(Universite 
Paris-Est) 

Alkylphenols and 
polybromodiphenylethers 
removal efficiency in 
wastewater and 
stormwater treatment 
processes: an innovative 
methodology  

ELOUEAR 
Zouhair 

5 9:10 ELOUEAR Zouhair Tunisian 

Ecole 
National des 
Ingenieurs 
de Sfax 

Removal of nickel and 
cadmium from aqueous 
solutions by sewage 
sludge ash: study in single 
and binary systems 

GILBERT 
Solène 

6 9:50 TRABELSI Souhail
a Tunisian Universite 

Paris-Est 

Plasma chemical oxidation 
of phthalic anhydride: 
application to the 
treatment of Tunisian 
landfill leachate 

SONKO 
Elhadji 
Mamadou 

  10:30         Break   

7 11:00 SONKO 
Elhadji 
Mamad
ou 

Senegalese 

Cheikh Anta 
Diop 
University of 
Dakar 

Humification performance 
and helminth eggs 
inactivation in faecal 
sludge dewatering bed  

TRABELSI 
Souhaila 

8 11:40 ABIOLA 

Francin
e 
Sophiat
ou 
Tetede 

Beninoise 

Universite 
Cheikh Anta 
Diop de 
Dakar 

Acceptability and market 
potential of forage plants 
grown in treatment 
wetlands 

VEGA 
Griselle 

  12:20         Buffet lunch   

  13:30 
Bus 
transportati
on 

    

Technical visit of the Bievre 
river/sewer equipments: SIAVB 
(upstream Bievre management) and 
Parc des Prés (Fresnes) 

  

  17:30       
Break and walk to the Jean Vilar picture 
theater (Arcueil): presentation equipment 
set-up 

  

  19:00         Buffet dinner   

  19:30       
Public presentation of Jane Campion 
documentary film "Water Diary", part 
of "8" film set 

  

  20:00 THEVENO
T Daniel   

Public presentation of the WWW-YES 
international survey on drinking water 
management to Val de Bievre citizen 
(translation to/from English available) 

  

  21:30 End of session 
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FAMILY 
NAME  

First 
Name Nationality University Title of presentation 

and paper 
Paper chair-
person and 
reviewer 

  Wednesday 2 June 

9 8:30 MAZEAU Adrien French Lougboroug
h University 

Assessing people’s views 
of infrastructure: 
methodologies to study 
urban shared sanitation 

PERYSINAK
I Aliki Myrto 

10 9:10 VEGA Griselle Peruvian 
Colegio de 
Postgradua
dos 

Analysis of the domestic 
water management: 
Amajac River Sub Basin, 
Hidalgo State, Mexico 

ABIOLA 
Francine 

  Session 3. Integrated water resource management 

11 9:50 FURUSH
O Carina Brazilian 

Ecole 
Centrale de 
Nantes 

Analysis of the 
hydrological functioning 
of an Urbanizing River  

ELEUTERIO 
Julian 

  10:30         Break   

12 11:00 FODDIS Maria 
Laura Italian University of 

Cagliari 

Identification of the 
unknown pollution source 
in Alsatian (France) 
aquifer through 
groundwater modeling 
and Artificial Neural 
Networks applications 

GRANBERG 
Kelly 

13 11:40 GEARA-
MATTA Darine Libanese 

Universite 
Paris-Est - 
ENPC 

State of Art about water 
uses and wastewater 
management in Lebanon 

ISLAM Shafi 
Noor 

  12:20         Buffet lunch   
  13:20 Research cooperation project: preparation 
  18:00 End of session 

  Thursday 3 June 

14 8:30 

MUNOZ
-
TROCH
EZ 

Camilo Colombian 
Loughborou
gh 
University 

Incorporating energy use 
into the economic level of 
Leakage Model 

BENNAJAH 
Mounir 

15 9:10 ISLAM Shafi 
Noor Bangladeshi 

Brandenbur
g University 
of 
Technology 
at Cottbus 

Climate change versus 
urban drinking water 
supply and management: 
a case analysis on the 
coastal towns of 
Bangladesh 

GEARA-
MATTA 
Darine 

16 9:50 PERYSI
NAKI 

Aliki-
Myrto Hellenic 

Ecole 
Nationale 
Superieure 
de Paris la 
Villette 

How do waterscape 
projects combine 
landscape design and 
natural processes to 
create dialogues that 
engage both culture and 
nature? The case of the 
Boston park system and 
the solar city 

MAZEAU 
Adrien 

  10:30         Break   
  11:00 Research cooperation project: preparation   
  12:30         Buffet lunch   
  13:30 Research cooperation project: summary & presentation preparation   
 18:00 End of session 
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NAME  
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Name Nationality University Title of presentation and 

paper 
Paper chair-
person and 
reviewer 

  Friday 4 June 

  8:30 THEVEN
OT Daniel     

Presentation equipment 
set-up   

  9:00 

        

Research cooperation 
project presentation & 
discussion by each 
group   

  11:30 
        

Research cooperation 
project: classification 
(ballot)   

  12:00 
        

Celebration of the 
winner group around a 
glass   

  12:30 
        

Farewell lunch & 
workshop evaluation by 
participants   

  14:00 End of workshop 
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WWW-YES-2010 session 1: Urban flood management 

1 Identifying how the strategies used to assess 
potential damages of future floods can affect the 
results of the evaluation 

Julian ELEUTÉRIO 1,2*, Anne ROZAN 1 and Robert MOSÉ 2 

1 UMR Cemagref/ENGEES Management of Public Utilities, Strasbourg, France 
2 UMR CNRS/UdS/ ENGEES Mechanical Institute of Fluids and Solids – UTR Urban 
Hydraulics, Strasbourg, France  
*corresponding author: julian.eleuterio@engees.u-strasbg.fr   

Abstract 
The aim of this paper is to develop a research framework to analyze the impact of 
different strategies used to evaluate urban flood damages on the feasibility of the 
evaluation and on the accuracy of its results. Two main parts of the evaluation process are 
discussed: (1) hydrodynamic simulation of flood events and its hydrological components 
and (2) assessment of assets vulnerability to floods. The framework compares two 
aspects of the evaluation: uncertainty - variability of the evaluation results according to 
the choice of models and methods; feasibility - time and investment required to realize 
and maintain the evaluation. The objectives of this methodological framework are to 
better understand the whole flood damage evaluation process and to identify the 
relevance of the different steps of the evaluation. We intend to help stakeholders in the 
choice of evaluation strategies with a good compromise between evaluation efforts and 
results reliability.  

Keywords 
Urban water, flooding, risk assessment, modelling, decision support systems 

INTRODUCTION 
For a long time, flood alleviation projects in France have been built just after big catastrophes 
without considering solid economic evaluations for supporting flood management decision 
making process (LCL et al. 2007). This scenario is still quite common all over the world. The 
use of economic evaluation should improve flood management effectiveness and sustainability. 
In Europe, cost-benefit analysis (CBA) and multi-criteria analysis (MCA) tend to become more 
frequent over time in this purpose: “Flood risk management plans shall take into account 
relevant aspects such as cost-benefit analysis” Water Framework Directive 2007/60/EC. The 
benefits of flood alleviation projects are measured in terms of avoided damages enhanced by the 
project. The work of Penning-Rowsell and Chatterton (1977) is one of the first references 
introducing this concept. The assessment of potential damages of future floods is a fundamental 
key in flood management decision making process. It allows comparing several projects between 
them in relation to expected costs and benefits. The “correct” evaluation of potential damages of 
future floods is therefore crucial for the well achievement of the analysis. 
Flood inundation maps, vulnerability maps and feedback on previous flood damages are used to 
evaluate flood damages. Each set of data is issue of different modelling processes and involves 
uncertainties (Penning-Rowsell and Green, 2000). In addition to uncertainty in the evaluation 
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process, current CBA applications consider only direct damages, like houses material losses, and 
few indirect damages, like industrial exploitation losses, as benefits of flood management. The 
works of LCL et al. (2007) and Hubert and Ledoux (1999) synthesise several applications in 
France, United Kingdom, United States of America, Germany, Holland and Switzerland. 
Accurate assessment of flood potential damages should allow assessing the overall benefits of 
projects. However, full damages evaluation including direct, indirect, tangible and intangible 
damages is a complex process which involves dynamic systems, i.e. flood hydrological hydraulic 
aspect and human systems, and several modelling requirements (Green et al. 1994).  
Overall uncertainty in the results of benefit analysis depends on the strategies used to assess 
flood damages potential. These strategies concern mainly the definition of types of damages that 
will be evaluated, of datasets and methods used in the assessment process and of models and 
programs which will be used to process data. The contribution of individual uncertainty 
propagation for the overall uncertainty of damages evaluation results is not well understood. The 
understanding of the dependence of strategic choices and uncertainty potential is fundamental in 
the choices of these strategies in practical applications. According to our knowledge, only one 
study has been carried in order to compare different strategies and results variability (Apel et 
al. 2008a). 
The aim of this paper is to highlight the significance of pre-studies in flood damages evaluation 
processes and to develop a research framework to analyze the impact of different strategies used 
to evaluate urban flood damages on the feasibility of the evaluation and on the reliability of its 
results. The application of this framework should allow better understanding on the whole 
evaluation process and bring support to flood damage evaluation pre-studies. In the first part of 
this paper, we present the state of the art of the assessment of future flood damages potential. 
The second part describes the research framework proposed. In the third part of this paper, we 
discuss the first results together with the research implications and perspectives of this work.  

THE ASSESSMENT OF POTENTIAL DAMAGES OF FUTURE FLOODS  

Flood consequences, losses and damages 
Flooding is the first damaging natural hazard in the world (Messner et al., 2007). “Floods have 
the potential to cause fatalities, displacement of people and damage to environment, to severely 
compromise economic development and to undermine economic activities of the Community” 
Water Framework Directive 2007/60/EC. Floods can also have positive consequences, like the 
fertilization of floodplains. The term loss is used to define negative consequences of floods. The 
losses of floods are classified in bibliography according to the cause of losses (contact with water 
or other) and to the possibility to express them in monetary terms. The term damage is used to 
designate economic losses. Tangible losses, or damages, can be expressed in monetary terms, 
e.g. material losses. Intangible losses are hardly expressed in monetary terms, e.g. psychological 
trauma, loss of life. Direct damages are consequences of direct contact of flood water, e.g. 
houses furniture and electronics losses. Indirect damages are consequences of services and 
activities disruption due to direct or other indirect losses, e.g. cleaning costs, disruption of 
industrial production caused by interruption of energy provision.  

The state of the art 
Several methods have been developed all over the world in order to estimate future flood 
damages: in the United States (US), first flood damage evaluations have been developed at the 
beginning of the 60s (White, 1964) followed by the development of application guidelines by US 
Army Corps of Engineers; in the United Kingdom (UK) a first procedure have been developed in 
the 70s (Penning-Rowsell et al., 1977) and since then a sequence of guides have been published 
improving the evaluation over time (Parker et al., 1987; Penning-Rowsell et al., 1992; Penning-
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Rowsell et al., 2005); in Australia a national guide has been developed together with the 
experience of the UK (Thompson and Handmer, 1996; DNRM., 2002); in France, the works of 
Torterotot (1993) and Hubert at Ledoux (1999) are the main national references. Lots of national 
and international projects have been developed on this context (Floodsite, EUROflood…). An 
European guideline has been published in this context (Messner at al., 2007). Therefore, a large 
number of methods to evaluate flood damages are available in literature. These methods are 
mainly different in relation to the scale of the evaluation, varying from an elementary (unit/micro 
scale) to international scale and to the level of detail which flood damages are evaluated. 

Overview of flood damages evaluation 

“Flood risk is considered as the product of hazard, i.e. the physical and statistical aspects of the 
flood, and the system vulnerability, i.e. the exposure of people and assets to floods and the 
susceptibility of the elements at risk to suffer from flood damages”. (Apel et al. 2008a). In flood 
damages evaluations, hazard is represented by flood maps (inundation extent, water depth, 
duration of submersion, flow velocity...) and flood frequencies or return periods; vulnerability is 
represented by vulnerability maps (land-uses, assets location, structural and functional 
characteristics of assets) and damage-functions (damaging potential expressed by a relationship 
between flood hydraulic parameters and assets characteristics). Two methods can be used to 
evaluate flood damages: “unit damages evaluation” which is a property-by-property assessment 
methodology, and homogeneous areas evaluation which considers areas with similar 
characteristics in the calculation process. For both, the evaluation process consists of 3 main 
steps: data assessment, data combination, damages calculation (Hubert and Ledoux, 1999). Flood 
maps and frequency are obtained by meaning of hydrologic/hydraulic modelling. Vulnerability 
maps are built by meaning of satellite/aerial photography, field surveys, interviews... Damage-
functions are developed by statistical analysis of observed floods damages or by assumptions and 
laboratory tests. Geographic Information Systems (GIS) are largely employed to store and 
combine data, playing an important role in the evaluation process. Data combination consists of 
overlaying flood and vulnerability data. Damage-functions are applied to different assets in order 
to calculate individual damages caused by a flood event with specific return period. Finally, total 
damages are calculated by summing the overall assets damages for one specific flood event. This 
process will be detailed further in this work. 

Uncertainty in the evaluation 

Hazard modelling consists in hydrologic, geospatial and hydrodynamic aspects. Uncertainty is 
issue of these different elements and of the interaction between them (Merwade et al., 2008). The 
availability of hydrological data, the resolution of Digital Elevation Model (DEM) and the type 
of hydraulic models (1D, 1D/2D, 2D) play an important role on the accuracy of results (Stelling 
and Verwey, 2005). The work of Xu et al. (2007) highlights the importance of the accuracy of 
floods frequency determination in the results of damages evaluation. The assessment of 
vulnerability to floods also counts on different sources of uncertainty. The scale of the exposure 
assessment and the quality of datasets and field surveys determines the accuracy of this step. The 
accuracy if damage-functions is fundamental in the evaluation process. The work of 
Torterotot (1993) describes uncertainty on the construction of damage-functions. The works of 
Apel et al. (2004) and Penning-Rowsell and Green (2000a, 2000b) describe uncertainty in the 
overall process. Another type of uncertainty is due to categories of flood damages untreated in 
the evaluation.  
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Future directions 
The evaluation of flood damages generally realised by local authorities, associations or by 
private companies. The greater the scale of the evaluation is, the harder it is to assess and 
forecast hazard and vulnerability data. Even though lots of methods and guides exist to support 
flood damages evaluations, rare are the countries which adopted national standard methods 
(Dutta et al. 2001). The adoption of national standard methods should contribute over time to the 
development of robust evaluation methods adapted to different contexts which is observed in the 
UK experience. A common point between all the methods is that direct damages, especially for 
buildings and contents, have been the main point studied. Direct damages to infrastructures, 
networks, environment, indirect and intangible losses in general have been less explored. 
Therefore, in practical applications direct damages to buildings and contents are more frequently 
evaluated; direct and indirect damages to networks are rarely included in. We also notice that 
great effort has been made in flood mapping, with the development of several computational 
programs to support the operation. Contrary to hazard modelling, few models have been 
developed to simulate vulnerability and to realise the overall evaluation of flood damages (Xu et 
al., 2007). The construction of flexible GIS-based models to evaluate full flood damages could 
contribute to the improvement of the evaluation process.  
Sophisticated methods are available and can be employed for the purpose of obtaining accurate 
results. In despite that technological improvement allows great advances in modelling software 
and data acquisition material, the costs to pay for accuracy can turn out to be relatively high. The 
question of feasibility of the evaluation is an important factor in practical evaluations observed in 
Europe and it can be still more relevant in developing countries. Evaluation pre-studies should 
take into account the overall cost of the evaluation process in order to guide the choices on 
strategies of the evaluation. These pre-studies should also take into account uncertainty potential 
linked to strategic choices, in order to improve the evaluation results optimizing evaluation 
investments. The identification and quantification of uncertainty sources in the evaluation is 
crucial for acting on the evaluation uncertainty reduction. Individual uncertainty linked to the 
hazard modelling part of the evaluation propagates in the results of the evaluation, as well as 
individual uncertainty linked to the vulnerability assessment step. The choice of the strategies to 
evaluate flood damages and the variability of the evaluation results in practice has rarely been 
discussed before (Apel 2008). Research has yet to be done in order to guide the choice of 
different strategies to model hazard, assess vulnerability and evaluate flood damages, taking into 
account the objectives of the evaluation, feasibility parameters, long-term perspectives, and 
results reliability. 

DEVELOPING THE RESEARCH FRAMEWORK 
The evaluation of flood damages has different objectives: support cost-benefit analysis, multi-
criteria analysis, insurance programs, post-crisis recovery (resilience), etc. The level of detail and 
reliability on the evaluation depend on the demands in terms of objectives. The definition of 
these objectives is a fundamental key for the evaluation. In this context of CBA and MCA, a 
maximum of reliability and detail is required from the damage evaluation. The choices of the 
strategies used to asses future flood damages are crucial for the accuracy of the evaluation 
results. These choices are made in a pre-study phase of the evaluation process. The objective of 
the present research framework is to develop uncertainty analysis correlated with feasibility 
analysis in order to support the choices of strategies in damage evaluation pre-studies.  
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Feasibility vs. uncertainties 
In practical assessment of damages, the choice of strategies, models and methods is mainly 
determined by budgetary factors. The question evocated in the Messner et al. (2007) study “How 
much time and money is at hand to carry out the study?” is an important element for determining 
the evaluation strategies. Unfortunately, in real application the answer to this question is the 
strongest factor in the choices of models and methods. An example is that indirect and intangible 
damages are often neglected or roughly evaluated, because of the high exigency level of these 
evaluations in terms of investments. Another example is the option for using free-license 
hydrodynamic models for simulating floods. The costs of the assessment process can range a lot 
according to the strategies adopted. A myriad of studies have been carried in order to identify 
uncertainty of individual models to some modeling aspects. However, rare are the studies which 
compared and measured the uncertainties generated by different steps of the evaluation in terms 
of evaluation results variability (Apel et al. 2008a). A pre-study phase is essential to the 
determination of time and evaluation efforts repartition.  

Development of a general pre-study method 
Different methods and guides present different pre-studies methods. Based on the studies 
analysed on this paper, we propose a general pre-study method called 3C pre-study for assessing 
potential damages for future floods (Fig.1), which define a precise workflow plan. 
 

 

Figure 1: 3C pre-study for assessing potential damages for future floods 
The 3C method referred to the 3 circles which should be studied in relation to the objectives of 
the evaluation. The definition of the objectives of the evaluation must be its first step. 

Internal circle 

Land-use and 
vulnerability data 

Past damages data and damage functions Flooding phenomenon data 

Determine strategies to 
model flood hazard 

Determine strategies to assess assets 
vulnerability to floods 

Definition 
of 

objectives 

Estimate the area for direct 
damages evaluations

Determine types of damages and the 
area for indirect damages evaluation 

Determine damage-functions for each 
asset type 

Determine data storage and 
processing software  

2 

3

4

5 

6 

7 

8 

9

10

1

Flood 
damages

Urban system Flood system 



WWW-YES-2010 proceedings (draft version) 

18 / 171 

The first circle consists in gathering all existing data for the evaluation. (2) In the first step one 
should look for all available existing data concerning the flood phenomenon: historical flood 
maps, hydrological/meteorological data, topographic, bathymetric and digital elevation models 
(DEM), flood models, etc. (3) Secondly, all information concerning land-uses and characteristics 
of assets at risk should be gathered: vulnerability maps, land-use maps, GIS databases, GIS 
platforms, etc. (4) The third step consists in gathering existing data concerning previous flood 
damages and existing damage-functions. If no data exist in the site, regional and national data 
should be gathered. 

Middle circle 

The second circle consists in a general reflexion in relation to the method which will be used to 
calculate flood damages in accordance with the objectives of the evaluation and to the analysis of 
data gathered in the first circle steps. (5) The first step estimate the area which will be studied in 
relation to direct damages based on the extent of previous flood inundations or expert 
knowledge. (6) In the second step, we should determine all the types of assets that will be 
evaluated and all kinds of damages which will be calculated. The area for indirect damages 
evaluation should be determined. This step is based on previous information concerning flood 
damages and actual-land use occupation. (7) In this step, we should determine the applicability 
of available flood damages and gather damage-functions for all type of assets considered in the 
evaluation. An exhaustive analysis of the existing damages function, the actual land-use 
information and the types of damages adopted should be established. One damage-function 
should be related to each typology of assets considered.  

External circle 

This last circle consists in determining all the strategies which will be used during the flood 
damages evaluation process. (8) The first step consists of determining the strategies which will 
be used to model hazard: what kind of hydraulic model to use, how to obtain lacking data. (9) In 
the second step, one should determine the strategies which will be adopted to assess lacking land 
use and exposure information necessaries to assess vulnerability to floods. (10) Finally, the last 
step consists of determining how data will be stored and process in order to calculate flood 
damages. A GIS software should be used, and not only calculation procedures must be 
determined but uncertainty analysis methods must be defined. 

Research framework  
The strategic choices to evaluate flood damages are made from the step 6 to 10 (both included) 
presented in the pre-study (Fig.1) The objective of the framework is to compare different 
strategies and measure their impact on the evaluation results. Strategic choices should be made 
considering several aspects: objectives of the evaluation, existing data and models availability, 
uncertainty potential linked to the different strategies, costs and time availability and requested 
by the different strategies. Two of these aspects must be studied a priori in order to support these 
considerations in practical applications: uncertainty potential linked to different strategies and 
data and time requested by the different strategies available. The framework developed in this 
paper intends to correlate uncertainty potential and feasibility indexes to different possible 
strategies adopted in the evaluation. The research framework is presented above (Fig.2). 
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Figure 2: Research framework to identify how the strategies used to assess potential damages of future floods 
can affect the results of the evaluation 
The principle of the framework is based on a repetitive method. Flood damages should be 
evaluated several times using different strategies. In order to measure the relative importance of 
each aspect of the evaluation process, we should compare the impact of the different strategies in 
the global results of the evaluation. A sensitivity analysis principle is used: a unique parameter 
should be changed at time and overall damages should be evaluated. Uncertainty propagation for 
each parameter is measured in the results of the evaluation.  

Applying the research framework 
In this framework we consider that hazard is controlled by hydrologic, hydraulic, and geospatial 
aspects and urban systems are composed by buildings and networks (Fig.2). The choice of 
demonstration sites should be based on data availability. Not only real study cases but also 
hypothetical cases should be studied to allow extrapolation of results.  

Define a general methodology to evaluate flood damages  

Independent on the method, potential flood damages evaluations are based on three main 
components of datasets: hazard parameters maps with associated intensity and frequency, 
vulnerability maps containing assets exposure characteristics, and damage-functions expressing 
the susceptibility of assets in the floodplain to suffer damages. A general damage evaluation 
consists of 3 main steps: (1) assess data, (2) combine data and (3) calculate damages (Humbert 
and Ledoux, 1999). These steps should be preceded by a pre-study. In the first step, data 
describing vulnerability, hazard and economic aspects should be obtained. This step is the key of 
this study and will be detailed in the two next sections.  
In the second step, vulnerability and hazard data are correlated in order to determine the risk, and 
economic data is associated to them. GIS software is used to overlay spatial data and combine 
tabular datasets (Reference). This procedure consists of determining for each specific flood 
event, how the assets at risk will be affected by the hazard. Water depth is the most common 
hydraulic parameter used in this context (Penning-Rowsell et al., 2005). The GIS procedure 
consists in overlaying vulnerability maps with flood water depth maps. Therefore, each asset will 
be associated to hydraulic parameters and vulnerability characteristics. 
The third and last step consists of calculating damages and expected annual damages. Direct 
material damage depends of hazard parameters and vulnerability characteristics of the asset at 
risk. For each asset at risk we could than express direct damages (Ddir) in function of hazard 
parameters (Hpar) and assets vulnerability to floods (Avul): Ddir = f (Hpar, Avul). Indirect damages 
(Dind) are usually estimated by using ratings (R) of direct damages: Dind = Ddir x R. After 
calculating potential damages for each asset at risk, the sum of all damages represent the total 
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damages (Dtot)caused by one specific flooding event in the impacted area: Dtot = ∑ [ Ddir + Dind ]. 
Average Annual Costs (AAC) are calculate by summing the product of total damages related to 
floods (i) with their frequency of occurrence (f): AAC = ∑ [ Dt (i) x f (i) ]. 
The two last steps, involving the overlaying of flood and vulnerability maps and the sequence of 
calculation mentioned will be the same independent of the methods used to assess data. In order 
to apply the research framework, and compare the impact of different strategies on the results of 
the evaluation, the second and third steps of the evaluation must be automated. In this context, 
it’s extremely necessary to define the tool used combine data and calculate damages.   

Different strategies used to assess vulnerability data 

In this study we consider that an urban context is composed by buildings, i.e. all sorts of 
structures and contents, and networks, i.e. interrelation between structures and/or services. These 
systems have different susceptibility to suffer damages in case of floods. The first strategic 
choice occurs in the step 6 when following the proposed pre-study (Fig.1): one should decide the 
types of damages which will be considered and the extent of the evaluation. Buildings and 
contents damages generally represent the greatest part of damages in urban areas, which leads 
practical applications to focus on these damages. However, network direct damages and indirect 
damages in general can be really significant, depending on particularities of each area in study. 
Different typologies of damages could be considered when applying the proposed framework. 
The others strategic choices occur in the step 7 - one damage-function should be constructed are 
determined for each typology of assets considered representing different susceptibilities to suffer 
damages, and step 9 - one should determine the methods to assess exposure characteristics of 
assets in the flood plain (Fig.1).  
The construction of damage-functions is a laborious work which demands great efforts on 
evaluating a posteriori real flood damages or high level of expertise (Penning-Rowsell and 
Chatterton, 1977; Hubert and Ledoux, 1999). The impact of uncertainty on damage-functions is 
easily measured on the final results of the evaluation.  
Different methods can be used to describe exposure characteristics of assets to floods: field 
surveys, interviews, aerial photo analysis, expertise, etc. Detailed analysis implies big 
investments requirement. The great development of GIS databases and the advances in field 
measurement techniques guarantee more accuracy in these analyses. However, some key 
characteristics can be wrongly assessed or not assessable by these methods. In the case of 
residential, commercial and industrial buildings the level of the ground floor, the characteristics 
of occupation, the structural characteristics of the buildings and other parameters could be 
assessed in different manners. In the case of networks, different hypothesis can be made in 
relation to the existing interrelation. The application of the framework consists in identify key 
uncertainty elements and realising the evaluation in order to measure uncertainty and variability 
of results.  

Different strategies used to assess hazard data 

In this study we consider that the flood hazard is controlled by 3 aspects: hydrologic aspect 
determining the frequency of floods and the temporal distribution of flow discharge intensity; 
geospatial aspect determining the spatial characteristics of the terrain of the flood plains; and 
hydraulic aspect determining the distribution of flood parameters over the flood plain. All these 
aspects are linked. All strategic choices concerning modelling hazard occurs in the step 8 when 
following the proposed pre-study (Fig.1). Different strategies can be adopted two determine the 
three aspects controlling the flooding phenomenon. These strategies can differ based in different 
aspects of the evaluation: which flood parameters must be modelled - determined by the damage-
functions in step 7 (Fig.1); what data is already available - step 2 (Fig.1). 
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In relation to hydrological data, we depend on the type of data available. Hydrological data also 
direct affect the relationship between flood frequency and flow intensity. The analysis of 
hydrological uncertainty propagation in the results of damages evaluations have been done by 
Xu et al. (2007). 
The geospatial aspect concerns topographic and bathymetric information. Digital Elevation 
Models accuracy directly affects the results of the hydraulic model independent of the software 
used. Flood maps are made based on this data. The resolution of the DEM pixel will determine 
the precision of the hydraulic modelling. Small pixels mean good resolution but great efforts on 
DEM construction and longer calculation time for hydraulic models. Different technologies can 
be used to obtain DEM (Moglen and Maidment, 2005). The accuracy of the main channel 
bathymetry is also extremely important (Merwade at al., 2008). 
There is a large amount of hydrodynamic models available to simulate floods. They are used to 
simplify and solve the three equations of hydrodynamics in order to simulate floods: 
conservation of mass, momentum and energy. The programs are different because different 
methods and hypothesis can be used to simplify and solve these equations, and different 
dimensions can be considered (1D, 1D/2D, 2D and 3D). 1D/2D hydraulic models are currently 
considered a good compromise for river flooding (Stelling and Verwey, 2005).  

FIRST RESULTS AND RESEARCH PERSPECTIVES 
The application of the present framework is the main objective of the thesis project in progress. 
We present in this section the first major results obtained so far, and the perspectives. 

Construction of a GIS-based model to evaluate flood damages 
We developed a tool using the computational language Visual Basic for Applications® (VBA) 
within ArcGIS 9.2® in order to automate the damages evaluation process. The tool has a simple 
interface and its algorithm has been developed with relatively large possibilities. It has been 
written in order to easily process hazard and vulnerability data during the second and third steps 
of the evaluation of flood damages potential, i.e. combine data and calculate damages. Detailed 
results of this tool have been presented in Eleutério and Martinez (2009). Time and expertise 
requirement reduction allowed by this kind of tool are extremely relevant for practical 
applications and for applying the framework developed in this paper. GIS calculation steps play 
a central role in the framework (Fig.2). The application of this framework to analyse uncertainty 
is only possible by the automation of this analysis. 

First applications of the proposed framework 
We tested the sensitivity of damage evaluation results to three aspects of the evaluation process: 
hazard prediction stage, buildings vulnerability assessment method and the methodology used to 
combine hazard with vulnerability data. Easily applicable methods have been compared to hardly 
applicable ones in terms of damage evaluation reliability. Hazard prediction showed to be the 
key uncertainty in the process, generating more uncertainty in the final results than the other 
aspects tested. More detailed results can be seen in Eleutério (2009). 

Work in progress and perspectives 
Two tests are being currently done by our research team. We are comparing 3 different programs 
for simulating flood hazard: HEC-RAS which is a free-license 1D hydrodynamic model largely 
used in the world scale; Mike Flood which is a powerful composed 1D/2D commercial 
hydrodynamic model; and Hydrariv which is another composed 1D/2D commercial 
hydrodynamic model. The comparison is being built using the present framework, in order to test 
the influence of the hydraulic model into the final results of the damage evaluation. We also use 
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different DEM resolutions in order to expand the comparison. A real study case and several 
theoretical/fictional tests will be developed in order to generalize the results of this study.   
The second test consist in taken network direct and indirect damages into account the evaluation. 
An attempt to normalize a standard method to asses this kind of damages is been done. Network 
damages are usually roughly or not evaluated. 

CONCLUSIONS 
In this paper we proposed a framework to improve flood damages evaluation results by 
developing pre-study elements. The main points of this method consist in define the evaluation 
objectives (results demands) and chose the appropriate strategies to achieve them conciliating 
evaluation feasibility and results reliability. We identified the mains aspects of flood damages 
evaluations which should be taken into account in order to realise these pre-studies. We identify 
the main factors inducing uncertainty in the evaluation process. Further research is being 
developed in order to apply the framework developed and analyse the variability of results 
according to the strategies used to evaluate flood damages. 
The authors thank to MAIF Foundation, CUS (Urban Community of Strasbourg) and Hydratec. 
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Abstract 
Roadside swales receive stormwater runoff and direct airborne deposition of 
transportation-related pollutants. These pollutants can impact biodiversity of the 
transportation corridors and ecologically sensitive areas downstream. Major Chicago 
transportation corridors are also influenced by two of the world's largest wastewater 
treatment plants with biosolids drying beds in close proximity. The present study 
investigates the levels of metals and polycyclic aromatic hydrocarbons (PAHs) in 
transportation corridors as part of an interdisciplinary study of pollution tolerance of 
invasive plant species that have colonized the corridors. Pollutant levels were compared 
to those of fossil fuels, biosolids, and combustion-related matrices using principle 
component analysis, positive matrix factorization, and indicator ratio source 
apportionment techniques to determine the source and loadings to the corridors. Results 
indicate that the vast majority of PAHs are derived from petroleum combustion. Two 
sources are indicated for heavy metals; one almost completely influenced by high levels 
of vanadium, a known component of oil combustion. Biosolids and/or biosolids 
emissions do not appear to be a dominant source of pollutants to the roadside swales but 
might comprise a lesser source compared to combustion. 

Keywords: 
PAHs, transportation, pollution, source apportionment, heavy metals 

INTRODUCTION 
Anthropogenic contamination is a growing threat to clean water, ecological and human health, 
climate, biodiversity, and essential ecosystem services worldwide. The Chicago, IL (USA) 
metropolitan area is highly urbanized with a population of nearly 8.5 million, a major industrial 
sector, and the largest transportation hub in the country. Within the Chicago metropolitan area 
lies more interstate highway crossings than any other city in the USA (I-55, I-57, I-88, I-90, and 
I-94 plus five more in the suburban collar counties) making it a regional source of urban 
contaminants like heavy metals and polycyclic aromatic hydrocarbons (PAHs). Surprisingly, by 
also retaining rich fragments of native habitats, 100,000 hectares of forest preserve, abundant 
surface water resources, and nearly 200 threatened and endangered species, Chicago is a model 
of an integrated human-natural system, as well as the setting for the Landscape Ecological and 
Anthropogenic Processes (LEAP) program to improve integration of human activities with 
healthy ecosystems. As part of LEAP, we undertook a study of the role of soil contamination on 
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the spread of an invasive species into Chicago area transportation corridors. This research was 
guided by the following three hypotheses regarding the contaminant source, fate, and effects:  

Hypotheses 
Soil in transportation corridor roadsides in the Chicago metropolitan area contain elevated 
levels of heavy metals and PAHs. Heavy metals and PAHs are widespread groups of 
contaminants found at higher levels in urban and traffic influenced soils (Nriagu, 1990, Metre et 
al., 2000). Heavy metals originate from weathering of parent material or from combustion, 
industrial, or transportation releases that can become part of the soil mass through precipitation, 
dry deposition, or dust/solid particulates. The U.S. Environmental Protection Agency (EPA) 
designates eight heavy metals in the Resource Conservation and Recovery Act list: arsenic, 
barium, cadmium, chromium, lead, mercury, selenium and silver as having toxic properties.  
 
PAHs are one of the most widespread organic pollutants due to their environmental persistence 
and high rates of production (Baek et al., 1991). PAHs originate from coal and oil combustion, 
fossil fuel products like coal tar, creosote, gasoline, asphalt, natural gas, and the incomplete 
combustion of fossil fuels or any biogenic material. Sixteen PAHs known to cause cancer, 
mutation, or birth defects are identified as priority pollutants by the EPA. PAHs have impacted 
urban areas since the industrial revolution and continue to rise in developing countries as 
industrial expansion, traffic, and population growth result in increased fossil fuel combustion.  
 
PAH and metal soil contamination can be apportioned to specific transportation, biosolid, 
and/or industrial sources, with the largest contribution expected from transportation sources. 
Source apportionment is a method to identify pollution sources and quantify their contributions 
to sampled media using a number of techniques from identifier ratios to multivariate factor 
analysis models (Reimann et al., 2002, Yunker et al., 2002). Results are combined with 
characteristic contaminant spectra, or source profiles, associated with a specific contaminating 
source or activity to serve as a kind of tracer for source identification. PAH source profiles have 
been reported for a variety of fossil fuel and combustion sources; sources specific to 
transportation impacted soils may include gasoline and diesel fuel burning, tar, and road and tire 
abrasion. Metals are found in traffic sources in addition to numerous manufacturing processes, 
though their profiles have been used primarily for apportionment to particulate matter (Kim et. 
al, 2003, Manoli et al., 2002, Reff et al., 2009).  
 
Biosolids are not typically considered as a source for pollutants to roadsides. However, the close 
proximity of biosolids drying facilities to receptor sites in the two Chicago transportation 
corridors of study suggest it may be a factor. Wastewater treatment plants are a focus point for a 
myriad of chemicals including PAHs and metals that are subsequently released back into the 
environment via effluent or biosolids disposal processes (Kroggman et al., 1998). 
 
Roadside soil in swales may be an important source of contaminants to downstream water 
resources from stormwater runoff. In urban areas, atmospheric deposition of pollutants is a 
primary source of soil pollution (Wilcke, 2000). However, pollutant transport from the roads 
themselves occurs mainly in stormwater runoff through or over soil, altering soil chemistry, 
absorption and/or uptake by plants, thus affecting the ecosystems where they are dispersed 
(Forman and Alexander, 1998). Recent bay and stream sediment studies have shown runoff from 
highways and other transportation systems contribute significantly to PAH and heavy metal 
loadings (Dolah et al., 2005, Walker et al., 1999). As an intermediary for the transport of 
hazardous pollutants to aquatic environments, source contaminant information for soils is needed 
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to better understand, quantify, and predict the impacts to receiving waters and downstream 
ecosystems.  

MATERIALS & METHODS 

Sample collection and analysis 
The soil sampling scheme was not intended to be a random selection of sites. It was chosen 
based on population size and location of the poison hemlock (of Aristotle fame) species Conium 
maculatum, a newly invasive species to Chicago metropolitan transportation corridors. An 
extensive survey of sites in the freeway transportation corridors as well as in Chicago area forest 
preserves identified nine instances where Conium has invaded. Two to five samples were taken 
at each Conium population, all near major roadways (specifically interstate highways I-55 and I-
94) as well as two major biosolids drying beds for the Stickney and Calumet wastewater 
treatment plants (two of the largest such facilities in the world). The Conium populations were 
found primarily in two local ‘hotspots’: western suburb (I-55/Stickney) and southeast city (I-
94/Calumet). In total 28 roadside soil samples were collected among the nine Conium 
populations (Fig. 1), as well as two biosolids samples from the nearby drying beds. Samples 
were taken using standard soil sampling methods and quality control practices (Crepin and 
Johnson, 1993) at the surface to 30 cm depth with a manual stainless steel soil probe. Samples 
were homogenized and refrigerated prior to analytical preparation and measurement.  
 

  

Figure 1: Conium maculatum population locations shown by yellow markers. Four were found in the western 
Chicago suburb hotspot (left) and five in the southeast Chicago hotspot (right). Major freeways are shown in 
red and biosolids drying beds are identified. Satellite photo ©Google Inc. (2008). 
 
The soil samples were measured for 40 variables: 20 PAHs, 20 heavy metals, and additional 
physical and chemical parameters. The parameters considered in the present study (12 PAHs and 
10 metals) were pollutants that were detected at most/all sites and are of primarily anthropogenic 
origin: phenanthrene (PhA), anthracene (An), fluoranthene (FlA), pyrene (Py), 
benz(a)anthracene (BaA), chrysene (Chy), benzo(b)fluoranthene (BbFlA), benzo(k)fluoranthene 
(BkFlA), benzo(a)pyrene (BaP), indeno(1,2,3-cd)pyrene (IP), dibenz(a,h)anthracene (DBahA), 
benzo(g,h,i)perylene (BghiP); and arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), 
copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), vanadium (V), zinc (Zn). The PAHs were 
extracted according to U.S. EPA standard method SW 3550B and were analyzed by gas 
chromatography-mass spectrometry per SW 8270C-SIM (selective ion mode). Samples for 
metals were prepared by acid digestion according to U.S. EPA method SW 3050B and all metals 
were analyzed by inductively coupled plasma-mass spectrometry per method SW 6020A, except 
method SW 7471A for mercury. All chemical analysis was performed by a certified analytical 
laboratory (StatAnalysis, Inc.).     

Stickney biosolids 
drying bed 

Calumet biosolids 
drying bed 
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Source apportionment methods 
Three different source apportionment techniques were used to identify source types and quantify 
source contributions to soil contamination in the transportation corridors.  
 
Indicator ratios: PAH indicator ratios have been used to infer PAH sources and composition to 
particulates, sediments, and soil (Yunker et al., 2002). Four PAH isomer ratios were determined 
from the PAH dataset (An/An+PhA, FlA/FlA+Py, BaA/BaA+Chy, IP/IP+BghiP) and compared 
with literature PAH ratios for petroleum, single-source combustion, and environmental samples 
reported in Yunker et al., (2002).  
 
Principal Components Analysis: Principal Components Analysis (PCA) is a multivariate factor 
analysis technique useful for revealing basic structure in large datasets. PCA has been used in 
environmental studies to extract underlying trends in chemical data and ascribe them meaning in 
terms of different sources (Reimann et al., 2002). PCA orthogonally decomposes the data matrix 
into a set of factors that can be interpreted as sources using loadings (or correlations) of original 
variables onto each factor and eigenvalues (variance of original data matrix explained) of the 
factors. A set of scores for each sample corresponding to the new factors is also generated to 
explore relationships between samples. Like other factor analysis source apportionment methods, 
PCA requires no a priori source profile or information for the analysis. 
 
In this study, the PCA toolset in the SYSTAT software package (v 12, Systat Software, Inc., 
Chicago, IL USA) was used to estimate the number and composition of PAH and heavy metal 
sources in roadside soils. Inputs for the two analyses were the PAH and heavy metal data 
matrices.  Because most PAH and metal concentrations followed a lognormal distribution, data 
were log-transformed prior to analysis. PCAs were performed after Varimax rotation in order to 
widely distribute variance across factors and aid their interpretation.  
 
Positive Matrix Factorizaton: Positive Matrix Factorization (PMF) is a multivariate model aimed 
at apportioning sources to environmental contamination. PMF has been used for air and sediment 
receptors (Kim et al., 2003, Bzducek and Christensen, 2004) but to our knowledge it has not 
been used for soil. The PMF model factors the data matrix into source loading and source score 
components that represent source profiles for identification and provide quantitative 
contributions of each source. PMF also maintains non-negative constraints to decrease rotational 
freedom and generate only positive (and thereby realistic) components in the source profiles and 
compositions.  
 
Matlab (release 2009a, Mathworks, Inc., Natick, MA, USA) was used as the platform to run 
PMF based upon a module developed by Bzducek and Christensen, 2004. Inputs to the model 
were the number of sources and the PAH or metal data matrix.  The model was run multiple 
times for each dataset with different numbers of factors retained. 
 
Ideally source profiles specific to the region and appropriate for the receptor site are used. 
Definite signatures for all sources are not always known due to the complexity of process 
characteristics like combustion, such as differences in fuel mixtures. Further, current 
contaminant profiles for all likely sources were not available from the scientific literature. For 
the present study PAH source profiles chosen include two coal combustion sources (power plant 
and coke oven) representing industrial activity and two traffic related sources (gasoline engine 
exhaust and diesel engine exhaust) compiled by Li et al., 2003, for source apportionment of 
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PAHs in Lake Calumet sediment in Chicago. In addition a composite road dust profile was used 
from Christensen and Buzdusek, 2005, and Murakami et al., 2005. The measured PAH and 
heavy metal distribution in biosolids obtained from both Stickney and the Calumet water 
reclamation plant were used for the present study as there are no reported source profiles of 
biosolids in the scientific literature. In the case of metals, fewer ideal profiles could be found but 
a variety of air quality source apportionment studies were referenced for general interpretation. 
Resulting pollutant source profiles were interpreted by visual observation and comparison with 
reference profiles, and quantitative contributions for each source were generated by the PMF 
model.   

RESULTS/DISCUSSION 

Contaminant concentrations 

 
 
Individual PAH levels were consistent with “background” levels reported for the city of Chicago 
(Fig. 2) reported by IL EPA (IL EPA). However, these levels met or exceeded Illinois risk-based 
standards for ingestion for the PAHs: BaP, BaA, BbF, and DBahA (IL EPA). In marked contrast, 
metal concentrations were often many times higher than background concentrations (Pb was 
beyond an order of magnitude higher) reported by IL EPA, but surprisingly did not exceed IL 
risk based standards. Although significant differences in contaminant concentrations were 
confirmed by t-test among Conium populations, no strong pattern emerged (data not shown). 
While some metals were found to be highly correlated with each other, all PAHs were 
statistically significantly correlated with one another (95% CI). 

Source apportionment 
PAHs Indicator ratios reviewed in Yunker et al., 2002 are compared with raw data ratios by 
bivariate scatter plot visualization (Fig. 3) to initially predict PAH sources. Most soil samples 
clustered in the same ratio space with only a few outliers visible. Biosolids are notably within the 
range of soil ratios as well. Not surprisingly, the soil sample PAH ratios appear to cluster in 
combustion source regions (coal, coal tar, wood, grasses, gasoline, diesel, fuel oil, and crude oil 
combustion), as opposed to petrogenic sources such as fuel oil, crude oil, shale oil, lubricating 
oil, and asphalt. 

Figure 2. PAH (left) and heavy metal (right) levels in roadside soil samples (mean ± SEM). 
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Figure 3: PAH scatter plots for ratios of Ant to Ant+Phe and FlA to FlA+Pyr (left) and BaA to BaA+Chr 
and InP to InP+Bghi (right). Soil and biosolid samples shown with reported petrogenic and combustion 
source samples from Yunker et. al, 2002. 

 
The use of PCA resulted in the extraction of one factor explaining over 90% of the variance in 
the PAH data, based upon retaining eigenvalues greater than 1. Because the PAHs are highly 
correlated, the results are clearly indicating the same type of contamination. The likely sources 
include combustion or perhaps biosolids sources, as the observed PAH ratio plots (Fig 3) or the 
measured profile (Fig. 2) compares well to these source profiles (Fig. 4). The measured source 
appears similar to a mixed or average traffic source, except for having higher BaA and BaP than 
expected.  
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Figure 4. PAH profiles for various sources. Biosolids profile is from the present study, highway dust is 
composite of Christensen and Bzdusek, 2005 and Murakami et al. 2005, and all others were compiled from 
Li et al. 2003. 
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Biosolids are surprisingly similar to combustion sources as well, corresponding most closely 
with the gasoline combustion profile having a lower Phe component and a higher BghiP 
component. This could suggest that deposition to the biosolids drying beds from local airborne 
sources or from stormwater might contribute to the PAH profile in addition to the obvious 
sources from the wastewater treatment plant. However, the biosolids profile might help explain 
higher BbFlA BkFlA and BaP components, and differ only by lower PhA and BaA components.  
 
Because not all of measured profile is explained by the factor analysis or by the source profiles, 
the data were re-analyzed using PCA extracting two, three, and four factors to attempt to resolve 
more sources of combustion. The two factor solution (Table 1) resulted in high loadings (or 
correlations, defined here as at or above .7) of low molecular weight (LMW) three- and four-ring 
PAHs (PhA, An, FlA, Py, and BaA), as well as the high molecular weight (HMW) BaP, IP, 
DBahA, and BghiP on one factor; while the four ring PAHs Chy, BbA, and BkF comprised the 
majority for factor two. Because BaA is associated with combustion along with HMW PAHs, 
coupled with the fact that biosolids are comprised predominantly by the MMW PAHs, suggests 
that source one is likely combustion related and source two may be biosolids related. However of 
all the known source profiles, coke oven seems to have a PAH profile most similar to factor two, 
with high BbFlA+BkFlA as well as Chy. The mix of LMW and HMW PAHs in source one is 
most similar to the PAH profile observed in the average traffic source.  

 

Table 1: Varimax rotated factor loadings for two 
source PCA extraction. 
  

Factor 1 
 

            Factor 2 

Phe 0.790 0.511 

An 0.795 0.500 

FlA 0.784 0.604 

Py 0.789 0.604 

BaA 0.907 0.405 

Chy 0.476 0.867 

BbF 0.501 0.852 

BkF 0.462 0.868 

BaP 0.862 0.460 

DBahA 0.705 0.680 

InP 0.738 0.640 

BghiP 0.707 0.638 
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In the three factor PCA solution (not shown) the HMW PAHs load separately on a third factor 
from the LMW PAHs, and only two PAHs comprise a high relative loading on two of the 
sources; BaA on the HMW and LMW PAH-dominated sources, and DBahA on the HMW and 
four ring PAH-dominated sources. There are no known profiles that uniquely link to these 
sources. In a four source solution, factor four is not loaded even moderately with any variables 
so is not important. It appears that four ring PAHs versus HMW and LMW PAH weighting 
differentiates sources in PCA analysis. Because coke plants and the coal fired industry are still 
present in Chicago, their signatures may be evident as a small portion of the variance of PAH 
data (factor two) otherwise dominated by the traffic or indistinguishable biosolid and traffic 
source (factor one) in a two factor solution. 
 
For consistency and comparison with the PCA results, two and three factor solutions of PMF 
were examined (retaining one source would simply replicate the measured profile). Both 
solutions retained a source with spikes in BaA and BaP, a pattern not corresponding to any of the 
known source profiles.  Therefore three outliers (visible from Fig. 3) were removed from the data 
matrix and the PMF model was run again with more sensible results (Fig. 5). Both sources in the 
two factor solution are equally contributing to the contamination, the first showing a strong 
resemblance to a diesel source profile (Fig. 4) and the other to either an elevated coke oven or a 
weathered or degraded (in terms of FlA and Py) biosolid profile. This interpretation is similar to 
the PCA above, however the large contribution of the source is surprising.  
 
In the three factor solution, the diesel signature in source one does not change much, however 
the second source contributing 32% is increased in FlA and Py as well as Bghi so would seem to 
reflect a gasoline engine source or possibly a non-weathered biosolid. The third source 
corresponds most closely with a coke oven source being richer in mid weight PAHs and also 
BghiP at a contribution of 27%. While a strong diesel signature appears present in PMF, it is 
unclear if the other sources are well represented or if they are complex combinations of sources. 
 

 
 
Metals The application of source apportionment tools based on profiles in soil or sediment is not 
as well developed in metals as for PAHs (although isotopic and other trace chemical analytical 
tools are showing promise). For example, metal ratios are not known for a variety of pollution 
sources as they are for PAHs. PCA is an ideal first choice for source apportionment in the metals 
study as it is useful in ascribing the number of sources/factors that could account for the 
observed patterns. The results of PCA (not shown) identified two factors with eigenvalues 
greater than 1 for metals. However, the second source was loaded almost completely by 
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Figure 5. PAH factor loading plots for two and three source PMF solutions. 
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vanadium, a metal typical of oil combustion. This result does not provide sufficient information 
to allow extraction of a possible source for the other metals. Retainment of a third factor did little 
to improve source differentiation as no variable was loaded heavily on it. Interestingly, although 
vanadium is associated with oil combustion, soil levels of Va did not correlate significantly with 
soil PAH levels, indicating they come from different sources. 
 

 
 
The PMF results (Fig. 6) did not correspond with the metals biosolids profile (not shown) which 
included the same metals as the original samples but at different mass concentrations. More 
detailed source profiles are needed to interpret metal sources and exploit their use as signature 
source profiles especially for soil.   

CONCLUSIONS 
Degraded water quality is a key indicator of the impacts of widespread contamination and a 
threat to ecosystems and human health. Understanding roadside soil and runoff pollution sources 
can aid in developing policy and implementing methods to minimize degradation of this 
resource. Source apportionment analysis is a tool for identifying and quantifying operational and 
material sources of pollution to a receptor site that often requires only receptor contaminant data 
to perform. PCA and PMF were two multivariate models used to apportion sources of PAHs and 
heavy metals to roadside soils in Chicago. The results indicated that traffic combustion is the 
dominant source of PAHs to transportation swales. In contrast, heavy metal sources were not 
resolvable based upon PCA analysis. These methods are relatively inexpensive to use, and could 
be replicated in developing cities having to respond to their growing production, and risk, of 
contamination. 
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Abstract 
Avariable order kinetic (VOK) model derived from the langmuir-frundlich equation was 
applied to determine the kinetics of fluoride removal reaction by electrocoagulation (EC). 
Synthetic solutions were employed to elucidate the effects of the initial fluoride 
concentration, the applied current and the initial acidity on the simulation results of the 
model. The proposed model successfully describes the fluoride removal in Airlift reactor 
in comparison with the experimental results. In this study two EC cells with the same 
capacity (V=20 L) were used to carry out defloration with aluminium electrodes, the first 
is a stirred tank reactor (STR) the second is an airlift reactor (ALR). The comparison of 
energy consumption demonstrates that the (ALR) is advantageous for carrying out the 
defluoridation removal process. 

Keywords 
Defluoridation, electrocoagulation (EC), variable order kinetics, stirred tank reactor, 
kinetics modeling. 

INTRODUCTION 
Different techniques have been used to carry out water defluoridation: Membrane separation 
techniques were also investigated for the effective separation of fluoride using electrodyalysis 
(AMOR et al., 1998), nanofiltration (HU et al. 2006) and ion exchange membrane (TOR, 2007). 
As an example, GARMES et al (2002) performed defluoridation of ground water by a hybrid 
process containing adsorption and donna dialysis. Integrated biological and physicochemical 
treatment process for nitrate and fluoride removal was investigated by MEKONEN et al. (2001).  
A common problem of the processes mentioned above is their poor selectivity. Moreover, these 
processes not only remove the beneficial content present in water during defluoridation, but also 
increase the operational cost. Therefore, membrane processes are only suitable for treatment of 
brackish industrial water containing high content of fluoride which needs simultaneous 
defluoridation and desalination. 
Although, EC may be cost effective at chemical dosing (BAYRAMOGLU et al. 2007), its main 
deficiency is the lack of sufficient reactor design and modeling procedures. MOLLAH et al. 
(2001) described six typical configurations for industrial EC cells, and report their respective 
advantages and drawbacks. BENNAJAH et al. (2009) demonstrated that airlift reactors are 
suitable units to carry out EC with complete flotation, using only electrochemically generated 
bubbles, to achieve an overall liquid circulation and good mixing conditions.  

mailto:bennajah@enim.ac.ma�
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EMAMJOMEH and SIVAKUMAR (2006) and MAMERI et al. (1998) reported that the 
defluoridation rate of the EC follows first order kinetics with respect to fluoride concentration:   
                                         [ ] [ ] ( )tkeFF 1

0
−=                                                   (1)  

 

were K1 represents the first order rate constant and t the reaction time.  
If the inference is true, K1 should be independent of the initial fluoride concentration and other 
system parameters (hydrodynamic, i.e.). However, many experimental results demonstrate that 
K1 decline as the initial fluoride concentration increases (EMAMJOMEH, 2006). The 
defluoridation of the EC proces, therefore, should be a pseudo first order reaction. According to 
HU et al. (2008), the defluoridation reaction can also follow Langmuir law if good mixing, 
which can minimize external transfer of adsorbent, is assumed. Consequently, the defluoridation 
model kinetics depends of EC cells hydrodynamic configuration. 
In the present work, the EC mechanisms effect of defluoridation is studied in order to develop a 
kinetic model to simulate defluoridation in a specific EC cell based on Langmuir-Freundlich 
adsorption model, which takes into account mixing degree and coagulation beyond monolayer 
deposition which takes places in large reactors.  
The objective of the present investigation is also to evaluate the removal of fluoride from 
drinking water, and assess the influence of operating parameters on removal efficiency dosage, 
in order to define the kinetic defluoridation model that can be applied in airlift reactor (used in 
previous work as EC cell) to predict operating time for realizing an effective flouride removal. 

MATERIAL & METHODS 
The defluoridation of drinking water was studied in two types of electrocoagulation reactors 
working under batch flow conditions: an electrochemical, mechanically-stirred reactor (STR) 
and an external-loop airlift reactor (ALR). Both had the same clear liquid volume V=20 L. The 
ALR is an innovative reactor for Electro-Coagulation/Electro-Flotation process (EC/EF): its 
geometrical configuration and its operating conditions are presented in figure 1. The desired 
liquid volume corresponded to a clear liquid level (h) of 14 cm in the separator section as shown 
in Figure 1.  



WWW-YES-2010 proceedings (draft version) 

36 / 171 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. External-loop airlift reactor (1: downcomer section; 2: riser section; 3: conductivity probes; 4: 
conductimeter; 5: analog output/input terminal panel (UEI-AC-1585-1); 6: 50-way ribbon cable kit; 7: data 
acquisition system; 8: electrodes; 9: separator; 10: electrochemically-generated bubbles). 
The overall liquid circulation velocity in the riser ULr can be predicted from an energy balance 
using the following Equation (CHISTI, 1989): 
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Contrary to conventional operations in airlift reactors, no gas phase was injected at the bottom of 
the riser; only electrolytic gases (H2 microbubbles) induced the overall liquid recirculation 
resulting from the density difference between the fluids in the riser and the downcomer as shown 
by Eq. 1. 
The STR consisted of a dished-bottom cylindrical tank of internal diameter D=23 cm and ratio 
H/D=2.4 equipped with a two-blade marine propeller of 6 cm diameter placed 6 cm from the 
bottom in order to avoid settling and to favour EC/EF. The anode and cathode were both flat 
aluminium electrodes of rectangular shape (250x70x1 mm), they were vertically centred between 
the bottom of the reactor and the liquid level and placed 6.5 cm from the shaft of the impeller to 
maintain an equal distance between the wall and the center of the impeller blades. The effective 
area of the electrodes was 175 cm2. 
The same electrodes were used in the ALR, but the distance between electrodes was e=20 mm. 
Further details on the role of the axial position of the electrodes are available in a previous work 
on the decolorization of textile dye wastewater in a similar setup (ESSADKI et al. 2008). 
Previous results showed that flocs erosion could be prevented when the liquid velocity in the 
downcomer ULd was less than 8-9 cm/s in the presence of dispersive dyes. This corresponds to 
the maximum possible velocity that could be correlated to current density and dispersion height 
hD. 
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In both reactors, all experiments were conducted at room temperature (20 ± 0,1°C) and 
atmospheric pressure. The desired potential (U) between electrodes was monitored by a digital 
DC power supply (Didalab, France) and the current intensity was measured by an amperemeter. 
Current density values (j) between 2.8 and 17 mA/cm2 were investigated, which corresponded to 
current (I=j.S) in the range of 0.5–3 A. Conductivity and pH were measured using a CD810 
conductimeter (Radiometer Analytical, France) and a ProfilLine pH197i pHmeter (WTW, 
Germany). Samples were filtered and the concentration measurements of the remaining fluoride 
were determined in the solution by means of a combined selective fluoride electrode ISEC301F 
and a PhM240 ion-meter (Radiometer Analytical, France), using the addition of a TISAB II 
buffer solution to prevent interference from other ions. The pH could be adjusted by minute 
addition of either HCl or NaOH aqueous solutions. The evolution of turbidity over time was 
measured on non-filtered samples in order to follow floc separation by flotation using a 550IR 
turbidimeter (WTW, Germany). The quality of water used to carry out the experiments was 
drinking water of Casablanca (Morocco), the characteristics of this water are given in table 1. 
The initial fluoride concentration [F-]0 of this water was between 10-20 mg/L and was obtained 
by adding sodium fluoride NaF (Carlo Erba Réactifs, France). The efficiency of fluoride removal 
could be calculated as follows:    
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The remaining concentration of fluoride [F-] was measured over time by means of the combined 
selective electrode. The specific electrical energy consumption per kg F- removed (E) was 
calculated as follow: 
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RESULTS AND DISCUSSION 

Adsorption equilibrium isotherms (STR) 
The experimental adsorption equilibrium isotherms are useful for describing the adsorption 
capacity of a specific adsorbent. Moreover, the isotherm plays a vital role for the analysis and the 
design of adsorption systems as well as for model prediction. Several models have been used in 
the literature to describe the experimental data of adsorption isotherms. Two general purpose 
models and a modified combined model were used in an attempt to fit the experimental data: (a) 
the Langmuir model (Eq. 4), (b) the Freundlich model (Eq. 5), and (c) the Lamgmuir-Freundlich 
model (Eq. 6): 
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In these above equations qe is defined as the mole of removed fluoride anions per mole of Al(III) 
cations (Al(OH)3) at equilibrium, qmax is the maximum fluoride adsorption, kL is the Langmuir 
constant related to the strength of adsorption, kF and p are the Freundlich constants and Ce is the 
equilibrium fluoride concentration. 
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The experiments data of defluoridation by electrocoagulation in mechanically-stirred reactor 
(STR) were used in order to obtain adsorption equilibrium isotherm at N= 200 rpm. The 
experiments were conducted by changing initial fluoride concentration from 0.33 to 1.05 mM, 
keeping all other experimental conditions unchanged (N=200 rpm, initial pH = 7.0, conductivity 
κ =7.5 mS/cm, current density j=17.1 mA/cm2). The flocs recovered correspond exactly to the 
first point of equilibrium, these flocs were dried and weighed leading to the amount of Al(OH)3. 
The fluoride concentration retained in the flocs was calculated by the following equation: 
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where [F-]0 and [F-]e are initial and equilibrium fluoride concentrations respectively, m and M 
are mass quantity and molecular weight of Al(OH)3 respectively, and V is the volume of 
solution.  
The results for the test of the three models of fluoride adsorption described in Eq. 4, 5 and 6 are 
discussed below.  
a- Langmuir model 
For Langmuir model, the coefficients qmax and kL can be determined from a linearized form of 
Eq.8: 
                      

qCkqq eLe maxmax

111
+=                 (8) 

where 1/qe  is plotted versus 1/Ce.  
b- Freundlish model 
In the case of Freundlich isotherm, ln(qe) was plotted against ln(Ce) and the constant kF and p can 
be determined by the linearised for of Eq. 9: 

                                                   )(1)()( eFe CLn
p
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c- Langmuir-Freundlish model  
For the model of Langmuir-Freundlich (LF), qe was directly plotted against Ce as shown in Eq. 
11, and the three parameters (qmax, kLF and n) were determined by nonlinear regression.  
The comparison between the models was made on the basis of regression coefficients and Chi-
square test for non-linear χ2 is given by the following equation: 
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Small number of χ2 indicates that data from the model is close to the experimental and this test 
can confirm the best fit. 
Table 2 summarizes all the coefficient of the three models, from which we can conclude that 
L-F model is the one that fits well the experimental results ( 2χ  = 0.0003, 2

FR  = 0.998)  
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Adsorption models 
Parameter Langmuir 1 Langmuir 2 Freundlich Langmuir-

Freundlich 
qmax 0.885 0.885 - 0.75 
kL (L/mol) 
kF  (L/mol) 

1614 1612 - 
697 

- 

kLF  (L/mol)-n - -  1600 
P - - 1.07 - 
N - - - 1.15 
R2 0.798 0.978 0.982 0.998 

 

Table 1:  Comparaison between the three adsorption models Langmuir, Freundlish and Langmuir-
Freundlich 
This result is in fact expected because the equilibrium concentrations are relatively weak (Fig. 
2). Thus, as predicted by L-F model:  
                                                            Ckqq n

eLFe max
≅                                                      (11) 

and n is closer to unity. 
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Fig. 2 : Langmuir-Freundlich model. 

Variable Order Kinetic approach (ALR) 
The kinetics of the defluoridation by electrocoagulation in (ALR) needs to be examined for 
estimating the time required for defluoridation. This kinetics was established by some authors in 
stirred reactor, they agreed roughly on the following expression (MAMERI et al. 1998) : 

                                                                [ ] [ ] ( )tkeFF 1
0

−=                                                   
(12) 

Where, k1 represents the first-order rate constant. However, the kinetic constant k1 was reported 
to depend on the initial fluoride concentration, current and electrode distances for a constant 
temperature and pH. On the other hand, HU et al. (2008) proposed a variable order kinetic 
(VOK) based on Langmuir isotherm in order to estimate the time required to defluoridation by 
EC in a 1L stirred cell.  
Our experimental results were firstly confronted to the VOK with Langmuir model, and to the 
VOK with Freundlich model, but neither fitted well the experimental results. In this work, we 
consider that fluoride adsorption by aluminium compounds follows the Langmuir-Freundlich 
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adsorption isotherm instead of the Langmuir isotherm model or Freundlich model. Generally the 
defluoridation rate is related to the aluminium liberation, as follows: 
 

                                                       
[ ] [ ]
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eAl qφ=−
−

                                      (13) 

where φAl and [Al]tot are the efficiency of hydro-fluoro-aluminium formation and the total 
aluminium dosage liberated from the anode, respectively. The rate of Al liberation from anode 
can be determined from Faraday’s law: 
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where, φc is the current efficiency, I is the applied current, Z is the valence of the Al (Z=3), F is 
Faraday’s constant and V is the volume of the reactor.  
Combining equations (13) and (14) gives: 
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According to Eq. 15, the pseudo-first-order rate constant is then deduced and can be expressed as 
follows: 
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The retention time required (tN) for a targeted residual fluoride concentration [F-]e can be 
determined by integrating Eq. 15:    
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Effect of current density 
The effects of current density and initial fluoride concentration on the kinetics of the EC process 
in ALR are studied below. The initial pH, initial fluoride concentration, were fixed respectively 
at 7.4 and 15 mg/L i.e 0.8 mmol/l. 
Figure 3 shows the effect of the current density on the evolution of the fluoride concentration for 
the Airlift reactor.  
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Figure 3: Evolution of fluoride ions during EC : influence of current intensity (initial pH = 7.4, � = 7,5 
mS/cm) on the ALR : VOK Model and experiments.(n= 1.15, K=1600, qmax = 0.75). 
For I = 0.5 A corresponding to a current density of 2.86 mA/cm2, the concentration reaches only 
4 mg/L for an electrolysis time of 30 minutes, whereas, for I exceeding 2 A (i.e. for a current 
density higher than 8.6 mA/cm2), the concentration reaches a value of 1.5 mg/L after 15 minutes 
and decrease more especially as the density of current increases.  
The relative weak efficiency concerning 0.5 A is attributed to the weak charge loading produced 
in this case; 0.47 F/m3. Thus, the quality of EC depends of the amount of coagulant produced in 
situ. More than 0.47 F/m3 is needed to have a better efficiency; in this study it is shown that this 
amount is 0.9 F/m3. A comparison with the data of MOLLAH et al. (2001) showed that 5-6 F/m3 
is required to achieve 1.5 mg/L with [F-]0 between 10-15 mg/L. 
We can see also from Figure 4 that the model of VOK with Langmuir-Freundlich fits the 
experimental data very well. Thus, the expected values of qmax are close to 1 as found in the 
adsorption isotherms study (Table 1).These values are used to fit experimental data. The 
coefficient n is greater than 1 indicating that positive cooperativity is assumed (PRAUSS et al., 
2007). The adsorption on the floc takes place on the external surface and intercalation into the 
interlayer space at the same time.  

Effect of initial concentration 
The experiments were conducted in ALR by changing initial fluoride concentration from 10 to 
20 mg/L, keeping all other experimental conditions unchanged (j =17.1 mA.cm-2, pH=7.4, κ = 
7.5 mS/cm).  
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Figure 4: Influence of the initial concentration (pHi= 7.4, �=6.1 mS/cm, j =17.1 mA/cm²). 
Figure 4 demonstrates that the rate of defluoridation was significantly influenced by the initial 
concentration of fluoride. The retention time (tN) required for an acceptable residual fluoride 
concentration decreases when the initial concentration increases. This Figure presents also the 
results of simulation using the VOK model for various initial fluoride concentrations. The same 
tendency of the simulation result is obtained as for the case of the influence of current density 
(Fig.4). The figure shows that the model represent very well the experimental data for all initial 
concentrations with identical parameters (n= 1.15, K=1600, qmax=0.75).  
 
It should be noted that our results were modelled for a time ranging from 0 to 24 minutes, 
whereas for the simulation of HU et al. (2008) and HU et al. (2003) the operating time does not 
exceed 9 minutes. Moreover, our work, both in airlift and stirred reactor, the S/V ratio used is 
lower (0.875 m2/m3) than that used in conventional EC cells, in which the S/V ratio is high, 
between 10 and to 40 m2/m3 (MAMERI et al.2001), . HU et al. (2003) and ZHU et al.(2007) 
have demonstrated that in this case, electrode removal was primarily responsible for 
defluoridation efficiency, while other mechanisms gave only a secondary effect.  In our case, the 
mechanisms involved are in the bulk, i.e. coprecipitation and adsorption.  
The mode of adsorption is so complicated to be represented by the Langmuir model because the 
quantity of adsorbent changes with time contrary to the conventional adsorption, and because 
adsorption takes place also in multi-layers. 

CONCLUSION 
A variable order kinetic (VOK) derived from the Langmuir-Frundlich equation was developed to 
simulate the kinetics of the defluoridation with EC using bipolar aluminium electrodes in the 
airlift reactor. The results showed good agreement between the predictive equation and the 
experimental data. The critical parameters (maximum fluorid adsorption qmax and kinetic 
constant K) for VOK model stay constant when the initial fluoride concentration and current 
varies. Other critical parameters, current efficiency and efficiency of hydro-fluoro aluminium 
formation were shown to be depending on initial fluoride concentration, but vary with current 
density and needed to be experimentally determined. The external-loop reactor is confirmed as 
an efficient tool to achieve complete flotation using only electrochemically-generated bubbles 
without the need for surfactants or compressed air to induce overall liquid circulation. Another 
advantage for the external-loop reactor is the instantaneous recovery of the floc, compared to the 
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case of the stirred reactor where the recovery of the floc obtained by the EC needs a long time or 
an additional secondary treatment (like filtration or sedimentation).  
 
Nomenclature 
A   Total anode surface (m2)  
Ad       Cross-sectional area of the downcomer (m2) 
Ar        Cross-sectional area of the riser (m2) 
E   Specific energy (Kwh/Kg F-) 
F   Faraday constant, F=96478 (C/mol) 
[F-]  Fluoride concentration at any time (mol/L) 
[F-]0 Initial fluoride concentration (mol/L) 
g         Acceleration of gravity (m/s2) 
hD       Dispersion height (m)  
I   Current (A) 
j   Current density (A/m2) 
K         Constant of variable order kinetic model (L/mol)  
KB, KT Friction factors in Eq. 1. 
k1       Pseudo-first-order rate constant (min-1) 
kL         Langmuir constant (L/mol) 
kF           Freundlich constant  
kLF         Langmuir-Freundlich constant (L/mol)-n  
pHi Initial pH 
q             Mole of removed fluoride ions per mole Al3+ ions at given equilibrium pH 
qmax      Maximum q 
t   Reaction time (min) 
tN  Retention time required for [F-]e 
ULr      Overall liquid recirculation in the riser (cm/s) 
V   Volume (L) 
Y   Defluoridation efficiency (%) 
Z   Valence (Z=3 for aluminium) 
Greek letters 
φAl       Efficiency of hydro-fluoro-aluminum formation (%) 
φc  Current efficiency (%) 
εd        Gas hold-up in the downcomer 
εr         Gas hold-up in the riser 
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Abstract 
The European Water Framework Directive (2000/60/CE) requires a good chemical status 
of all water bodies, with reduction objectives by 2015 and suppression by 2021 for a list 
of substances of concern (priority substances). Alkylphenols (surfactants) and 
polybromodiphenylethers (brominated flame retardants) are part of this list. This paper 
presents the methodology adopted to study the removal efficiency of various water 
treatment process units, under both dry and wet weather, regarding these two pollutants 
families. It includes analytical procedures and sampling strategies. Water samples are 
separated between dissolved phase and particulate matter for a more accurate analysis. 
The analysis procedure has been developed for each water phase and for each target 
pollutant family. Three sampling sites have been identified: two wastewater treatment 
plant and one stormwater treatment plant. For each site, a sampling strategy has been 
adapted, taking into account water retention time and weather conditions. 

Keywords 
Alkylphenols, liquid and gas chromatography, polybromodiphenylethers, stormwater 
treatment plant, wastewater treatment plant 

INTRODUCTION 
Alkylphenols (AP) are chemicals widely used as surfactants and ubiquitous in the environment. 
Due to their endocrine disrupting properties, they have been regulated for the last decade. 
Polybromodiphenylethers (PBDE) are part of the brominated flame retardants compounds: they 
have been used worldwide in plastic, polymers and textile materials to reduce their flammability. 
In 2009, they were identified as persistent organic pollutant (POP), including long-range 
atmospheric transport properties. Due to their toxicity and their presence worldwide in 
environmental matrices, AP and PBDE were identified in the European Water Framework 
Directive regulation (2000/60/CE) as substances of concern (priority substances) that present a 
significant risk to or via the aquatic environment. Low thresholds have been recently set up 
(European Directive 2008/105/EC) for these substances.  
To comply with this regulation in all water bodies, the treatment of wastewater is not sufficient. 
The impact of untreated stormwater has to be limited too. If wastewater and stormwater are 
collected in a combined sewer system, the wastewater treatment plants (WWTP) capacity is 
often too small and part of the water is discharged directly into the environment through 
combined sewer overflows. To counter this problem, a few WWTP can change their 
configuration to accept bigger flows, with a less intensive treatment. If wastewater and 
stormwater are collected in separated sewer system, stormwater can be either discharged in the 

mailto:gilberts@leesu.enpc.fr�
mailto:chebbo@leesu.enpc.fr�
mailto:gasperi@univ-paris12.fr�
http://ec.europa.eu/environment/water/water-dangersub/pri_substances.htm#list�


10th World Wide Workshop for Young Environmental Scientists WWW-YES-2010  
Urban waters: resource or risks? Arcueil, France (31 May – 4 June 2010) 

47 / 171 

environment through stormwater overflow or treated in stormwater treatment plants (SWTP), 
newly developed settling basins dedicated to stormwater. 
Although these techniques are efficient regarding suspended particulate matter (SPM) removal, 
no data are available for chemical organic pollutants. Sponsored in the framework of the OPUR 
(Observatory or URban Pollutants) programme, this work aims at evaluating the efficiency of 
WWTP and SWTP different process units, regarding two families of organic pollutants (AP and 
PBDE), under dry and wet weather. This presentation focuses on the approach adopted to meet 
this objective, with (i) the description of the pollutants chosen and their analytical procedure and 
(ii) the sampling strategy to carry out field campaigns under dry and wet weather. 

POLLUTANTS AND ANALYTICAL PROCEDURES SELECTION 
Two chemical pollutants families were chosen in the framework of this work. Historical organic 
pollutants such as polycyclic aromatic hydrocarbons, polychlorobiphenyls or pesticides have 
been extensively studied, including under wet weather conditions (POLKOWSKA et al., 2000; 
GASPERI et al., 2008). We focused on classic pollutants, classified as priority pollutants in the 
EWF regulation, for which dry weather studies are available but only few are dedicated to wet 
weather (RULE et al., 2006; ZGHEIB et al., 2008; BJÖRKLUND et al., 2009). We selected two 
chemical pollutants families with highly different physico-chemical properties to check if the 
treatment process units have variable impact on these two families: AP (surfactants compounds) 
and PBDE (brominated flame retardants). For each chemical pollutant family, an extensive 
literature review has been conducted in order to characterize their physico-chemical properties, 
their toxicity, their industrial applications, the current regulation, the degradation and 
biodegradation paths, their presence in the environmental matrices and levels of contamination in 
WWTP and SWTP. This information is needed to explain why these molecules are of highest 
interest, in which environmental compartment they are expected to be present, and which process 
is expected to be efficient regarding their removal. The literature review is also very useful to 
select the different techniques of sample preparation and sample analysis. A brief resume of this 
information is given in the following paragraphs. 

Alkylphenols and ethoxylated alkylphenols: ubiquitous surfactants 
Alkylphenols are used as intermediates in the synthesis of ethoxylated alkylphenols (APEO). 
The latter are non ionic surfactants that have been widely used worldwide. Their biodegradation 
metabolites are ubiquitous in all environmental compartments and their endocrine disrupting 
properties have been highlighted in the 1990’s (WHITE et al., 1994). Due to their relative 
toxicity, these molecules have been regulated for the last decade.  

Description of the molecules and their physico-chemical properties 

Ethoxylated alkylphenols synthesized for industrial purposes consist of an aromatic ring 
substituted by an alkyl group and a long chain of ethoxylated units (n=10-15). Their 
biodegradation leads to various metabolites: shorter ethoxylated chains (n=1-2), carboxylated 
compounds (under aerobic conditions), and alkylphenols (under anaerobic conditions). Only a 
few metabolites are studied in this work; their formula is given in the Figure 1. 
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Figure 1: Description of the six alkylphenolic compounds studied in this work 
The physico-chemical properties vary upon the length of the ethoxylated units: the more units (n 
≥ 5), the more soluble and hydrophilic; the less units (n < 4), the less soluble and hydrophobic 
(YING et al., 2002). Similarly, the long ethoxylated chain compounds have lower octanol-water 
partition coefficient (Log Kow < 2.5), which means that they have less affinity to sorption and 
bioaccumulate. On the contrary, NP, OP and short ethoxylated chain compounds have slightly 
higher Log Kow (> 4), which means that these compounds may bioaccumulate in organic matter 
and sediments (LANGFORD et al., 2004). Few data are available regarding the volatility of 
alkylphenolic compounds but it seems that they are weakly volatile and, once in the atmosphere, 
they quickly adsorb on aerosols (DACHS et al., 1999). Therefore, the target compounds (NP, OP 
and short ethoxylated units) will be most probably found in both dissolved phase (DP) and 
particulate matter (PM) of the water samples. 

Toxicity 

The main toxicity is related to the endocrine disrupting activity, similar to the oestrogen activity. 
Not all alkylphenolic compounds are endocrine disruptor chemicals (EDC). However, NP, OP 
and carboxylic compounds are the most dangerous (WARHURST, 1995). The shorter 
ethoxylated chains, the more endocrine disrupting activity. Their toxic effect has been shown for 
aquatic organisms and they are suspected to be involved in feminisation of fish species living in 
contaminated surface water and near WWTP (SUTER, 2002). 

Historical use and regulation 

NP has been mainly used as an intermediate in NPEO synthesis. It is admitted than NPEO 
represent approximately 80 % of total APEO ; OPEO represent only 20 % (YING, et al., 2002). 
Industrial uses of NPEO are miscellaneous. The major historical NPEO application was in 
detergents for industrial and household cleaning. It represents the main source of AP in WWTP. 
They have been also used as dispersant additives in plastics synthesis, wetting agents in 
bleaching process in textile industry, degreasing agent in leather industry, wetting agent and 
emulsifier in pesticides synthesis, additives in body care products and in glue, in lubricants and 
in construction materials (concrete, cement, asphalt, sealing and insulation materials) (OSPAR, 
2001). OP has also been used as an intermediate in the synthesis of phenolic resins or 
formaldehyde. These compounds have numerous industrial applications, among which adhesion 
agent in rubber tire, varnish for electrical insulation and printing inks. 
 
Due to the persistence, bioaccumulation and toxicity of alkylphenolic compounds, the OSPAR 
(Oslo Paris) Convention recommended, as early as 1992, to phase out alkylphenols use in 
detergent for industrial and household cleaning purpose. During the last decade, this 
recommendation has become an obligation, through one European regulation (EU, 2004) and 
two directives (EU, 2001, 2003), sum up in TABLE 1. 
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TABLE 1: Scope of European regulation and directives regarding alkylphenols 
 Regulation 

648/2004 
Directive 2000/60/CE Directive 2003/53/CE 

Scope Detergent 
composition 

Water quality Restrictions on the marketing and 
use  

Requirements Labelling of 
chemical 
composition 
with 
concentrations  
Aerobic 
biodegradation 
test 

NP: priority hazardous 
substances (to be reduced 
in water bodies by 50 % 
in 2015 and phased out by 
2021) 
OP: priority substances 
(to be reduced by 30 % in 
2015) 

NP and NPEO concentration has to 
be less than 0.1 % in a list of use, 
including detergent, leather, textile 
and paper industries, body care 
products and pesticides 

 
Some comparative studies on AP concentrations in surface water between 1990s and 2000s 
highlight a sharp decreasing tendency, current  levels being one order of magnitude lower 
(VOUTSA et al., 2006; JONKERS et al., 2009). The authors attribute these results to the last 
decade regulation. 

Polybromo diphenylethers: widely used brominated flame retardants 
PBDE are the second largest family of brominated flame retardants. These chemicals have been 
widely used to protect plastic materials against flammability. They are added into the polymer 
after the polymerisation process, which means that they are not chemically linked with the 
polymer. They might be released out of the material during its lifetime. Their presence in remote 
areas (LAW et al., 2003; DE WIT et al., 2006) has pointed out their persistence and long-range 
atmospheric transport properties. The first local regulations came into force in the 1990’s while 
European regulation came into force in the 2000’s. 

Description of the molecules and their physico-chemical properties 

The PBDE molecules consist of two aromatic rings linked with an ether function. There are 209 
congeners; each one is substituted with a specified number and position of bromine. Sub-classes 
are defined with the number of bromines, the deca-BDE being fully substituted. The general 
structure of PBDE is given in Figure 2.  
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Figure 2: Description of the polybromo diphenyl ethers structure 
The chemical synthesis of PBDE leads to a mix of compounds. Only three commercial mixtures 
have been launched on the market: penta-mix, octa-mix and deca-mix. The penta-mix contains 6 
major congeners (tetra, penta and hexa-bromine substituted); the octa-mix contains 9 major 
congeners (hexa, hepta, octa, nona and deca-bromine substituted); the deca-mix contains 3 major 
congeners (nona-bromine substituted and more than 90 % of deca-BDE). In this work, only 9 
congeners are studied; they are major congeners from commercial mixtures present in the 
environment. 
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The physico-chemical properties vary upon the number of bromine substituted: the more 
bromines, the more bioaccumulable. In fact, the octanol-water coefficient increases with the 
number of bromines (Log Kow ranges between 4 and 12). All PBDE congeners are considered 
as hydrophobic. Besides, the solubility is lower than 0.4 mg/L for all congeners, which means 
that PBDE are weakly to non soluble. Due to these characteristics, PBDE strongly partition to 
soil and organic phases. The PBDE are semi-volatile compounds; in the atmosphere, the highly 
bromine substituted compounds strongly partition with aerosols. This may explain the long-
range atmospheric transport in remote areas. Therefore, PBDE are expected to be found mainly 
in PM but with very low concentrations in DP. 

Toxicity 

Two main toxical effects on rodents have been described in the literature: thyroid hormone 
homeostasis disruption and adverse effects on neurodevelopment, such as hyperactivity, 
impaired memory and learning functions (MCDONALD, 2002; MIKULA et al., 2006). 
However, the deca-mix seems to be less toxic than the penta and octa-mix. Many studies have 
focused on PBDE in human matrices, such as serum, plasma and human milk (RIU, 2006; 
FREDERIKSEN et al., 2009). The increase of PBDE in human milk over the period 1972-2000 
followed an exponential curve (NORÉN et al., 2000) but no data are available regarding the 
human toxicity. 

Historical use and regulation 

Before the regulations came into force, the penta-mix was used as flame retardants in 
polyurethane (PUR) foams. Rigid PUR foams are found in upholstery (seats, bedding, 
automotive seats and head restraints, etc.), whereas flexible PUR foams are used thermal 
insulation in construction industry. The octa-mix was used in acrylonitrile-butadiene-styrene 
plastic, with applications in automotive industry and electrical appliances. The deca-mix, the 
most widely used, was added in polymers, plastics (mainly in polystyrene high density and 
polypropylene) and textile (upholstery). These plastics are used for electrical and electronic 
appliances (televisions, printers, casings, wires, computers, etc.).  
 
Due to the ubiquity of PBDE in environmental matrices, local restriction decisions were taken in 
early 1990’s in Sweden and Germany. One decade later, several European Directives were 
issued to limit the use of PBDE. These directives are sum up in TABLE 2. 

TABLE 2: Scope of European regulation and directives regarding PBDE 
 Directive 2002/95/CE 

Case C-14/06 (Judgment of the 
Court) 

Directive 2000/60/CE Directive 2003/11/CE 

Scope Restriction in use of 
hazardous substances in 
electrical and electronic 
appliances 

Water quality Restrictions on the 
marketing and use  

Requirements Use of penta, octa and deca-
mix in electrical and electronic 
appliances is prohibited 
Initial exemption of deca-mix 
has been cancelled since 
2008 

Penta-mix: priority 
hazardous substances 
(to be reduced in water 
bodies by 50 % in 2015 
and phased out by 2021) 
Octa-mix: priority 
substances (to be 
reduced by 30 % in 
2015) 

Penta and octa-mix 
concentrations has to be 
less than 0.1 % in any 
product launched on the 
market 
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In addition, penta, hexa, hepta and octa-BDE were added to the Stockholm Convention on 
Persistent Organic Pollutants. It means that these molecules fulfil the four characteristics of POP: 
long-range atmospheric transport; persistence in water, soil and sediments; bioaccumulation and 
toxicity or ecotoxicity. 

Analytical procedures for alkylphenols and polybrominated ethyl ethers analysis 

Samples preparation before analysis 

The first step of the sample preparation is the filtration through glass fibre filters (retention size: 
0.7 µm), in order to separate DP and PM, for individual analysis.  In fact, if the water has a high 
content in SPM, the analysis may be more accurate if DP and PM are separated and extracted 
using extraction methods designed for liquid and solid phases, respectively (COQUERY et al., 
2005). This is even more important for compounds with high affinity for PM (compounds with 
high Log Kow). If only part of the sample is used for filtration, it is essential to mix the total 
volume for previous homogenisation. 
 
Thereafter, extraction of both phases (DP and PM) is performed in order to isolate the target 
pollutants, concentrate them and remove interferents from the matrix. 
 
The extraction technique most widely used for trace organic pollutants in DP is solid phase 
extraction (SPE) (HENNION, 1999). Its increased development has occurred since the middle of 
1990’s, with the large automation of the appliances and the variety of sorbants. This technique 
allows shorter extraction time and a sharp decrease in solvent’ volume compared to liquid-liquid 
extraction. Therefore, in this work, DP extraction is performed on the Autotrace SPE 
Workstation (Caliper LifeScience). Octadecyl silica cartridge sorbent (C18) are used for the 
concentration of PBDE. This sorbent is recommended for polar to moderately non-polar 
compounds and its efficiency is based on hydrophobic interactions. For the concentration of 
alkylphenolic compounds, hydrophilic–liphophilic balanced sorbent (Oasis HLB) is used. This 
sorbent is a copolymer of divinylbenzene and N-vinylpyrolidone that is suitable for a wide range 
of pollutants (acidic, basic and neutral compounds whether polar or non-polar). Before the 
sample is charged, the cartridge has to be conditioned with solvent and water. All target 
compounds remain linked on the sorbent with hydrophobic or polar interactions, depending on 
the pollutant and the sorbent. After drying under vacuum, elution is performed with a mixture of 
solvents that has been optimized for each pollutant family. For this step, many tests have been 
carried out for AP and PBDE in order to optimize the volume extracted, the pH conditions and 
the mixture of solvent for elution. 
 
Regarding the extraction of PM, many techniques are available: sonication, solid-liquid 
extraction, multiwave assisted extraction (MAE) and liquid pressurized extraction (LPE), which 
is the most widely used. MAE and PLE have a high level of automation, use low amounts of 
solvents and allow short time extraction. In our laboratory, DP extraction is performed on MAE 
(Multiwave 3000, Anton Paar). Freeze-dried filters are extracted with 20 ml of solvent. Extracts 
are then filtered and evaporated until dryness under nitrogen. 
 
For both DP and PM extracts, a clean up step using silica gel cartridges is required in order to 
remove more interferents. At the same time, this step allows a fractionation of AP and PBDE 
using different solvents mixture for elution. Activated copper is added to neutralize sulphur. This 
latter may disrupt the chromatographic signal of PBDE. A final evaporation to dryness is 
performed under nitrogen and samples are reconstituted for chromatographic analysis. 
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Quantitative determination of AP and PBDE, using chromatography and mass spectrometry 

The chromatography (liquid or gas) is used to separate the different compounds, based on their 
interactions with the stationary phase of the column. Due to different physico-chemical 
properties, AP and PBDE cannot be analyzed using the same chromatography technique. In fact, 
gas chromatography (GC) is suitable for semi-volatile to volatile compounds with low polarity 
whereas liquid chromatography (LC) can be used for low-volatile to non-volatile compounds 
with a large gradient of polarity, including hydrophilic compounds. Therefore, PBDE which are 
highly lipophilic and semi-volatile are analyzed with GC. LC is more suitable for AP, which are 
hydrophilic and weakly volatile (GIGER, 2009). In our laboratory, an ultraperformance liquid 
chromatography (Aquity UPLC, Waters) is available. This LC technique uses small diameter 
particles in the stationary phase and short columns, which allow higher pressures and, ultimately, 
narrower LC peaks. It also dramatically shortens analysis times (to less than 10 min). 
 
Mass spectrometry (MS) allows a good detection, identification and quantification of the target 
compounds. The ionisation of the molecules leads to specific mass over charge ratio, used to 
identify target compounds. The tandem mass spectrometry (MS-MS) is even more specific, as 
two ionisations are applied. In the framework of this work, the GC-MS technique is applied for 
the quantification of PBDE, whereas LC-MS-MS is used for AP analysis. This is in accordance 
with the literature review: PBDE are always analyzed by GC-MS and most of AP analysis is 
done through LC-MS-MS. A few former studies on AP mention LC-MS (less accurate than LC-
MS-MS) and four of them use GC-MS. However, this latter case requires one more step in the 
sample preparation due to the need of derivatization of the molecules, to enable their volatility 
and their detection. 
 
The global scheme selected for AP and PBDE analysis in DP and PM is described in Figure 3.  
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Figure 3: Analytical procedures for dissolved phase and particulate matter of AP and PBDE 

Recommendations and limitations for sample preparation and sample analysis 

Analysis of trace pollutants requires clean materials: all glass vessels are baked 2 hours at 500 °C 
before use. Calibrated glass vessel that cannot be baked is rinsed with organic solvent. Plastic 
use is avoided, as it may release organic pollutants. Plastic pipes employed for sampling and 
sample preparation have to be coated with teflon (inert material). Blank controls have to be 
carried out to verify that non contamination comes from solvent, glass vessels, extraction 
appliances, etc. 
 
To validate the analytical procedure, referenced materials (pollutant concentrations in these 
materials were determined by a certified organism) or spiked matrices (a known amount of target 
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compounds is added) are essential. For DP matrices, it is easy to compare spiked and unspiked 
samples. However, for PM matrices, spiked matrices are not reliable: added target compounds 
adsorb in surface of the PM. Hence they are easily available; they are not representative of the 
interactions between the pollutants and the real solid matrices (MIÈGE et al., 2003). Therefore, 
for PM matrices, it is advised when possible to use referenced material. However, a few 
referenced sediments are available for hydrophobic classic pollutants (polychlorobiphenyls, 
PBDE, etc.) but none are available for AP. Another solution is to take part of inter-laboratory 
studies, to compare the results of different methods on a same solid matrice. 
 
Last but not least, it is a real challenge to analyze pollutants with different polarities, ionisation 
properties and volatility, such as PBDE and AP. In fact, two options are possible: either to 
perform a multiresidue analysis (extraction of the two pollutants families in one run), or to 
extract polar and non-polar compounds in separated runs. This latter option might be more 
accurate since a suitable sorbent can be used for each family. However, it is much more time and 
cost demanding. 

SITE DESCRIPTION AND SAMPLING PROCEDURE 
The objective of this work is to get data on AP and PBDE removal in different water treatment 
process units. Wastewater treatment is composed of a preliminary treatment (screening and grit 
chamber), a primary treatment, a biological step and, sometimes, a tertiary treatment. Most 
common processes for primary treatment are simple clarifier or lamellar clarifier, with or without 
chemicals added to ease the settling. For the biological step, many WWTP have an activated 
sludge process (with variable retention time) but a biofiltration process may also be used. Quite 
often, a second clarifier is located after the biological treatment. Regarding the SWTP, they are 
mainly composed of a physical treatment (settling). Due to this variety of processes, it is 
interesting to carry out sampling in different sites. 

Selection of the sampling sites 
For practical reasons, we selected the sampling sites in Paris area, so that we can get the samples 
and perform the filtration within the same day. We selected two WWTP: one in Colombes (5 km 
north-west from Paris) and one in Valenton (10 km south-east from Paris). Both WWTP are 
operated by the Syndicat Interdépartemental de l’Assainissement de l’Agglomération Parisienne 
(SIAAP). The SWTP is located in Sucy-en-Brie (11 km south-east from Paris) and is operated by 
the Conseil Général Val-de-Marne. These three sampling sites are located in Figure 4. 
 

 

Figure 4: Localization of sampling sites in Paris agglomeration 
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Colombes WWTP process and selected sampling strategy under dry and wet weather 
This WWTP treats pretreated wastewater from Paris sewer. It has a capacity of 240 000 m3/d 
(2.8 m3/s) under dry weather. Its capacity reaches 735 000 m3/d (8.5 m3/s) under wet weather. 
The treatment process is based on a lamellar clarifier (with addition of chemicals to ease the 
settlement of SPM) and a three-stage biofiltration (removal of carbon in Biofor 1, removal of 
nitrogen in Biostyr with nitrification and in Biofor 2 with denitrification). Under wet weather, 
the biological treatment is split in two paths: 50 % is treated on Biofor 2; 50 % is treated through 
Biofor 1 and Biostyr. This configuration allows a bigger flow to be treated. These two 
configurations are described in Figure 5. 
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Figure 5: Description of Colombes WWTP process and sampling points, under dry (a) and wet (b) weather 
Sampling will be carried out at three different points (S1, S2 and S3 in Figure 5) in order to 
isolate the lamellar clarifier and the biofiltration. The objective is to follow the same mass water 
along the whole process, to be able to determine removal efficiency of AP and PBDE in the 
different process units. In this WWTP, the retention time is short (less than one hour in each 
process). Therefore, it is assumed that under dry weather (operating conditions are stable), 24-h 
average samples can be conducted simultaneously in S1, S2 and S3. Under wet weather, the 
stormwater can hardly be sampled longer than 5 hours. In this case, the conductivity is measured 
before starting the sampling and every 2 hours thereafter, in order to check the nature of the 
water sampled (stormwater conductivity is lower than wastewater conductivity). If the 
conductivity increases (i.e. the water is pure wastewater without stormwater), the sampling can 
be shortened. 

Valenton WWTP process and selected sampling strategy under dry and wet weather 
This WWTP treats wastewater from a large area in Paris suburb (collected in south and south-
east from Paris and representing 1.1 billion inhabitants). It has a capacity of 600 000 m3/d (7 
m3/s) under dry weather. Its capacity may reach 1 500 000 m3/d (17.4 m3/s) under wet weather. 
The treatment process is based on a primary clarifier, a biological step with activated sludge (3 
stages: anaerobic, anoxic, aeration) coupled with a secondary clarifier and a tertiary clarifier. 
Under wet weather, the configuration remains the same. The process is described in Figure 6. 
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Figure 6: Description of Valenton WWTP process and sampling points 
Sampling will be carried out at three different points (see Figure 6) in order to isolate the primary 
clarifier and the aeration coupled to the secondary clarifier. The retention time in the aeration 
tank lasts about 13 hours. Therefore, to follow the same mass water, it is essential to take into 
account the retention time: S1 and S2 samplings will be started simultaneously whereas S3 will 
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be postponed to 13 hours later. Under dry weather (operating conditions are stable), 24-h average 
samples will be conducted. Under wet weather, the sampling will be reduced to 5-h average 
samples, with frequent conductivity measures to check the nature of the water sampled. 

Sucy-en-Brie SWTP process and selected sampling strategy 
SWTP in Sucy-en-Brie consists in one storage tank (6 700 m3) to prevent from floods, one 
settling tank (3 300 m3) to store stormwater before its treatment in the lamellar clarifier (active 
surface of 640 m²), as illustrated in Figure 7. This treatment consists mainly in SPM removal. 
 

Storage tank 
(stormwater detention)

Settling
tank Lamellar clarifier

Sludge pump

S1 S2 S3

Sludge

Darse river

Storage tank 
(stormwater detention)

Settling
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S1 S2 S3

Sludge

Darse river  

Figure 7: Description of Sucy-en-Brie SWTP process and sampling points 
Sampling will be carried out at three different points (see Figure 7) in order to isolate the settling 
tank and the lamellar clarifier. In S1, flow-based composite samples will be carried out during 
the storm event. In S2 and S3, time-based composite samples will be carried out, once the 
lamellar clarifier is filling. 

Recommendations and limitations for sampling strategy 
The sampling device should be in glass cleaned with detergent and rinsed with pure water and 
preferably baked at 500 °C. Plastic tubing should be coated with Teflon. 
  
The volume to be sampled depends on the SPM concentration. In fact, for DP extraction and 
global parameters analysis, 3 L are sufficient. However, for PM extraction, about 200 mg of 
SPM are required. In the WWTP effluent, SPM concentration is low (less than 10 mg/L), which 
means that a 20 L-sample is necessary to get enough PM. Therefore, in WWTP, 10 L are 
collected in S1 and S2 whereas 20 L are collected in S3. In the SWTP, the SPM remains higher 
in the effluent: 10 L are sufficient for S1, S2 and S3. 
 
It is very difficult to have representative data on wastewater and stormwater. In fact, there is a 
high variability inter and intra-WWTP. In order to be representative, we selected 24-h average 
sample under dry weather. However, the representativeness of the samples is more challenging 
under wet weather, since storm events have variable time and intensity. The more events 
sampled, the better. However, due to the work load related to one sampling campaign and the 
random aspect of rain water, we have planned 5 and 3 campaigns under dry and wet weather, 
respectively, for each WWTP. For the SWTP, we expect to carry out 5 campaigns. 
 
To perform complete mass balance on a WWTP, it would be necessary to take representative 
sludge sample, since a large amount of the organic pollutants end up in the sludge (especially 
pollutants with high sorption on PM). In this work, the analytical method is not set up for sludge 
samples. Therefore, we focus only on water phase.  

CONCLUSIONS 
With the methodology set up in this work, it will be possible to have data on AP and PBDE 
removal in different water treatment process units. Separated analysis of DP and PM is an 
original approach, which may give precious information to understand removal processes. In 
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addition, few data are available regarding water treatment process efficiency under wet weather. 
The results from this work will contribute to a better knowledge of pollutants released in the 
environment under wet weather. Nevertheless, this methodology has a certain number of 
limitations. The selected compounds with highly different physico-chemical properties lead to a 
significantly higher work load. Besides, the validation of the analytical procedure for AP in PM 
is still uncertain, as no referenced material are available to compare our results. Last but not 
least, it is not assured that the limited number of campaigns will give representative data: more 
campaigns might be necessary to dress any conclusion in the different water treatment process 
unit efficiency. 
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Abstract 
The sewage sludge ash can potentially be used for the removal of metal ions from 
wastewater due to its similar chemical composition to that of fly ash. The aim of this 
work was to investigate the adsorptive characteristics of this material including specific 
surface area and pH of zero point of charge (pHZPC) and to assess the possibility of 
removing nickel and cadmium from aqueous solutions by this sorbent. The effects of 
agitation time, pH, initial metal ion concentration and temperature on the removal of 
these metals were studied. In order to study the sorption isotherm, two equilibrium 
models, the Langmuir and Freundlich isotherms, were analyzed. The effect of solution 
pH on the adsorption onto sewage sludge ash was studied in the pH range from 2 to 8. 
The adsorption was endothermic and the computation of the parameters, ΔH°, ΔS° and 
ΔG°, indicated that the interactions were thermodynamically favourable. Experiments 
with Ni and Cd adsorption measured together showed that Cd severely interfered with Ni 
adsorption to sewage sludge ash and vice versa under the conditions of the two coexisted 
ions adsorption. 

Keywords 
Adsorption, Cadmium, Nickel, Sewage sludge ash, Binary mixtures. 

INTRODUCTION 
Metal ions have become an ecotoxicological hazard of prime interest and increasing significance, 
because of their accumulation in living organisms (Karabulut et al., 2000). Both Ni(II) and 
Cd(II) are present in effluents of a large number of industries. People often suffer from allergy 
due to exposure to nickel-containing materials and the carcinogenic effects of nickel have also 
been well documented (ATSDR, 2003). Nickel is a toxic metal ion that is widely used in silver 
refineries, electroplating, zinc base casting and storage battery industries (Kadirvelu et al., 2003). 
The chronic toxicity of nickel to humans and the environment has been well documented. For 
example, high concentration of nickel (II) causes cancer of lungs, nose and bone. Cadmium 
(Cd(II)) is a non-essential and a non-biodegradable metal ion which slowly accumulates in the 
body of living creatures, usually through food chain (Srivastava et al., 2006). Hence, removal of 
cadmium and nickel from water and wastewater assumes importance. The conventional methods 
for metal ions removal from water and wastewater include oxidation, reduction, precipitation, 
membrane filtration, ion exchange and adsorption. Among all, adsorption is highly effective and 
economical. Though the use of commercial activated carbon is a well-known adsorbent for the 
removal of metal ions from water and wastewater, the high cost of activated carbon limits its use 
as an adsorbent in developing countries. Hence, several research workers used different low-cost 
adsorbents such as coconut coir pith (Kadirvelu et al., 2003), sawdust (Wilson et al., 2001), 
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sludge ash (Pan et al., 2003), banana pith (Low et al., 1995), activated phosphate rock (Sarioglu 
et al., 2005), vermiculite (Malandrino et al., 2006), and montmorillonite (Boonfueng et al., 
2006). In spite of several researchers adopted various low-cost adsorbents there is still a need to 
develop suitable adsorbents for the removal of copper and nickel from aqueous solutions.  
Recent studies have shown that fly ash is a valuable and desirable additive to cement concrete 
and it has also been used effectively in many other areas such as soil amendment and fillers 
(Beaver, 1995; Pratt, 1990; Brendel, 1995). Some research articles reported that alkaline fly ash 
can serve as stabilizer or binding reagent for the fixing of metal ions and nutrients contained in 
hazardous wastes and organic wastes (Lin and His, 1995; Vincini et al., 1994; Eiceman and 
Vandiver, 1983). Many researchers have reused fly ashes as good and inexpensive adsorbent for 
metal ions, organic compounds especially phenolic compounds, dyes and other organic matters 
in waters (Cho et al., 2005; Kao et al., 2000; Kumar et al., 2005; Wang and Wu, 2006). Fly ash 
effectiveness has been reported in the neutralization of soil acidity and help in increasing the 
availability of certain nutrients in the soil, and reduction of plant parasitic nematodes in soil 
(Adriano et al., 1980; Elseewi et al., 1980). 
In Tunisia, with the development of the wastewater treatment industry, the amount of the 
residual sewage sludge increased very rapidly. Many reports have appeared on preparation of 
adsorbent derived from sewage sludge (Chiang et al., 1987; Bashkova et al., 2001; Bagreev et 
al., 2001). The recycling and the re-using of wastes have energy efficient, environmentally 
friendly and cost-effective advantages. To the author’s knowledge, in Tunisia the problem of this 
waste product is still not yet solved. The goal of this work is to investigate the feasibility of using 
adsorbent derived from sewage sludge by incineration for the removal of Cd2+ and Ni2+ from 
aqueous solution in single and binary system by varying parameters of pH, agitation time, metal 
ions concentration and temperature. 

EXPERIMENTAL   
The sewage sludge sample used in this study was collected from Municipal Community Waste 
Water Treatment Plant in the south of Tunisia (Sfax city). The sampled dewatered sludge cake 
was first burned in a modular incinerator at 600°C for 2 hours to provide incineration ash and 
then finely ground by a ball mill. The ground of sewage sludge ash sample was further screened 
by 100 μm sieve. The finer part of this ash passing through the 100 μm sieve was collected, 
tested, and used in the following experiments. The average diameter of the used adsorbent 
particle was around 60μm. 
The specific surface area of sewage sludge ash sample was determined by a BET-N2 surface area 
analyzer (Model QS-7, Quantachrome Co.,Greenvale, NY), and it was found to be 50.85 m2/ g. 
The average pore diameter was 39.40Å. This sorbent was characterized using: 

• Scanning electron microscope (SEM) (Philips XL30) and energy dispersive X-ray 
analysis (EDAX) (Philips EDAX9100) were used to characterize the ash sample for 
constituent and morphology. The working tension was 30 kV. 

• X-Ray diffraction: using an X-ray diffractometer (Siemens, Germany) with CuKα 
radiation (λ = 0.154 nm). Scans were conducted from 0 to 60° at a rate of 2θ per min. 

The pH of zero point of charge (pHzpc) was determined by adding a known amount of adsorbent 
(0.1 g) to a series of bottles that contained 50 mL of deionised water. Before adding the 
adsorbent, the pH of the solutions was adjusted to be in the range of 1.0–9.0 by the addition of 
either 0.1M HNO3 or 0.1M NaOH. These bottles were then rotated for 1 h in a shaker and pH 
values were measured at the end of the test. The pH of the suspensions is represented as a 
function of the initial pH of the solutions. The curve obtained theoretically cross the bisector of 
axes at the point of zero charge (Bouzid et al., 2008). 
Batch experiments included: the kinetic studies, pH effect and sorption isotherms.  
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Sorption experiments for the kinetic study were conducted as follow: 1g/L sorbent slurries and 
metal ion of concentration 100 mg/L of Ni2+ (obtained from Nickel chloride hexahydrate 
NiCl26H2O) or Cd2+ (obtained from cadmium sulphate octatahydrate(CdSO4 8H2O) were kept in 
a shaker at room temperature. The solution pH was adjusted to 6 with 1M HNO3 and 1M NaOH. 
The suspensions were stirred for different time intervals (1 - 360 min) .The solutions were 
filtered through a 0.45 μm membrane filter (MFS). The metal ions concentration was determined 
using a flame atomic absorption spectrophotometer (HITACHI Z- 6100) by using air–acetylene 
flame. Analytical errors were estimated to be of the order of 3%. All the experiments were 
duplicated to assure the veracity of experimental results. 
To determine the influence of pH, experiments were performed at various initial pH, ranging 
between 2– 8. Initial concentration of 100 mg/L of nickel or cadmium and 10 g/L of sorbent per 
100 mL of solution were used. The suspensions were stirred for 2 hours. 
For single metal–sorbent systems, initial metal ion concentration was varied from 10 to 100 
mg/L. In binary metal ion mixture-sorbent systems, for each initial concentration of Ni2+ 
solution, viz., 10, 30, 50, 70, and 100 mg/L, the cadmium concentration was varied in the range 
of 30 –100 mg/L (viz., 30, 50 and 100 mg/L). The pH of the solutions was maintained at 6. This 
pH was found to be the optimum on the basis of batch tests carried out to determine the effect of 
pH on adsorption capacity of sewage sludge ash for metal ions. 
The sorption equilibrium data of cadmium and nickel on sewage sludge ash were analysed in 
terms of Langmuir and Freundlich isotherm model (Glasstone, 1981). 
The Langmuir sorption isotherm equation is given as follow: 
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On linearization it becomes: 
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Where qe is the metal ions concentration on the adsorbent at equilibrium (mg of metal ion/g of 
adsorbent), qmax is the maximum metal uptake per unit mass of adsorbent (mg/g). b is Langmuir 
constant (L/mg) related to energy of adsorption which reflects quantitatively the affinity between 
the adsorbent and metal ions. The values of qmax and b are the characteristics of the Langmuir 
model and can be calculated from the intercept and slope of the linear plot, with 1/(qe) versus 
1/Ce. 
The Freundlich isotherm equation is given as follow: 
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It can be written in the linear form as given below: 
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Where Kf and n are Freundlich constants, indicating the adsorption capacity and the adsorption 
intensity respectively. Freundlich constants kF and n can be calculated from the slope and 
intercept of the linear plot, with log (qe) versus logCe. 
In order to determine the effect of temperature on adsorption phenomenon, isotherms were 
established at 10, 20 and 40°C. 
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RESULTS AND DISCUSSION 

Characterizations of the sorbent  
As determined by EDAX, the predominant chemical composition of sewage sludge ash is given 
in Table1. These results showed that the predominant chemical compositions of this ash sample 
include silicon oxide, aluminum oxide, calcite and other oxides are present in trace amounts. It is 
thus expected that Cd(II) and Ni(II) would be mostly adsorbed either by silica, alumina or by a 
combined influence of these oxides. In addition, the cadmium and nickel content in sewage 
sludge is under the detection limit. For this reason, the effect of cadmium and nickel ions, 
released from sewage sludge into solutions, can be ignored in the following experiments. 

Table 1. Chemical composition of sewage sludge ash 

 
X-ray diffraction analysis results of sewage sludge samples before and after heating for two 
hours at 600°C are presented in Fig. 1. We notice that the increase in temperature definitely 
increases the level of mineralization since more peaks appear. In the case of materials obtained at 
600°C, the degree of mineralization is much higher. The sample of sewage sludge dried at 105°C 
is predominantly amorphous. Combustion at 600°C results in formation of aluminosilicates, 
calcite and the oxides of aluminum, iron, magnesium, sodium and potassium (Brendel, 1995). 
The scanning electron microscope (SEM) image, as shown in Fig. 2, indicate the common 
feature of porous and irregular morphology of sewage sludge ash.  

Effect of agitation time on adsorption 
The agitation time was evaluated as one of the most important factors affecting the adsorption 
efficiency. The rate of uptake of metal ions by sewage sludge ash increases with time initially. 
The optimum time for both cadmium and nickel removal were determined at 120 min (Fig. 3). 

                                                     Composition  

          (%) (mg/kg) 

Samples 

 

SiO2 Al2O3 CaO Fe2O3 SO3 P2O5 K2O MgO Na2O Cd Cu Ni Pb Zn 

Sewage 

sludge ash 

19.95 9.02 20.98 2.07 9.00 16.6 23.05 2.47 0.92 -a 0.28 -a 0.1 1.2 

2μ

Figure 1. X-ray diffraction patterns of sewage sludge (a) 
before and (b) after combustion at 600°C  

Figure 2. Scanning electron micrograph of 
sewage sludge ash. 
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As a result of the experimental studies, it is seen that high efficiency for cadmium and nickel 
adsorption can be obtained at short time periods. 
 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of contact time on the removal of Cd2+ and Ni2+ ions by sewage sludge ash. 

Effect of pH 
The pH of the solution has a significant impact on the uptake of metal ions, since it determines 
the surface charge of the adsorbent, and the degree of ionization and speciation of the adsorbate. 
The pH-adsorption edges of the constant concentration of Ni(II) and Cd(II) for a constant sorbent 
dose at 20°C are shown in Fig. 4. All experiments were carried out in the pH range of 2.0–8.0 
where chemical precipitation is avoided, so that metal removal could be related to the adsorption 
process. As shown in Fig. 4, the maximum adsorption of Ni(II) and Cd(II) was found to occur at 
pH 6 and the metal ions removal was nearly constant for pH >6. This may be attributed to the 
surface charge development of the sewage sludge ash and the concentration distribution of metal 
ions since both of them are pH-dependent (Bayat, 2002). The pH value of IEP where zero zeta 
potential occurs is defined as pHzpc. A pHzpc of 2.2 was obtained for sewage sludge ash. For 
pure oxides, such as silica, alumina, and ferric oxides pHzpc values are 2.0, 6.7, and 8.5, 
respectively (Huang and Rhoads, 1989; Stumm and Morgan, 1995). It is speculated that the 
lower pHzpc value of sewage sludge ash particles is attributed to high silica content (table.1) 
versus that of alumina and ferric oxides. Ni(II) and Cd(II) ion adsorption on sewage sludge ash 
may be attributed to the interaction with surface silica sites with only small contribution from the 
alumina and iron sites.  
In aqueous solution, surface charge developed from the hydration is an important first step for 
metal adsorption. Since sewage sludge ash has a low pHzpc, negatively charged surface should 
be expected under the pH range investigated. It is noted that the sharply increasing adsorption is 
in the region of pH 3–6. According to the simple species diagrams which were constructed for 
Ni(II) and Cd(II), all the species occurring at pH values of 6 and below would be Ni2+ and 
Cd2+, respectively, (Snoeyink and Jenkins, 1980; Mavros et al., 1993). As pH increased from 3–
6, it is expected that sewage sludge ash surface became more negatively charged. Thus more 
favorable electrostatic attraction forces enhanced cationic metal ions adsorption as pH increased. 
Similar influence of pH has been previously reported for Ni(II) and Cd(II) adsorption onto 
bagasse fly ash (Srivastava et al., 2006).  
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Figure 4. Effect of pH on the removal of Ni2+ and Cd2+ by sewage sludge ash 

Sorption isotherms 
Sorption isotherms of Cd2+ and Ni2+ ions are shown in Fig. 5. The adsorption data were 
described using the Langmuir and Freundlich isotherm models. The results of these analyses, 
using linear regression procedures, are shown in Table 2.  
 

 

 

 

 

 

 

 

 

Figure 5. Ni(II) and Cd(II)  adsorption isotherm on sewage sludge ash at 20°C. 

Langmuir isotherm 

Table 2 indicates that Langmuir model has a good fit with the experimental data for cadmium 
and nickel adsorption with a regression coefficient, R2 equal to 0.99 and 0.98, respectively. 
Using the Langmuir model, the maximum adsorption capacity for the metals can be estimated as: 
Ni (7.65 mg/g) and Cd (7.1 mg/g). 

Freundlich isotherm 

Table 2 indicates that there is a slight deviation from linearity using the Freundlich isotherm 
model for describing Ni2+ and Cd2+ sorption (R2 equal to 0.95 and 0.98, respectively). Freundlich 
parameters (kF and n) indicate whether the nature of sorption is either favourable or unfavourable 
(Frimmel and Huber, 1996). The intercept is an indicator of sorption capacity and the slope is an 
indicator of sorption intensity. In the two sorption systems, values obtained of 1 < n < 10 imply 
favourable sorption. The kF values, reported in Table 2, can be used to indicate the relative 
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adsorption capacity of the system (Mohan and Singh, 2002). It was noted that kF values show the 
same trend as that of qmax for the metals studied (Table 2). 

Table 2. Freundlich and Langmuir constants for Ni(II and Cd(II) adsorption in single and binary-system on 
sewage sludge ash at 20°C. 

 

Competitive adsorption in binary metal system 

In this group of experiments, competitive adsorption of Cd2+ and Ni2+ ions from their binary 
solutions was investigated by following a similar procedure as described above. These studies 
were performed at an initial pH of 6.0 at 20°C. The experiments of competitive adsorption of 
Cd2+ and Ni2+ included the effect on adsorption of Cd2+ with the presence of Ni2+ in the solution, 
and the effect on adsorption of Ni2+ with the presence of Cd2+ in the solution. The objective of 
this part of work was to study the effect of two metal ions coexistence on the total adsorptive 
capacity of sewage sludge ash. The result was shown in Fig. 6a and 6b. 
As shown in figure 6, values of the amount of metal ions adsorbed qe obtained from the 
experiment results for the binary component system at described conditions (the pH of the 
solutions was maintained at 6 for cadmium and nickel, 0.1 g of sorbent per 100mL of solution at 
20°C) were ranging from 5.6 to 2.9 mg/g and 4.92 to 2.25 mg/g for Ni2+ and Cd2+ , respectively, 
which were less than those for the single-component solutions (6.2mg/g for Ni2+ and 5.6mg/g for 
Cd2+). However, the total amount for these two metals in binary system was less than this in 
single-component systems. One type of the metal ion present interfered with the uptake of 
another one in the system, and the overall total metal uptake was lower than that in single 
system. 
 

Langmuir model   Freundlich model  

qmax (mg/g) b 

(L/mg) 

R2 qmix/qmax Kf 1/n R2 

Ni (single-metal) 7.65 0.051 0.99 - 0.87 0.45 0.95 

Cd (single-metal) 7.1 0.039 0.98 - 0.69 0.47 0.93 

[Cd]= 30mg/L 7.19 0.036 0.99 0.93 0.67 0.48 0.96 

[Cd]= 50mg/L 6.03 0.026 0.99 0.78 0.35 0.55 0.94 

 

 

Ni-Cd 

 

 

[Cd]= 100mg/L 4.12 0.025 0.98 0.53 0.22 0.55 0.94 

[Ni]= 30mg/L 6.98 0.025 0.99 0.98 0.38 0.57 0.95 

[Ni]= 50mg/L 5.98 0.022 0.99 0.84 0.19 0.67 0.93 

 

 

Cd-Ni [Ni]= 100mg/L 4.93 0.018 0.98 0.69 0.07 0.75 0.93 
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Figure 6. Comparison of non-linearized adsorption isotherms of  (a) Ni2+ ion in the presence of increasing 
concentration of Cd2+ ion (pH = 6, T = 20°C, t = 2 h, C0 [Ni] = 10-100mg/L) and (b) Cd2+ ion in the presence 
of increasing concentration of Ni2+ ion ((pH = 6, T = 20°C, t = 2 h, C0 [Cd] = 10-100mg/L). 
The Langmuir model yielded best fit for Ni and Cd sorption on sewage sludge ash in single- as 
well as in binary-systems (figure 6). The fitting parameters of Ni and Cd in binary system are 
tabulated in Table 2. When compared with their adsorption in single-solute systems, the 
individual adsorption capacity of all the two metals showed obvious decrease in binary solute 
systems. These results indicated a competition between metals for sorption sites.  
The competitive effects between Ni and Cd in the binary system could be represented by the 
ratio of the maximum sorption capacity for the metal in the binary-metal system (qmix) to the 
maximum sorption capacity for the same metal in the single-metal system (qmax). When the value 
of the ratio is greater than one, the sorption is promoted by the presence of the other metals; 
when qmix/qmax= 1 no competitive effects are observable; when the value of the ratio is less than 
one, the sorption is reduced by the presence of other metal ions (Mohan and  Singh, 2002). Our 
values of the ratio (Table 1) were less than one, confirming the effects of the competitive 
sorption in the binary-metal system. 

CONCLUSION  
The results obtained in this study clearly demonstrated the potential use of sewage sludge ash for 
the removal of Ni(II and Cd(II) from aqueous solutions. The following conclusions can be drawn 
based on the investigation: 
1. The kinetic studies indicated that equilibrium in the adsorption of Ni(II and Cd(II) on sewage 

sludge ash was reached in 2 h.  
2. The optimum pH corresponding to the maximum adsorption was found to be 6. 
3. Langmuir isotherm better fitted the experimental data since the correlation coefficients for 

Langmuir isotherm was higher than the Freundlich isotherm for both metals. 
4. Adsorption of metal ions onto sewage sludge ash is favourably influenced by an increase in 

the temperature of the operation. The enhanced sorption at higher temperature indicates 
endothermic adsorption process. 

5. In the binary metal mixtures, the affinity of the sewage sludge ash for Ni(II) ions was greater 
than that for Cd(II), from both single-component and the binary solutions under the same 
experimental conditions. 

6. The experimental studies showed that sewage sludge ash could be used as an alternative, 
inexpensive and effective material to remove high amount of toxic Ni(II) and Cd(II) ions 
from wastewaters. 
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Abstract 
The performance of several catalysts (Fe (III), Fe (II) and TiO2) for the removal of 
phthalic anhydride by gliding arc plasma was studied, among which Fe (II) was the best 
catalyst (75 % of removal after 180 min). Indeed, the addition of Fe (II) into the reaction 
allows a better elimination of the organic matter through the production of additional .OH 
radicals. The oxidation of Persistent Organic Pollutants present in landfill leachate was 
studied by varying the loading of TiO2, and after 8h of treatment 51 % of removal was 
reached for 15 g L-1 of TiO2. 

Keywords 
Phthalic anhydride, landfill leachate, gliding arc plasma, catalyst, hydroxyl radicals. 

INTRODUCTION 
The increase in industrial and agricultural activities in developing countries requires the use of 
increasingly high varieties and quantities of synthetic chemicals such as pesticides, insecticides, 
dyes and chemical additives. Most of these chemicals are Persistent organique Pollutants (POPs) 
and considered toxic when present in the aquatic environment. Among these pollutants, Phthalic 
acid esters (PAEs) are essentially used as plasticizers to increase the flexibility and durability of 
polyvinyl chloride “Alatriste-Mondragon et al. (2003)”. Slightly associated to the polymer 
matrix, the phthalates (Fig. 1) can migrate from various articles on PVC “Marcilla et al. (2004)” 
to aquatic medium. Thus, the phthalic acid esters (PAEs) were identified in several kinds of 
environmental samples, like municipal solid waste composis “Gonzalez-Vila et al. (1985)”, river 
sediments and landfill lactates (Bauer and Herrmann. (1997)”. 

 
(a)  (b) 

Figure 1: Chemical structure of: (a) phthalates and (b) phthalic anhydride. 
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PAEs were biorefractory compounds; the common treatment processes applied are inefficient. In 
this way, plasticizers can persist in the environment and contaminate the surface water and 
groundwater “Iraja do Noscimento et al. (2003)”.  
The advanced oxidation processes (AOPs) have been significantly developed, which generate 
highly reactive intermediates (i.e., .OH), able to oxidise even the persistent organic substances. 
The gliding arc or glidarc discharge is one of attractive emerging AOPs operating at atmospheric 
pressure and at low (close to ambient) temperature. It is well adapted to the pollution abatement 
from aqueous solutions “Abdelmalek et al. (2008)” “Ghezzar et al. (2009)” and gases “Kranczyk 
and Matek. (2001)”.  
The exposure to humid air plasma generates the NO. and .OH  « Mutaf-Yardinci et al. (2000) ». 
The .OH species is the main responsible for strong oxidizing character of the discharge. On the 
other hand, the NO. radical leads to the formation of NO2, nitrite and nitrate ions according to 
the following overall reactions “Marouf-Khelifa et al. (2006)”:  
H2O  +    e−  →    OH  +  H  +  e−       (1) 
N2   +   e−   →    N(4S) +    N(2D)    +    e−        (2) 
N(2D)  +     O2  →    NO    +   O          (3) 
NO    +     OH  →    NO2  +    H           (4) 
NO2  +     HO2     →    HNO2  +    O2                  (5) 
HNO2   +   2 OH  →    HNO3  +   H2O        (6) 
HO2   +    HO2     →    H2O2  +  O2          (7) 
2  OH    →    H2O2                                  (8) 
A number of parameters such as solution composition, nature and concentration of catalyst, 
electrode material, and power supply voltage play important roles in the organic pollutant 
degradation. 
The aim of this work is to investigate the influence of the nature and the concentration of some 
catalysts (Fe (III), Fe (II) and TiO2) to find the optimum condition of the oxidation of phthalic 
anhydride aqueous solution by glidarc discharges and to apply this process to a Tunisian landfill 
leachate from Jebel Chekir. 

MATERIAL & METHODS 
The experimental apparatus of the glidarc plasma used is shown in Figure 2. An electric arc 
forms between two diverging electrodes rose to a convenient voltage difference at the minimum 
gap. A special generator (9000 V; 100 mA without charge) provides the electric power. The arc 
is pushed away from the ignition point by the feeding gas flow and sweeps along the maximum 
length of the electrode gap and forming a large plasma plume, so that it licks the liquid surface, 
and allows the chemical reactions to take place at the plasma–solution interface, thus generating 
highly reactive species.  
A 200 mL solution is placed into the 1.0 L Pyrex reactor equipped with a cooling system to 
avoid evaporation. The treatment is done in open system fixing the functioning parameters. The 
gas flow is fixed at Q = 650 L h-1, the divergence between the electrodes e = 3.5 mm and the 
distance between the electrodes and the target liquid surface d = 2.5 cm. 
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Figure 2: Experimental device of Glidarc 

RESULTS AND DISCUSSION 

Study of the phthalic anhydride removal by GADhumid air/ iron ionss 
To promote the removal rate and removal efficiency of organic pollutants, and fully utilize 
excessive hydrogen peroxide, the introduction of catalyst (iron ions) into gliding arc discharge 
system is recommended. Indeed, the iron ions (ferrous and ferric ion) can react with residual 
hydrogen peroxide, and produce a large amount of OH, a powerful oxidizing agent for organic 
pollutants degradation, through the Fenton's reaction: 
H2O2 + Fe2+  →  Fe3+  + OH− + OH   (9) 

A phthalic anhydride aqueous solution (5 × 10-2 mM) was exposed to a gliding arc discharge. 
The Fe (II) added range being from 0,1 to 1 mM, the evolution of the phthalic anhydride 
concentration in function of time was followed by HPLC. The results are summarized in Figure 
3. 
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Figure 3: Effect of catalyst (FeII) initial concentration on phthalic anhydride decay as a 
function of time during gliding arc discharge treatment. [FeII]: 0 (○); 0,1 (▲); 0,2 (◊);0,5 (×) 
and 1 (■) mM. [phthalic anhydride]0 = 0,05 mM, V = 200 mL, Ф = 650 L h-1, d =  2,5 cm. 
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As can be seen in this figure, the phthalic anhydride removal rate depends on the ferrous ions 
initial concentration. Indeed, the increase of the catalyst concentration from 0,1 to 0,5 mM 
allows the increase of the removal rate from 38,8 to 75,4%, after 180 min of treatment. However, 
in the presence of high catalyst concentration, the removal kinetic of anhydride becomes slower. 
This can be explained by the increase of the rate of parasites reactions (Eq. 10) which compete 
for hydroxyl radicals.  
Fe2+  +    .OH    →    Fe3+  +   OH-     (10)  

The removal of phthalic anhydride in the presence of Fe(III) as catalyst was also conducted 
under operating conditions cited in the previously. We have varied the Fe (III) initial 
concentration from 0,1 to 1,0 mM. The results are shown in Figure 3. 
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Figure 4: Effect of Fe (III) initial concentration as catalyst on phthalic anhydride decay as a 
function of time during gliding arc discharge treatment. [Fe (III)]: 0 (○); 0,1 (▲); 0,2 (◊); 0,5 (×) 
and 1 (■) mM. [phthalic anhydride]0 = 0,05 mM, V = 200 mL, Ф = 650 L h-1, d = 2,5 cm. 

As can be seen from this figure, the removal rate increases with increasing Fe (III) concentration 
from 0,1 to 0,5 mM. After this value, the removal becomes slow. 
The negative influence of the higher catalyst concentration on oxidation kinetics can be 
explained by the increase of the rate of parasitic reactions occurred during the process between 
hydroxyl radicals and iron species: Eqs (13)-(15) “Ozcan et al. (2009)” 
Fe2+ + OH → Fe3+ + OH−;  k = 2.3 × 108 M s−1       (13) 

Fe3+ + H2O2 ↔ Fe–OOH2+ + H+             (14) 

Fe–OOH2+ → HO2  + Fe2+                         (15) 

Similar observations were already reported by some publications “Trabelsi et al. (2009)”.  
In this word, we found that the optimal concentration of Fe (II) and Fe (III) for the removal of 
phthalic anhydride is about 0,5 mM. Subsequently, we compared the results obtained for the two 
catalysts. 
It can be note that the ferric ions have a promoting effect on phthalic anhydride degradation in 
the GAD humid air processes, although the promoting effect of ferric ions is somewhat weaker than 
that of ferrous ions. It may be explained that ferric ions are converted to ferrous ions for Fenton-
like reactions by the collision of highly energized electron Eq (16).  
Fe3+ + e- (highly energized electron) → Fe2+        (16) 

This result is in agreement with that obtained by “Hao et al. (2007)”. 
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Plasmacatalysis treatment with TiO2 
The photocatalysis of organic compounds using TiO2 particles presents many advantages, so 
TiO2 has been extensively used in the mineralization of toxic organic contaminants present in 
wastewater. Hence, combined plasmachemical treatment and TiO2-mediated heterogeneous 
process may be efficient for the oxidation of the organic pollutants. The photogenerated 
electrons react with adsorbed molecular O2, reducing it to superoxide radical anion O2

.−, and the 
photogenerated holes either can oxidise the organic molecules directly, or can oxidise OH− ions 
and water molecules adsorbed on the TiO2 surface to form .OH radicals “Ghezzar et al. (2007)”. 
These will act as strong oxidizing agents that can easily attack any organic molecules adsorbed 
on, or located close to the surface of the catalyst, thus leading to their degradation into small 
inorganic species.  
The determination of the optimal concentration of catalyst was made regarding oxidation of the 
phthalic anhydride as a function of time. We varied the catalyst concentration from 0 to 4 g L−1. 
The results (Figure 5) show that the kinetic of oxidation increase by the increase of the catalyst 
concentration until reaching the concentration of 2 g L-1. Beyond this optimal catalyst 
concentration, a reduction in the treatment efficiency was observed. 
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Figure 5: Effect of catalyst (TiO2) initial concentration on phthalic anhydride decay as a function of time 
during Gliding arc discharge treatment. [TiO2]: 0 (○); 1 (▲); 2 (×); 3 (■) and 4 g L-1 (◊). [phthalic anhydride]0 
= 0.05 mM, V = 200 mL, 
Ф = 650 L h-1, d = 2.5 cm. 
These results show that a concentration higher than 2 g L−1, can affects negatively the 
degradation efficiency. Thus, in the case o f high TiO2 concentrations, the aggregation of the 
particles reduces the contact surface between the solution and catalyst, decreases the number of 
active sites on the surface rendering difficult light infiltration resulting in a loss of catalyst 
efficiency “Ghezzar et. al,(2007)” and “Sequib et al. (2003)”.  
Finally, Figure 2, 3 and 4 show that the GADhumid air/ FeII process is more efficient than the 
GADhumid air/ FeIII and phtooxidation process.  

Plasmacatalysis depollution of landfill leachate with TiO2 
The determination of the optimal concentration of TiO2 was made regarding oxidation of 
persistent organic pollutants present in the landfill leachate as a function of time. We varied the 
catalyst concentration from 0 to 35 g L−1. The results (Figure 6) show that the oxidation increase 
by the increase of the catalyst concentration until reaching the concentration of 15 g L-1 (51 % of 
removal). Beyond this optimal catalyst concentration, a reduction in the treatment efficiency was 
observed “Sequib et al, (2003)”  
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Figure 6: Effect of catalyst (TiO2) initial concentration on Tunisian landfill leachate treatment as a function 
of time during gliding arc discharge treatment. [TiO2] en g L-1: 35 (♦); 25 (□); 0 (●); 10 (Δ) and 15 g L-1 (■). 
[phthalic anhydride]0 = 0,05 mM, V = 200 mL, Ф = 650 L/ h, d = 2,5 cm. 

CONCLUSIONS 
The glidarc is a non-thermal source of plasma, which generates very reactive species such as 
OH radicals. These species exhibit powerful oxidizing properties that capable of mineralizing 
organic compounds. In this study, we used the plasma in humid air for the degradation of 
phthalic anhydride solution. Effect of nature and concentration of catalyst was studied. It is 
found that phthalic anhydride decay rate was enhanced when [Fe2+] = 0.5 mM is used as catalyst. 
Indeed, after 8h, 65% of phthalic anhydride was oxidized. 
Tunisian landfill leachate was also treated by gliding arc plasma. The use of TiO2 photo-catalyst 
has produced a promoting effect with plasma in humid air. Indeed after 8 h of treatment using 
[TiO2] = 15 g.L-1, 51% of COD was removed. This non satisfactory mineralization efficiency can 
be enhanced by using of closed system. 
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Abstract 
The agronomic potential of wastewaters in general and faecal sludge in particular is now 
recognized by the scientific community as well as farmers. Indeed, in Dakar these 
products are used in urban agriculture, with satisfactory results in terms of productivity. 
At the Faecal Sludge Treatment Plant (FSTP) of Camberene, the gardeners and florists 
are showing more and more interests for the dried sludge from drying beds. However, 
these practices of reuse pose environmental and health risks because they facilitate the 
transmission channels of different forms of pollution. 
To remedy to this and take more advantage of the agronomic potential of sludge, many 
treatment options have been tried. These are simple, hygienic, low cost and adapted to 
climate conditions of developing countries. Vertical Flow Constructed Wetlands (VFCW) 
are, to date, recognized as capable to reduce faecal sludge pollutant content and transform 
sludge into a stable humus which can be safely used as agricultural amendments. In this 
process of transformation, a number of factors are involved in different ways. 
The overall objective of this study was to evaluate the impact of these factors on the 
process of humification and the inactivation of helminth eggs. The scientific approach to 
be adopted will be to shed light on the influence of residual moisture, the nature of plants 
and the nature of the incoming sludge to develop ideas on how to use VFCW in an  
optimal way that allow the the production of safe humus. 

Keywords 
Faecal sludge, VFCW, Humification, Residual moisture, Nature of plants, Nature of 
sludge, Helminth eggs inactivation. 

INRODUCTION 
Enrolled in the Goal n° 7 of the MDG’s, sanitation has been known for a renewed interest in both  
governments and NGOs which are spending more and more funding. This new approach was 
embodied in the countries of sub-Saharan Africa by increasing the sanitation coverage from 26% 
in 1990 to 31% in 2006 (UN 2008). This increase is due to the consolidation of a multitude of 
sanitation policies initiated by the government of each country with support of development 
partners. It is in this context that ONAS has set up, under the Long Term Water Project ( Projet 
Eau à Long Terme : PELT) and the Sanitation Program of Peri Urban Districts of Dakar 
(Programme d’Assainissement des Quartiers Péri Urbains de Dakar : PAQPUD). These projects 
funded by the World Bank aims to provide 60 000 individual wastewater 270 000, 160 semi-
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collective systems 130 000 persons, 10 public lavatories and 70 school toilet blocks. Following 
the PELT, the National Drinking Water and Sanitation Program of the Millennium (Programme 
national d’Eau Potable et d’Assainissement du Millénaire : 2005-2015) is the instrument by 
which the government of Senegal aspect to achieve until 2015 the Millennium Development 
Goals on water and sanitation in urban and rural areas. The objectives of this program for 
sanitation in rural areas are to raise the access rate in sanitation from 17% in 2004 to 59% in 
2015 and to ensure sanitation of public places in rural communities. In urban areas, this Program 
aims to increase the access rate of 56.7% in 2002 to 78% in 2015. 
 
In these different consolidation policies, emphasis is placed on one-site sanitation systems which 
are left stranded by the makers. So many systems have been constructed. This new built facilities 
cause a sharp increase in the coverage of sewerage allowing a good management of liquid waste 
at the concession. Unfortunately, the MDGs advocate the need to extend the coverage of 
improved sanitation, but fail to recognize the importance of maintenance of latrines for sanitary 
conditions (Parkinson and Quader 2008). Indeed, the good coverage on-site sanitation has 
resulted in the production of large amounts of septic sludge whose amount increases gradually 
each year. 
 
Contrary to wastewater management, development of faecal sludge management strategies 
tailored to conditions of developing has been neglected. The faecal sludge collected by these 
systems are usually discharged untreated into the urban and suburban areas, which poses great 
risks to water resources and public health. (Ingallinella et al. 2002). The city of Dakar is not 
immune to this reality. Indeed, the sludge drawn off the septic tanks are routinely discharged into 
the wild areas of stripping, the network of urban sewage or in holes drilled in the streets or in 
backyards. These illegal practices may have, because of the different forms of pollution 
contained in the sludge, harmful effects on the environment and health. Thus, the 2002’s health 
statistics of the Ministry of Health ranked diarrhoeal and parasitic diseases, all linked to water, to 
the fourth most cases of disease and diarrhoeal diseases rank second among cases of death after 
malaria. 
 
However, the lack of sanitation can not be the only factor to consider when we are trying to 
establish a relationship between the removal of excreta and the transmission of diseases and 
other environmental damage. These risks may be related to the reuse of wastewater and human 
excreta in peri urban agriculture. Indeed, the use of wastewater and excreta in agriculture is a 
major source of spread of salmonella and other infectious protozoa in the environment (Melloul 
et al. 2002). This practice is known in Dakar in Niayes valley. It is strengthened more and more 
because according to gardeners, it saves water and inputs. 
 
To take better advantage of the agronomic potential of sewage sludge and at the same time 
protect people from risks related to the reuse of sludge, their hygienic treatment seems 
inevitable. The processing technologies applied to sewage sludge can be used to treat faecal 
sludge. However, their application in developing countries is limited by the costs of construction, 
implementation and lack of jurisdiction. The challenge this poses is to develop low cost 
treatment options which are simple to operate and to ensure satisfactory performance. 
 
A natural treatment system, useful for the treatment and dewatering of sludge is formed by 
VFCWs (Koottatep et al. 2005). This processing technology of sludge has the double advantage 
of providing adequate clearance rate and a course final product (biosolids). The VFCW uses 
biological treatment process in which a number of biochemical changes occur as a result of the 
activity of plants, microbes and other physical factors (Koottatep et al. 2005). These processes 
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convert the organic matter to stable organic matter during the process of humification in situ. 
The biosolids generated are comparable to those of other mature composts (Kengne et al. 2009). 
 
To date in a world characterized by an unprecedented food crisis, a generalized impoverishment 
of the peasantry in developing countries and global warming with serious consequences, planted 
drying beds, by their ability to transform faecal sludge into humus may be a successful 
alternative. Indeed, this practice can help to reduce emissions of greenhouse gases (limiting 
incineration operations), to promote environmentally sustainable of agriculture through the 
reduction of chemical inputs and is likely to become increasingly important in the overall 
management of the environment (Senesi and Plaza 2007). 
 
Despite the unanimity of the scientific community about the ability of VFCWs to mineralize bed 
filters and humifier biosolids, the action of the main factors influencing this system is not well 
known. Most studies on the transformation of organic matter in natural systems refer to the 
transformation of litter in the forest or composting. 
 
This thesis aims to first follow the purification performance but also to explain the mechanisms 
responsible for the humidification and the inactivation of helminth eggs in biosolids. It includes 
the following specific objectives 
 
SO1: follow the purification performance during the different experiments; 
SO2: monitor the influence of residual moisture on the process of humification; 
SO3: follow the influence of plant type on the process of humification; 
SO4: follow the influence of the type of sludge on the process of humification; 
SO5: follow the inactivation of helminth eggs in the different experiments during the maturation 
phase. 

MATERIAL & METHODS 

1-Experimental design 
The first device consists of 3 beds, each with an area of 4 m2. They have a depth of 85 cm 
occupied upwards by 5 cm of coarse gravel size from 10 to 40 mm, 15 cm of fine gravel of size 5 
to 10 mm and 15 cm of beach sand. The base of the filtration device is occupied by a central 
drain which runs through the bed. The PVC drain has a diameter of 5 cm. It is also equipped with 
several holes in the top uncovered. It has a slope of 2.5% and communicates with an outlet. 

 

Figure 1: Diagram of a planted drying bed 
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Unfortunately, these three beds can not allow us to multiply experiences in order to be able to do 
statistical analysis. For that, currently, nine experimental beds (photo 1) with 50 cm diameter and 
90 cm depth are in place.  

 

Photo 1 : Experimental scale drying beds 
These beds are composed in the same way as previous these last beds will be used in all the 
experiments we have undertaken in this study. 

2- Experimental procedure 

2-1 Macrophyte choice  

In this study, Echinochloa pyramidalis and Typha australis are the two macrophytes that will be 
used. The choice of these two plants is motivated by their good adaptation to the sludge 
conditions. Indeed, in beds that are now operating in full-scale (unpublished results), these two 
plant species showed good growth behaviour and good performance of removing common 
pollutants (SS, MS, COD, N ). Other units, Echinochloa pyramidalis has shown real potential to 
humifier biosolids accumulated on the surface of the bed (Kengne et al. 2009). 

2-2 Planting and acclimatization 

The planting will be done with cuttings long from 15 to 20 cm with at least two internodes. 
Cuttings are placed in a hole not to exceed 5 cm depth with a density of 9 plants / m2. The period 
of acclimatization should last 1 to 2 months depending on the growth rate of regrowth of plants. 
During this period, the cuttings are watered every day with tap water, the supernatant or raw 
sludge having a concentration of less than 3 g / l (Abiola, 2009 unpublished results). 

2-3 Scalability 

This phase take place immediately after the acclimation. It takes 1 to 2 months. This phase will 
gradually accustom plants to charge more and higher. This can avoid plants mortalities.. 

2-4 Mass loading rate 

In all the experiments to be conducted in this study, the beds are supplied with a nominal load of 
200 kg TS/m2/year. This charge has been described by Kengne et al. (2009) as the optimum for 
Echinochloa pyramidalis. Also in planted beds which are operated at full scale, Typha australis 
(unpublished results) showed a good performance on similar charges. The beds will be operated 
at rated load for one year. A maturation period of 6 months will be observed (Kengne 2009  

3 Procedure 
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3-1 Influence of humidity 

To elucidate the influence of this parameter on the process of humification, we will vary the 
moisture in the sludge dewatering by varying the supply frequency. The experimental protocol is 
summarized in the diagram below 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Raw faecal sludge 
 
200 Kg/m2/an 

E. pyramidalis 

1Appl./week 

1Appl./week 

1Appl./week 

2Appls/week 

2Appls/week 

2Appls/week 

3Appls/week 

3Appls/week 

3Appls/week 

 

Figure 2: Procedure for determining the influence of moisture 

3-2 Determination of the influence of the type of plant 

To see the influence of plant type on the humification process, we will use two different types of 
plants. These plants (Typha australis and Echinochloa pyramidalis) will be planted with the same 
density and acclimated to their new environment in the same conditions. In the third reads the 
two plant species will be mixed with the same density as before. The procedure is summarized in 
the diagram below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Raw faecal sludge 
 
200 Kg/m2/an 

1 Appl./week 

E. pyramidalis 

E. pyramidalis+T. australis 

T. australis 

E. pyramidalis+T. australis 

E. pyramidalis+T. australis 

T. australis 

T. australis 

E. pyramidalis 

E. pyramidalis 

 

Figure 3: Procedure for determining the influence of the nature of plants 

3-3 Determination of the influence of the type of sludge 
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 In this part of the study we will use raw sludge from septic tanks, thickening sludge and sludge 
from the digesters (sewage sludge). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 Appl/week 
 
200 Kg/m2/an 

E. pyramidalis 

Raw faecal sludge 

Thickened sludge 

Sewage sludge 

Thickened sludge 

Thickened sludge 

Sewage sludge 

Sewage sludge 

Raw faecal sludge 

Raw faecal sludge 

 

Figure 4: Procedure for determining the influence of the nature of the incoming sludge 

3-4 Monitoring of purification performance 

Along with monitoring the process of humification, we will monitor the purification performance 
of beds following the different procedures. For this, a sample of leachate will be collected at the 
end of the percolation and brought to the lab for analysis. The parameters followed are Total 
Suspended Solids (TSS), Total Solids (TS), Total Volatile Solids (TVS), Total Kjeldahl Nitrogen 
(TKN), Total Phosphorus (TP), Chemical Oxygen Demand (COD), Ammonia (NH4 +), pH, 
ORP, conductivity, nitrates Temperature and Coliform and faecal content. 

3-5 Monitoring the process of humification and helminth eggs inactivation 

The objective of this study is to follow the factors influencing the process of humification and 
inactivation of helminths, we will then keep track of the evolution of these two parameters 
during feeding phases (6 months) and during the maturation phase (3 months) 
 
3-5-1 Parameters for monitoring humification 
The monitoring parameters include criteria of a chemical, biological and analytical.  

• Chemical criteria : C / N ratio, cation exchange capacity (CEC), NO3-, NO 2 -, report 
NO3-/NH4+, pH, ORP, conductivity, loss of ignition, analysis of easily biodegradable 
substances (sugars, amino acids, phenols, etc..) and readily biodegradable substances 
(fiber, lignin, tannins, etc..)  

• Microbiological and enzymatic measurement: biomass and diversity, microbial 
metabolism evaluated by the rate of respiration, measurement of enzyme activity  

• Germination test: evaluation of residual phytotoxicity (rate of seed germination, root 
length) of Lepidium sativum L. or other test plants. 

• Criteria for analytical and spectroscopic: amount of humic or fulvics acids 
humification indices (humification index, humification rate, rate of polymerization), 
spectroscopy: visible (E4/E6 ratio, infrared and UV 

 
3-5-2 Monitoring of helminth eggs inactivation 
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To follow the inactivation of helminths, their quantity will be evaluated first in raw sludge in 
order to have an idea about the concentration of helminth eggs. After this step, the concentration 
of eggs in biosolids will be assessed every 3 months from the first month entering the beginning 
of the maturation period. The samples will be provided on the top 5 cm, 5 cm in the middle layer 
of biosolids and the last 5 cm. 

3-6 Morphological characteristics of plants 

Plants play an important role in the operation of drying beds by their density but also by their 
morphological characteristics. This may affect the mechanisms involved in the process of 
humification. For this, we will regularly monitor the status of plants that are in beds. This 
monitoring will involve measuring the maximum length and average diameter of the leaves or 
stems (releases), the average number of leaves per plant or rejection, the renewal rate and 
mortality, the root distribution. This monitoring will also follow plant parasitic infections that 
may have adverse effects on plants. Root density will be monitored at the end of the experience. 

RESULTS AND DISCUSSION 

1-Results 

1-1-Characteristics of raw sludge 

Table 1: Characteristics of sludge in Dakar in comparison with those of other developing countries 

Parameter 
TS 
(mg/l) 

TSS 
(mg/g) 

COD 
(mg/l) 

TKN 
(mg/l) 

NH4+ 
(mg/l)

NO3- 
(mg/l)

TP 
(mg/l) pH  

Sal 
(g/l) 

Cond 
(ms/cm)

Eh 
(mV) 

Average 4109 3186.8 6807.3 325.2 352.8 2.8 79.8 7.6 1.9 4.1 
-
162.8

Max 6264 5544 8456 626 845 5.7 118.7 7.8 3.5 6.82 -45 
Min 2932 1200 4546 318 141 0.6 32 7.3 1.1 2.77 -295 
Cameroon1 33400 33400 29900 1200 600   7.6  3 -59 
Accra 
(Ghana)2 12000  7800 330        
Ouagadougou 
(Burkina 
Fasso)2 19000  13500         
Bangkok 
(Tailand)2 15350  15700 415        

1 Kengne et al, 2009 
2 Strauss, 2006 
The sludge produced in Dakar are less concentrated in Total Solids (TS) than those of most 
developing countries. Thus, the volume of sludge to be treated for the same mass load will be 
more important. This can affect plants (asphyxia, length of percolation largest...) 

1-2-Morphological characteristics of plants 

This monitoring was done in the three beds currently in use (Photo 2 and 3). These parameters 
were measured before the start of changes in the feeding frequency that is currently underway. 
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Table 2: Morphological characteristics of plants 
Periods Beginning Month 1 Month 2 Month 3 Month 4 
Parameter Density 

(Nb/m2) 
Height 
(cm) 

Density 
(Nb/m2) 

Height
(cm) 

Density 
(Nb/m2) 

Height
(cm) 

Density 
(Nb/m2) 

Height 
(cm) 

Density 
(Nb/m2) 

Height
(cm) 

Bed 1 9 15 77.6 45.8 118.3 81.3 347,5 121 426.2 136.3 
Bed 2 9 15 76.5 43.8 113.2 80.6 379,2 119.7 453.5 142 
Bed 3 9 15 80.2 56.4 120.6 98.4 380,7 129.2 470 151.8 
 
Two months after planting, the plants had a height of over 80 m. This helped to shorten the 
stages of acclimatization and scalability. 

 

Photo 2 and 3: Macrophytes at the beginning and after 4 months 

3 Purification performances 
As the three beds are operated under same conditions, the purification performances summarized 
in this figure represent averages of these three beds. 
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Figure 5: Performance purifying beds 
Despite the high levels of depollution, leachate content loads of pollutant higher than Senegalese 
standards to discharge or reuse. 
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4 Expected Results 
• Good knowledge of supply frequency, plants choice and the method of sludge pre-

treatment that allow an efficient purification 
• Determining the best supply frequency for sludge dehydration and mineralization  
• Selection of the appropriate plant or plant association for proper sludge drying and 

mineralization 
• Selection of the best quality of sludge, which offers a better quality of humus 
• Determination of time required to inactivate helminth eggs 
• Development of design criteria of planted drying beds in sub-Saharan Africa 

CONCLUSIONS 
In these experiences, planted beds treat sludge volumes larger than those of other developing 
countries. But the performance is satisfactory. The outstanding experiments will determine the 
best purification performance but also to will determine the influence of these three factors, 
selected in this study, in sludge dewatering and mineralization. The maturation period chosen 
will determine the speed helminths inactivation. Finally, all these experiences will enrich the 
database of the essential criteria which can use for the design of this type of faecal sludge 
treatment technologies in sub-Saharan Africa. 
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Abstract 
Cities, as engines of economic growth and social development require large quantities of 
natural resources to meet the inhabitants’ nutritional, economic and social needs. Good 
infrastructure and reliable service provision are key to sustain the cities development. In 
this regard, they enhance investment opportunities and service access to vulnerable urban 
population. The treatment of faecal sludge in planted drying beds with Echinochloa 
pyramidalis (Lam.) Hitchc. & Chase offer many advantages like for the stabilisation of 
sludge and an good level of solid-liquid separation (Kengne, 2008, Abiola, 2009 
unpublished data) but also by promoting its byproducts in various sectors such as 
agriculture, livestock or energy. Sanitation by the filters planted is the best strategy for 
sustainable management of sludge and an alternative choice for achieving the Millennium 
Development Objective for developing countries. This ecotechnology allows the 
production of nutrients to support agricultural production and improve livestock 
productivity while protecting the health of populations. Recent studies have shown that 
Echinochloa pyramidalis who has served to treat faecal sludge on planted drying beds, 
could be valued as forage for domestic ruminants (Kengne, 2008). For the first time, in 
Senegal and worldwide, the forage plant Echinochloa pyramidalis was used for the 
treatment of faecal sludge on full scale planted drying beds. This study was conducted at 
the Treatment Plant of Cambérène (Dakar)  to investigated the start-up process of planted 
drying beds dewatering FS such as: i) the planting mode, ii) Growth characteristics and 
acclimatization iii) nutrients recovery potentials based. However, because of the 
dangerous nature of faecal sludge (viruses, parasites, bacteria ...), the total acceptability 
of byproducts requires the study of its safety and profitability for all stakeholders. The 
main objective of the present work is to evaluate the safety, nutritional value of 
Echinochloa pyramidalis, its potential economic and financial, the social acceptability of 
its use as forage supply by farmers and consumers. This researches also aims to establish 
how optimize the system of planted drying beds.  
For this, the study will be divided into two parts: one part experimental and other part 
socio-economic. 

Keywords 
Echinochloa pyramidalis, planted drying beds, acceptability, market potential, livestock 

INTRODUCTION 
The management of sludge, the poor relation of political and layout planning of sanitation 
systems in most African cities, is a central component of sanitation and environmental protection 
and public health. Management involves many stakeholders and includes the emptying at homes, 
transport by special trucks, sludge treatment and recovery for farmers (dry sludge), farmers 
(forage) or industries (methane). Given the resources and relatively small capacity of African 
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states taken individually, developing a sustainable strategy for the management of sludge 
involving production of affordable nutrients to support agricultural production and livestock 
productivity while preserving the health of populations and of environment, remains the best 
alternative. For this treatment technologies should be little or no mechanization, weakly 
dependent on artificial energy and chemicals and allow the recovering of byproducts (Koné and 
Strauss, 2004) while combining the economic feasibility and social acceptability. 
The drying planted beds, new technology to treat sludge appear to be the best system  suited to 
the realities of African poverty, food crisis, financial crisis, urbanization, population growth 
exponential. In fact, it perfectly combines durability, efficiency and effectiveness through its 
technical advantages, financial and environmental.  
In recent years, much interest has been exhibited in the use of sludge drying beds vegetated with 
emergent macrophytes as a cost-effective and technically feasible approach for sludge 
dewatering, stabilisation and humification (Kim and Smith, 1997, Kottatep et al., 2005, Nielsen, 
2005) (Figure 1). Sludges are applied on the beds, thus allowing the solid phase to be retained on 
the surface of the filtering matrix where it undergoes mineralization, while the liquid phase 
drains out of the system for further treatment. The system relies on emergent macrophytes which 
play an important role in the dewatering of the sludge, thus allowing long term functioning 
without desludging (Kadlec and Knight, 1996; Randall, 2003; Rulkens, 2004). 

 

Figure. 1. Theoretical options for treating FS (Ingallinella et al., 2002). 
Previous studies conducted by teams of Sandec (Eawag) in Yaounde (Cameroon) and Dakar 
(Senegal) on the potential of Echinochloa pyramidalis on drying beds have provided encouraging 
results (Kengne, 2008, Abiola, 2009). Results obtained showed that the system performed well 
for solid-liquid separation independently of the SLRs applied. Pollutant removal rates of the beds 
were more than 78 % for NH4+, 88 % for TS, 92 % for TSS and 98 % for COD. In Dakar, 
Abiola (2009) obtained reduction rates of 97%, 99%, 100%, 99%, 91% and 97% respectively for 
MS, SS, VSS, COD, NH4 + and PO 43 -. The sludges contained high levels of nutrients and 
relatively low C/N ratio. On an average basis, the contents of nitrogen and total P205 were in 
order of 2 %, while the exchangeable cations were in order of 1 % for CaO, 0.1 % for MgO, 0.03 
% for K2O and 0.03 % for Na. The amount of humic substances of the sludges were relatively 
important, with carbon of free fulvic acid, that of humic acids extracted with pyrophosphate of 
sodium as well as that extracted with sodium hydroxide higher than 767, 19,000 and 27,000 
mg/kg respectively. They could therefore be considered as good fertilizer reusable in agriculture 
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and should be manipulated with care since the sanitary quality of the biosolids still need to be 
investigated.  
Vertical-flow constructed wetlands (VFCW) are nowadays recognized as cost-effective and 
technically feasible approach for sludge dewatering, stabilisation and humification (Koottatep et 
al., 2005). This eco-technology has created substantial interest in its potential use for beneficial 
purposes. It is gradually gaining acceptance around the world with more knowledge being 
accumulated as far as its design, construction and operational functioning are concerned. Results 
showed that during the acclimatization phase, yound shoots of Echinochloa pyramidalis should 
be watered daily for the period of 2 months at least,  with raw sludge displaying a solids content 
of TS <3 g / L. Echinochloa pyramidalis acclimatized very well to the different solid loading 
rates. Their density (footprint) increased from 10 shoots/m2 during the early experimentation to 
967 shoots /m2 21 weeks later. 
Our study suggests while treating the sludge, to provide food for livestock . Echinochloa 
pyramidalis, could greatly contribute to improving urban and peri urban livestock  by providing 
quality food. Indeed, this aquatic plant known throughout Africa is particularly rich and it used 
as forage and hay (Adebowale, 1988). The surfaces covered by this plante are commonly used as 
grazing (Andersson et al. 2006). 
Through this approach, the management of wastewater and excreta in developing countries could 
be a profitable business that would benefit cities, planners and people. 
 
The main objective of the present work is through a transdisciplinary and participatory approach, 
the gender and the social equity, to assess the safety and nutritional value of Echinochloa 
pyramidalis from the drying beds, together with the social acceptability and the economic and 
financial potential. This study also aims to optimize the system of drying planted beds. 

1. To fulfill this main objective, the following sub‐objectives are defined: 
2. Evaluating the social acceptability of forage plants  
3. Analyze  the  effect  of  conditioning  on  the  nutritional  value  and  health  (applying  the method 

QMRA)on forage Echinochloa pyramidalis from drying beds planted and compare them to their 
natural ecosystem; 

4. Evaluate ways to optimize the treatment of sludge from the beds planted at (Application of the 
material flow analysis) 

5. Evaluating the social acceptability of forage plants  
6. Analyze  the  effect  of  conditioning  on  the  nutritional  value  and  health  (applying  the method 

QMRA)on forage Echinochloa pyramidalis from drying beds planted and compare them to their 
natural ecosystem; 

7. Evaluate ways  to optimize  the  treatment of  sludge  from  the beds planted  (Application of  the 
material flow analysis) 

MATERIAL AND METHODS 

Ecosystem approach to human health 
In order to achieve the main objectives of this study, the methodology used is based on an 
approach called "ecosystem approach to human health" or EcoHealth approach. It moves beyond 
a focus on individual behaviour towards a wide range of social and environmental interventions 
(Figure 2). The health problem is related to all diseases related to waterborne diseases 
transmitted from faeces to humans through water and soil.  
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Figure. 2. Ecosystem approach t (CRDI). 

Composition of the research team 

In order to integrate transdisciplinarity and participation, the following team was composed: 
• A veterinarian 
• An economist 
• A sociologist 
• A technician  

Two representatives of different organizations: farmers, consumers ... will participate in the 
development of surveys and interview guides, discussion of results. Wherever possible a man 
and a woman from each association for incorporating the gender 

Workshop Information 

The study objectives and methodological approaches will be presented at the inception workshop 
that will bring together all stakeholders. 

Visit and field observation 

The visits will be made among various stakeholders and beneficiaries, to better identify problems 
and prepare solutions to overcome them. 

Experimental study 
A planted sludge drying beds can be define as an artificial system composed of selected media 
supporting emergent vegetation purposely constructed by humans for sludge dewatering (Kadlec 
and Knight, 1996). It is also called vertical-flow constructed wetlands for sludge treatment since 
the flow path for liquid is vertical (Figure 3). 

 

Figure 3: Planted drying bed (Sandec) 
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This study will carried out on the drying bed of Station of Cambérène of Dakar (Senegal). It is 
rectangular with a length of 16 m over a width of 8 m or an area of 128 m2. It is composed from 
bottom to top by: a clay layer whose function is to seal the base of the bed, 10 cm of coarse 
gravel of 20-60 mm in diameter, 10 cm of small crushed gravel of 5-20 mm in diameter, 10 cm 
of sand rolled very thin diameter less than 0.5 mm (Photo 1). 
 

 

Photo 1: Planted drying bed at Cambérène (Abiola, 2009) 

Macrophytes Echinochloa pyramidalis(Lam.) Hitchc. & Chase  

Characteristics Echinochloa pyramidalis used in planted sludge drying beds 

Echinochloa pyramidalis generally grows in swamps, on river banks, marshes or in open water, 
sometimes forming extensive meadows on flood plains (Hutchinson and Dalziel, 1972). It is 
found throughout tropical Africa where rainfall accumulates, but is also drought resistant (Photo 
2). 
E. pyramidalis has a great value as deferred feed for sheep, cattle, goats throughout tropical 
Africa. Indeed, no toxicity of this plant has been reported. Its nutritive value index ranged from 
35.8 at 3 weeks to 23.4 at 12 weeks old (Adebowale, 1988).  
Although extremely coarse, indigenous animals graze it readily to ground level at the end of the 
dry season. It makes useful hay and silage in South Africa. In certain region, E. pyramidalis 
constitutes an excellent dry-season grazing after old growth is burnt off.  
The grain is used as human food in some parts of Africa. In Nigeria an impure salt or carbonate 
of soda is made by burning the grass (Chippendall & Crook, 1976).  
Its dense, tangled, floating stems, rooting at the nods, provide efficient protection against wave 
action on the walls of earth dams or flood-induced erosion on river banks.  
Experiments aiming at treating wastewater with species of Echinochloa sp. have been reported 
elsewhere (Ngoutane, 2003; Poach et al., 2003). 
 

 

Photo 2: Echinochloa pyramidalis 
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The planting will be done with cuttings from 15 to 20 cm long with at least two internodes. 
Cuttings are placed in a hole of 5 cm depth with a density of 9 plants / m2. The period of 
acclimattion should last 1 to 2 months depending on the growth rate of regrowth. During this 
period, the cuttings are watered every day with tap water, the supernatant or raw sludge having a 
concentration of less than 3 g / l (Abiola, 2009). During the ramp-up, the maximum rated mass 
load will be 200 kg/m2/an. The nutritional and health values of Echinochloa pyramidalis will be 
assessed at the end of the acclimation phase, and once a month. 

Determination of nutritional value and safety of Echinochloa pyramidalis from planted drying 
beds  

Safety of Echinochloa pyramidalis by the Quantitative microbial risk assessment (QMRA) 
uses the best measurements about microbes’ behavior to identify where they can become a 
danger and estimate the risk (including the uncertainty in the risk) that they pose to human 
health.  
QMRA has four stages, based on the National Accademy of Sciences framework for 
Quantitative Risk Analysis, but modifed to account for the properties of living organisms like 
BAC: 

• Hazard Identification: Describe a microorganism and the disease it causes, including 
symptoms, severity, and death rates from the microbe. Identify sensative populations that 
are particularly prone to infection.  

• Dose-Response: The relationship between the dose (number of microbes) received and 
the resulting health effects. Data sets from human and animal studies allow the 
construction of mathematical models to predict dose-reponse. 

• Exposure Assessment: Describe the pathways that allow a microbe to reach people and 
cause infection (through the air, through drinking water, by touch, etc.). Determine the 
size and duration of exposure by each pathway. Estimate the number of people exposed 
and the categories of people effected. 

• Risk Characterization: Integrate the information from steps 1, 2, and 3 into a single 
mathematical model to calculate risk -- the probability of an outcome like infection, 
illness or death. Since steps 1, 2 and 3 will not provide a single value, but a range of 
values for expsure, dose, and hazard, risk needs to be calculated for all values across 
those ranges.  

Nutritional value of Echinochloa pyramidalis 

The nutrient content of forages varies greatly depending on the type of forage, degree of maturity 
at cutting and capacity preservation. The nutritional value of food depends on its rich nutrients 
assimilated by the animal like energy, nitrogen, minerals and vitamins. For the first two, there 
are specific units of measurement for ruminants: UF Forage Unit, which quantifies the energy 
from food and food needs , the digestible protein in the intestine, which quantifies the 
contributions and nitrogen requirements. Maturity of the forage is one of the most important 
factors that determine proper harvest time. As forage plants or hays mature, the quality or feed 
value declines.  Additionally, the acid detergent fi ber, which is an estimated 
measure of digestibility, increases during the same period. Increased acid detergent fi ber means 
lower digestibility. 

Socio-economic study 
Socioeconomic environment refers to a wide range of interrelated and diverse aspects and 
variables relating to or involving a combination of social and economic factors. These aspects 
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and variables could, in general, be categorized into several categories including, economic, 
demographic, public services, fiscal and social. The social aspects may, for instance, involve 
community life as well as social and cultural attitude and values. Community services may 
meanwhile be concerned with housing and requirements for public services such as water, 
sanitation, communications, police and fire protection facilities, solid waste disposal as well as 
health and educational services. Similarly, economic factors may include general characteristics, 
structures and changes various economic activities and employment. 

Evaluating the social acceptability of the use of Echinochloa pyramidalis by breeders and 
consumers 

A mixed method was adopted, the method quantitative and qualitative. The data collection tools 
that we use are of two kinds: a questionnaire applied and interview guidelines distributed 
according to the importance of the role in society of breeders and consumers. Both tools will be 
developed just after an observation phase. With these tools will be added informal discussions. 

Conduct a market research and assess the economic viability of the use of byproducts of planted 
drying beds 

This activity will be done with the collaboration of the entire team. The test of acceptability, 
factor analysis and typological analysis will be performed. 

Material flows analysis used in the treatment of wastewater and faecal sludge 

Material Flow Analysis (MFA) is a quantitative procedure for determining the flow of materials 
and energy through the economy. It uses Input/Output methodologies, including both material 
and economic information. It is an accounting system that captures the mass balances in an 
economy, where inputs (extractions + imports) equal outputs (consumptions + exports + 
accumulation + wastes), and thus is based on the laws of Thermodynamics. 
Material Flow Analysis recognizes that Material Throughput is required for all economic 
activities and asks whether the flow of materials is sustainable in terms of the environmental 
burden it creates. 

RESULTS AND DISCUSSION 
Expected results: 

• Acceptability of byproducts and economic values 
• Characterization of Echinochloa pyramidalis like forage 

CONCLUSIONS 
In semi-arid countries, livestock production relies mainly on natural pasture which is limited and 
increasingly decreasing due to climate change. Rain fed-fodder crops production is affected by 
the scarcity of rain. Nature pastures are reducing while cities’ demand for dairy product is 
increasing. 
This project aims at linking sanitation service and infrastructure provision to cities economic 
development agenda. It links to key MDGs targets: (i) sanitation improvement and (ii) food 
security in poor urban and peri-urban areas of developing countries. Hence, this project 
introduces a new paradigm: making excreta and wastewater management a profitable business 
for cities planners and stakeholders. 

http://www.sustainablescale.org/ConceptualFramework/UnderstandingScale/BasicConcepts/Thermodynamics.aspx�
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Abstract 
Providing sanitation services in low-income areas in fast-growing cities is a significant 
challenge for urban planners, donors and governments. Making these services sustainable 
by answering the needs of heterogeneous urban population is a major step to meet this 
challenge. This paper shows the necessity of exploring users’ views when planning 
sanitation facilities on low-income and high-density settlements. An initial desk based 
study highlights the multi-disciplinary components of urban sanitation projects and the 
central role played by the facilities’ users. Focusing on shared sanitation facilities, the 
users’ needs and perceptions are at the crossroad of the different dimensions of 
sustainability. Bringing together assessment practices from social science, engineering 
and economics leads to new methodologies able to take a multi-dimensional picture of 
people’s practices and needs. 

Keywords 
Sustainability, people’s perception, sanitation, slums, developing countries.  

INTRODUCTION 
Rapid urbanization, lack of resources from local government and the growing numbers of urban 
poor, lead to the continuing development of  areas characterised by a lack of infrastructure, little 
institutional recognition, poor environmental conditions and overcrowding. Amongst these 
characteristics, poor quality and lack of water supply and sanitation facilities is one of the 
essential aspects defining a slum (UN-HABITAT 2003).  
These slums, also called shanties, favelas or bidonville, are characterized by a high degree of 
heterogeneity in terms of income, housing and diversity of people (Gilbert 2007). These 
heterogeneities must be recognized during research and project conception. In order to improve 
the quality of the sanitation service, it is necessary to bear in mind the physical and institutional 
constraints as well as considering the users as a central stakeholder. To cope with the lack of 
sanitation facilities, the population use a range of practices from open defecation to toilet 
sharing. This paper is drawn from a larger study that aims to develop a better understanding of 
the factors that influence the acceptability of shared sanitation facilities. 
 
This paper investigates a) the sanitation problems in urban areas and the role played by shared 
facilities; b) the central role played by the users in the sustainable development of sanitation 
systems and from these explores c) the methodologies used to anticipate acceptability of future 
sanitation facilities. 

URBAN SANITATION PROBLEMS 
The high population density, the lack of financial and institutional arrangements and often the 
geographical location of slum areas weakens the potential for improving waste management. 

mailto:a.mazeau@lboro.ac.uk�
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Amongst these wastes, human wastes remain the most common and the most hazardous 
considering ease of potential contact (UN-HABITAT 2003). Sanitation, “the safe management of 
human excreta both on-plot and off-plot” (Pickford 1995), has therefore high impact on health 
particularly towards urban poor (Satterthwaite 2008). The health of the population, but also the 
local economy and the civic pride (Pearson & McPhedran 2008) are closely linked to the 
environmental conditions of the town in general and to the management of appropriate sanitation 
systems in particular. 
 
Land tenure, space to build, and low incomes constitute some of the main barriers towards access 
to private sanitation. In this context, the development of shared facilities may provide one 
solution to improve human waste management in low-income settlements (Wegelin-Schuringa & 
Kodo 1997, Burra et al 2003, Colin & Nijssen 2007). Shared sanitation is a toilet shared by two 
or more households (Pickford 1995, WHO & UNICEF 2010). This includes toilets shared with 
neighbouring households, community blocks, and public toilets. 

The Joint Monitoring Programme and shared sanitation 
The fraction of people in developing countries, particularly those in urban areas, using shared 
sanitation has significantly increased during recent years (WHO & UNICEF 2010). According to 
this report, in 2006, 15% of the urban population in developing countries was using shared 
sanitation. This however was a much larger 31% amongst the sub-Saharan urban population.  
 
In 2006, the Joint Monitoring Programme for Water Supply and Sanitation (JMP) did not count 
shared or public toilets as improved (WHO & UNICEF 2006) because often this form of 
sanitation does not ensure a good separation between excreta and potential human contacts. The 
monitoring of improved sanitation as presented by the WHO and UNICEF is questioned 
(Bartram 2008). A first element of answer relies on who sets the criteria for answers (Black & 
Fawcett 2008). Public health official will often look at the quality of the excreta containment 
when users may focus on different issues such as access, cleanliness or convenience. 
 
Facing this definition issue, the JMP has created a specific category to be found between 
improved and unimproved on the sanitation ladder (WHO & UNICEF 2008). The JMP 
recognises that many urban households have access to sanitation only through sharing facilities. 
This location on the ladder is justified by the health perception of these facilities by the users, 
their security and accessibility. However, this 2008 report states the need for further research 
focusing on the acceptability of shared facilities. 

How are urban sanitation facilities shared?  
A desk-based study carried out during the first trimester 2010 highlights the complexity of 
shared sanitation. The review of around ninety journal papers as well as agency websites shows 
that any sanitation programme involving a shared use present many divergent patterns ranging 
from the constitution of the initial capital to the daily maintenance of the facility. Technological 
options are often applicable to both individual and shared sanitation (Schaub-Jones et al. 2006) 
and are therefore not directly of concern in this discussion. The different management models of 
shared sanitation have been characterised using the following criteria: 

• Location (from a low-income area perspective, three main locations can be 
identified: the dwelling or the compound, the neighbourhood, and the public and 
communal areas.  

• Main users (Neighbours, community members, free at point of use) 
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• Level of responsibility (Individuals, group of households, community based 
organisations, private companies and municipal agencies all manage sanitation 
services). 

• Ownership (The notion of ownership might be context specific and both the 
ownership of the land and of the facility need to be considered) 

• Income and charges (Access to sanitation facilities is rarely free of charge, payment 
can be done monthly, on pay-to-use basis, subsidized for the poorest or as part of 
the house-renting) 

• Operation and maintenance (Running costs will often be in the hand of the users via 
direct responsibilities of the households or through community based organizations) 

• Usual settings (Number of cubicles and the number of users will have consequences 
on time to queue and cleanliness) 

 

Figure 1: Different management levels of sanitation facilities 
The figure 1 shows the range of management of urban sanitation facilities. 
Household shared sanitation refers to a toilet shared by several surrounding households 
(Schaub-Jones et al. 2006) following an agreement between the households themselves or 
by a common landlord.  
 
Communal facilities include both community toilet-block and public-toilets (Schaub-Jones et al. 
2006). Community toilet facilities target the need of residential area, often in low-income areas 
(Schaub-Jones et al. 2006, Colin & Nijssen 2007). Two levels of management of the community-
blocks can be identified: 

• The community-based toilet is a facility used, operated and managed by members of a 
community often supported by a local organisation. 

• Households attributed toilet or “cluster toilet” (Hanchett et al. 2003) refers to a cubicle 
used and maintained by a fixed group of households within a community-block located in 
the neighbourhood.  

Public toilet facilities are often located in urban centres or near markets, train and bus stations, 
or within public institutions (hospital, administration building). Public facilities can be privately 
run or managed by the municipality (Colin & Nijssen 2007).  

What is the place of socio-cultural studies in sanitation sector? 
Early social-psychologists pointed to the link between individual perceptions of excreta and 
social structure (Douglas 1966). The socio-cultural environment where an individual grows-up 
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influences the acceptance of a new sanitation system. Planners before the international water and 
sanitation decade (1980-1989) considered human behaviour as a potential barrier to project 
implementation (Wagner & Lanoix 1958, Cross 1985). They gradually tried to adapting the 
project to the human behaviour (Elmendorf & Buckles 1980). Kalbermatten et al. (1982) 
recognized early the difficulty to integrate socio-cultural aspects into water and sanitation 
projects as the use of proper social science tools will be expensive as they will need to be used 
on a “site by site approach”. Misunderstanding of some social or cultural aspects led to the 
failure of sanitation projects (Chowdhury et al 1981, Cairncross & Feachem 1993).  
 
During the last decade, relationships between the success of a sanitation project and good 
understanding of the individual and community sanitation approaches are clearly drawn (Jenkins 
& Curtis 2005, Avvannavar & Mani 2008). Researchers look at social aspects to discover if new 
technologies can match existing social needs and social taboos (Dellström-Rosenquist 2005). It 
is also now stated that socio-cultural aspects are a more powerful driver for sanitation than health 
(Saywell & Cotton 1998) or the environment (Kvarström et al. 2004). 
 
Studying the feasibility of a sanitation system in Thailand, Schouw and Tjell (2003) define 
acceptability through two subjective ideas: 

• the socio cultural acceptance focusing on the perceptions of the user 
• the practical acceptance which is the perception of the user and their behaviour in terms 

of use of the facility 
A similar interpretation is proposed by Kvarström et al. (2004): socio cultural sustainability has 
to be seen through “cultural acceptance, institutional requirements and perceptions on sanitation” 
(2004:105). A dimension of time (Cross 1985, Kvarström et al. 2004) is also emphasized, as the 
acceptability evolved based on both external and internal factors and opportunities (Jenkins and 
Cairncross 2010). 

Why consider the users’ views? 
The sustainability of a water supply or sanitation project can be measured only through a range 
of dimensions. In its research and training programmes, the Water, Engineering and 
Development Centre (WEDC) uses, amongst others, the “SHTEFIE” model which includes the 
following aspects: social, health and hygiene, technological, economical, financial, institutional 
and environmental (Parr and Shaw 1999) . Moving back to urban sanitation, the user is at the 
corner of the sustainable and positive use of any sanitation equipment (Luthi et al. 2009). People 
are at the crossroads of these dimensions. 
 
A technically safe toilet might become harmful for the environment if not properly used or 
maintained. A cheap toilet may not be acceptable from an institutional perspective. An 
environmentally focussed system may not be used if it is not in accordance with some cultural 
issues. Considering and understanding the people’s views of a current or future sanitation 
systems is a key requirement to positively address the different dimensions that lead to 
sustainable infrastructure (Deakin et al. 2002, Tayler et al. 2003). 

METHODOLOGIES 
In development programmes in general, and in water and sanitation projects in particular, 
planners use different tools and assessment methods to study the feasibility of a project. Demand 
assessment remains the most popular approach to estimate the user’s needs and opinions. The 
different demand assessments aim to understand the needs and the wishes of the users or 
consumers (Parry-Jones 1999). Depending on the researcher’s background, different methods are 
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carried out to assess demand. Table 1 summarizes the economists, engineers and social scientists 
perceptions of demand. 

TABLE 1: Demand and its different views (adapted from Parry-Jones 1999) 

 Engineers Social scientists Economists 

Broad definition of demand for 
sanitation 

Amount of  excreta to be 
disposed 

Basic need that must be 
addressed to any groups 

Willingness to pay for a 
service 

Assessment tools • Household surveys 
• Feasible option studies 
• Supply norms 

• Participatory Rural 
Assessment 

• Relative demand 

• Contingent Valuation 
Method 

• Household surveys 

 
Concerned about people’s views, Tayler et al. (2003) suggest a list of participatory methods that 
can be used for assessing sanitation situation and should be employed according to the outcomes 
researched as shown in table 2. 

TABLE 2: Methods and expected outputs of participatory assessment (adapted from Tayler et al. 2003) 

Method Expected outputs 

Transect walk Initial impression of sanitation issues and first approach of people’s 
views 

 
Semi structured interviews 
Focus Group Discussions 
Timelines 

Understanding the past, present and future events 
Investigating in more details some specific issues 

 
Questionnaire survey 
Participatory mapping 

Appreciating the present situation including social interactions 

 
Sanitation ladders Understanding people’s preferences 

 
The quality of the participatory assessment will depend on the activities selected, on the 
expertise of the facilitators and on the selection of the participants. However, the use of group 
activities may in some cases weaken the position of vulnerable groups and reduce the reliability 
of some information (Mayoux 2006). As for other field methods, careful planning, pilot studies 
and discussions with local experienced agencies are required (Mayoux 2006, Denscombe 2007). 

The need for a mixed approach 
Where possible a mixed methods approach should be applied to investigate people’s views. The 
study should go beyond the distinction between qualitative and quantitative. 

• Quantitative methods such as large-scale surveys are not popular in development research 
(Mayoux 2006) but they allow the researcher to demonstrate facts on a scientific basis, well 
understood by urban planners or engineers. 
• Qualitative method are regularly used to assess household behaviour, including poor 
urban settings (Järvelä & Rinne-Koistinen 2005). Some of the tools used are derived from 
ethnology such as participant observation (Denscombe 2007) and often investigate behaviour 
and social relations. 

 
Triangulation of methods does not ensure 100% accuracy of the data collected, but it leads to 
“reducing the probability of errors” (Denscombe 2007: 138). Focusing on the analysis of the 
data, it will integrate both the interests and the jargon of the different project’s stakeholders.  
As sanitation improvement require the participation and the understanding of large range of 
partners; it is necessary to offer them a large picture including some familiar dimensions. Water 
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management or sanitation projects can be “safely” understood only through a framework 
including methods and perceptions from different disciplines (Allan 2002). 

The Research Design 
This paper is drawn from the first year of a three-year research project. This research brings the 
lack of access to appropriate sanitation facilities together with the users’ needs and views. The 
main objective of the study will be to get a better understanding of the factors that influence the 
acceptability of shared sanitation facilities. This understanding shall lead to the production of 
guidance notes supporting urban planners during the assessment and the monitoring of user 
acceptability of shared sanitation facilities. 
 
The research is structured around five main objectives focusing on the different relationships that 
exist between the implementers, the targeted population and the built facilities. It aims to: 

• Understand the motives of agencies and individuals in implementing (providing) shared 
sanitation projects. 

• Determine the usage patterns of sanitation facilities by different user groups.  
• Assess the factors of acceptability expressed and defined by the population, recognizing 

the views of different user groups. 
• Link the sanitation uses with the human and social factors acknowledging the local 

specificities of any low-income settlements. 
• Consider how the sanitation implementers can anticipate user’s acceptability.  

 

Figure 2: Focus of the research 
The research aims to look at the motives of sanitation implementers, to study and assess the 
quality of the sanitations facilities and to understand the concern of the population with a focus 
on the most vulnerable groups. As shown in the figure 2, it is the dynamic relationships that exist 
between these components that captures the interest of the researcher. This dynamism is also 
dependent on the changes that may occur in the studied settlements such as for instance urban 
growth, institutional settings, and climate. 

CONCLUSIONS 
The study of sanitation programmes needs to include a large range of stakeholders from different 
sectors, using different methods and having different immediate objectives. Developing 
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methodologies which include data collection and data analysis methods from social, technical 
and economic domains is a first step in getting a more complex but also a more realistic view of 
the sanitation’s problems and solutions. All stakeholders shall then put the user of the sanitation 
facility at the centre of this multi-dimensional picture.  
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Abstract 
Water availability in quantity and quality is becoming critical in the area of the sub Basin of Amajac 
River in Hidalgo State- Mexico due to inadequate water management by the stakeholders and due 
there are no spaces of participation in which can move this issue to the search solutions. The aim of 
this paper is to analyze the management of domestic water and the consequences of the current form 
of use by users and to analyze opportunities for participation with regard to those seeking solutions on 
water issues. For this, users were identified and it was analyzed how they use and manage water as 
well as user perceptions on institutional support and participation in decisions on domestic water use. 
We also performed an analysis on the user access to the spaces for participation created by the state 
and its representativeness. The main conclusion is that the spaces for participation created by the state 
to manage domestic water do not allow the representation of users of domestic water use, and that the 
current mode of water use affects the quality of the resource causing local pollution problems. 

Keywords 
Consultation, participation, subsidiarity, water use, sub basin. 

INTRODUCTION 
Water is an increasingly scarce resource for their unfavorable geographical distribution, 
waste and gradual pollution. This has caused many surface sources of supply are 
inadequate and there are overexploited aquifers. For the proper management and use of 
water is proposed basin approach because it is a functional region determined by physical 
relationships (CEPAL, 1994). A watershed is an area bounded by zones of surface water 
runoff which converges toward the same channel (CEPAL, 1994). The watershed area 
facilitates the relationship between its inhabitants irrespective of the political-
administrative division, due to the joint unit shared water systems, roads and access 
routes and face common dangers like floods associated with the use soil, resulting in high 
economic losses and sometimes human lifes (Diaz and Vega, 2001). 
 
The interdependence in water resource use as a common good creates a need for systems 
of conciliation of interests, coordination and complementarity between the levels of 
decisions and programs, in anticipation of possible conflicts between users (Carrillo and 
Tafoya, 2006). Water management, considering the dynamics in the catchment area, 
emerges as one of the possible options to address the involvement of its people in 
environmental management and to minimize conflicts (Sanchez and Sanchez, 2001). The 
analysis of integrated water management in the basin, studies involving technical and 
organizational aspects, determine how to reconcile the water use in the sub watershed and 
how to manage to avoid conflicts and environmental problems, promoting equity through 
processes of participation and consensus decision of the stakeholders involved. 
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Spaces for participation and consensus as the Basin Councils in Mexico (CONAGUA, 
1998), commissions, basin committees, technical committees of groundwater (Castel, 
1999) and standards for water governance are adequate, but these collegial bodies do not 
always are inadequate because they do not permit adequate participation and 
representation of water users. The National Water Act states indicate that users can 
participate in the councils but they must be "accredited" by the National Water 
Commission (CONAGUA) which limits the participation of Civil Society only to users 
who have water rights (Art. 13 °) (Chamber of Deputies of the Congress of the Union, 
2004). As they are not adequately represented the interests of users, we can not expect 
that there is agreement in the decisions of these colleges to ensure adequate resource 
management. The analysis of water management is performed by the users, considering 
how they perceive the problems and identifying their roles, is a guide to create spaces for 
participation and consensus to allow proper management of the resource (Peña and 
Solanes, 2003). 
 
Participation and cooperation for the proper management of water 
 
An intervention with a focus on water management in a watershed, it must be designed to 
involve stakeholders in a topic to engage and build consensus decisions in: family, 
interest group, community, municipality, micro, sub basin, etc.., Following the principle 
of subsidiarity which states that the lower levels to act with full autonomy and efficiency 
in making decisions and solving their problems, and higher levels assume the role of 
collaborative monitoring and guiding without discarding local initiatives in addition to 
ongoing evaluation to efficient management (Figure 1) (Vogel et al., 2004). 
 

 

Figure 1. Multi-spatial strategy corresponding to the principle of Subsidiarity 
 
For efficient water management is necessary for users to participate and arrange them 
appropriately in spaces that take into account their interests. The conclusion is the ability 
to reach agreement on a common goal and contribute to its achievement. This implies 
that each person involved reconciling, coordinating, organizing and complementing 
actions to achieve the common goal (Kessler, 1998). Participation is the ability of people 
to be active part of the organizations: household, microenterprise, community 
development committee with the voluntary involvement of stakeholders in the 
responsible decision-making (Vogel et al., 2004). 
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This work is based on the results of the implementation of surveys and interviews, whose 
central themes were issues of participation, consultation and awareness of the problem of 
water management for users of domestic use. 

MATERIAL & METHODS 
56 surveys were implemented under a quantitative approach to users of domestic water 
use, 34 surveys of officials from 34 municipal mayors of the sub basin, specifically the 
responsibles for the potable water area and operating organizations, and 4 interviews with 
officials of water management institutions as the National Water Commission and the 
State Water Commission of the State of Hidalgo. For the analysis was considered the 
organizational forms of the users, involving them in solving problems concerning water, 
relationships with their respective municipalities and the perception of how their interests 
are taken into account in decision-making by the institutions of the State. 
 
Characteristics of the study area 
The study was conducted in the sub basin of Amajac, State of Hidalgo, Mexico, which 
belongs to the Panuco Watershed Council - Hydrographic Region IX-3 (CEA, 2000). 
This sub-basin (Figure 2) has 6.954 km2 and 34 municipalities, the main river is named 
Cocula which is then the river Meztitlan and it joins with Amajac River, flowing into the 
Moctezuma River.  
 

  

Figure 2. Location Amajac River sub basin 
The sub basin has a population of 477.310 habitants and a population density of 97.64 
habitants per km2. It has 1.318 seats, of which 16 exceeded 1.999 habitants (Figure 3).  
 

 

Figure 3: Size of the localities in the sub-basin of the river Amajac.  
The municipalities provide basic public services, and in the case of piped water, the 
operator agency is responsible. The 87.82% of households have electricity, 77.80% have 
piped water, and 61.53% have drainage but there is no water treatment. A 55.83% of 
households have piped water and drainage.  
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RESULTS AND DISCUSSION 
Amajac River sub basin has the largest population of the State and is therefore the area 
that requires more water for domestic use. In general, the area corresponding to Amajac 
River provides surface water volume sufficiently for the current strength, but not in the 
area corresponding to Meztitlan River, especially in the City of Tulancingo, located at the 
top of the sub basin, which is the fastest growing area within the sub-population and 
therefore are used to the exploitation of aquifers. 
 
For domestic water use and based on surveys, 41% of the population identified that the 
water management area is the community. 22% was more accurate and identified their 
home as their area of water management because the water is supplied through the 
drinking water network which indicates that only see a small administrative space. They 
were the main problems perceived by the population (Table 1). 

Table 1. User feedback on problems in water management.  
What problems exist in water management? % 

There is water pollution        
 There is shortage of water        
 No water is valued         
 There is a bad operation of the water system     
 No planning for water use, the institutions do not participate  

11.36 
44.32 
12.50 
 9.09 
22.73 

Total 100.00 
Source: Prepared with the survey data. 

 
The two types the organizations identified for actions of operation and distribution of 
potable water are the water committees and the operating agencies. Users are organized 
through water committees in the communities formed by agreement of the community by 
appointing of 3 or 4 representatives who are responsible for the chlorination, water 
distribution for domestic use, made of information and coordination meetings with the 
population for network maintenance activities and collection of dues for the operation. It 
is the coordinating element between the municipal government and the community. This 
Committee is renewed every three years. In the case of the city, the municipal 
government is directly responsible for water management. Only 9 municipalities located 
in the top of the sub basin, the Operating Agency is responsible for water management. 
The Operating agency is a public decentralized organization of the Municipality; it has 
legal personality and its own service that provides drinking water and sewage 
management. In some cases the population buys pipes or trucks their own water. 
 
The structure of the operating agencies is more formal than the water committee and face 
the problem of water supply with better technical and financial support and work with the 
support and guidance of the State Water Commission in the State of Hidalgo.  
 
The financial situation of the operating agencies is deficient because the money collected 
from water charges does not cover operating costs and this is due to the lack of meters, 
underground outlets, incomplete register of users, high delinquency, and inadequate 
organization of the population that they serve.  
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In communities where water committees operate the network and are responsible for 
water distribution of water, there is more organization between the population of the 
community, willingness to solve water shortage problems and cooperation because only 
turn to City Council to request some support when the community cannot solve the 
problem. In the main municipal site, operation and control of domestic water use is done 
by the operating agencies of the municipalities in 9 municipalities, or the Municipal 
presidency is responsible (25 municipalities), so the population has a poor organization 
because they expect the service without any contribution (Table 2).  
 
The community's drinking water comes from springs or wells, but there are communities 
have water only for days, and in those days only 1 or 2 hours which is insufficient to 
meet their needs. These communities seeking water pipes to Municipal Presidency, which 
provided free or the people buy water from private pipes or bottles. 

Table 2. Organization of people to resolve problems relating to water management.  
How are people organized to solve problems?  % 
• The operating agency or office is responsible  
• They make a meeting with the water committee  
•  Everyone is responsible for the water they need  
• Everyone cooperates monetarily 
• People buy their water tanks 

42.86 
30.36 
17.86 
 3.57 
 5.36 

Total 100.00 
Source: Prepared with the survey data. 
 

The communities of the sub basin have a poor sewage system and most wastewater is 
discharged directly into streams or septic tanks, which has caused contamination and 
localized conflicts. Also the main rivers in the sub basin (Amajac and Meztitlan) are 
contaminated by bacteria caused mainly by domestic discharges that affect aquaculture 
and agricultural uses (State Council of Ecology, 2001).  
 
As regards the taking into account the interests of the people by the institutions that 
manage As regards the taking into account the interests of the people by the institutions 
that manage water; the views were as follows (Table 3). 

Table 3. User perception of the representativeness of their interests in decision-making by the authorities and 
institutions. 

Do they consult the public institutions when to give 
instructions or try to solve problems related to water? Is that OK? Why? 
Total% Yes % No % 

• yes because we must take into account 46.43 46.43  

• No, because then we have to fulfill and we know that it's 25.00  25.00 

• Yes, but it is difficult to organize the population that has 
different ways of thinking   3.57 3.57  

• No, because we did not know what they will do  25.00  25.00 
Total 100.00 50.00 50.00 

Source: Prepared with the survey data. 
 
One of the major problems of coordination between the municipal population is poor 
organization they have, or lack of interest in participating, because the meetings are made 
at not propitious times due to work activities that they do. Communication with 
communities is done through the Water Committee, which holds briefings. 
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The population mentioned that is not feels the involvement of institutions in the area of 
water, only in specific issues, but not for consecutive actions. They don´t know the term: 
basin, because it is more familiar their immediate environment, community or 
municipality, depending on the activity that are engaged.  
 
If we consider the principle of subsidiarity and we analyze the organizations' involvement 
in decision making from basic organizational levels, it may indicate that water 
management in the sub-basin of the Amajac river, there are organizations representing 
the community population, for example, committees of water for domestic use are elected 
by the people to manage water efficiently and solving local problems with the 
participation of the population that is more organized. For matters requiring a big budget, 
they go to the Municipality government. 
 
In main cities or in areas where the administration falls directly on the operating agencies 
and municipal office, they solve problems without people's participation, there is higher 
rate of non-payment of water service and no organization of the population to participate 
in resolving service issues.  
 
An umbrella organization of various municipalities in the domestic use of water is the 
groundwater technical committee of Tulancingo (COTAS Tulancingo) which is an 
auxiliary organ of the Council of Panuco River Basin. Its aims to contribute to 
stabilization, recovery and preservation of overexploited aquifers, when the balance 
recharges in aquifers are smaller than their extractions. In this COTAS involved only 
groundwater users that have concession title and in the case of domestic use of water, it is 
formed by 9 operating agencies of the municipalities in the upper area of the sub basin 
with accreditation by CONAGUA. This organization is at the level of directive and has 
not yet specific actions in the sub basin. Currently COTAS is the only representation that 
has the Amajac River sub basin in the Watershed Council in the Panuco River, because at 
present there are no commissions or committees formed for this sub watershed (Table 4).  
 
Because COTAS Tulancingo involves only 9 municipalities of the 34 existing, there are 
restrictions on the participation of users of domestic water use because it only represents 
a sector of interest and they cannot be "judge and party" representing the interests of 
users who they give the service. Furthermore, it doesn´t cover the entire sub basin to 
represent a collective interest. 

Table 4. Main features of the organizations in the domestic water use. River Amajac Sub basin, 2007.  
ORGANIZATIÓN / LEGAL 
FIGURE 

COLLECTION 
SOURCE 

INSTITUTION 
SUPPORT 

FIELD OF ACTION ORGANIZATIÖN 

WATER COMMITTEE Springs, Wells State Water Comision  Community Better Community 
organization, cooperation 
rates, go to municipal 
presidency. 

AGENCY OPERATOR Springs, wells State Water Comision Municipality, 
Main cities and some 
communities 

Rate problems, lack of 
measurement,  

MUNICIPAL 
PRESIDENCY 

Springs, wells State Water Comision Main cities and some 
communities 

Problems rates / not self-
sufficient 

GROUNDWATER 
TECHNICAL COMMITEE 

wells  National Water 
Comision / State 
Water Comision 

9 Municipalities in Directive: still no action 

Source: Prepared with the survey data. 
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The interests of water committees and municipalities which don’t have operator’s 
agencies or not have source of groundwater for domestic use, don’t have representation. 
Users of this type of water use in the sub-basin cannot lead their organizations problems 
into a larger space for participation as the Panuco River Basin Committee. Home users 
are exposed to changes in administration, a rate increase and don’t have any participation 
on the control of water distribution. 
 
There are problems involving two or more municipalities as the treatment of sewage from 
the municipalities of Tulancingo and Cuahutepec Hinojosa, whose domestic and 
industrial discharges reach the area Meztitlan Irrigation District. But, there are no 
conditions for dialogue to seek solutions together, because water management is only 
appreciated locally. A 44.64% of the population noted that municipalities are not 
coordinated among themselves because each municipality serves its local area and the 
remainder reported they don’t know why there isn’t    coordination. The subject of water 
treatment is part of the proper management of water, but organizations are currently 
oriented resource distribution, and not to the water quality, that is causing pollution 
problems in other uses of water as the agriculture use. 
 
Based on the principle of subsidiarity, the society in water committees, manage water 
properly and try to encourage the participation of everyone in its community. 
 
However, when moving to a municipal level the issue is complicated because there is no 
space for participation and consensus to address water issues. And there aren’t 
generations of new spaces except COTAS, to enable an awareness of the problem of 
basic organizations of users for this use and even less, that these needs are transferred to a 
larger space of participation with representation in the Council of Panuco River Basin. 
 
The National Law of Water presents a limitation because only permit the participation of 
accredited users by CONAGUA, which restricts the participation of representatives of 
basic units such as water committees.  Therefore it can indicate that the participation 
spaces generated by institutions like the Council Panuco River Basin have limitations in 
structure to promote participation in decision making and proper consultation between 
people, institutions and state.  
 
However, a higher level of management requires an organization to basic levels that 
develop in basic intermediate levels before jumping to a higher level like sub-basin or 
basin that allows the representation and participation of stakeholders. People need to 
know the term Basin and that is expected to achieve a representative sub-basin or 
catchment area. But the 98.21% of people said not knowing the term "watershed" 
because they don’t relate to a big space. They are more familiar with the area where 
water is managed, according to the community or municipality. In this regard, we must 
consider the limit of the municipalities involved to them are given greater importance, 
responsibility and advice to local governments, from where they  must work with a vision 
towards the basin. 
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Environmental impacts 
The impacts on the environment are products of decision-making actors. The impacts of 
the current form of water management in the basin of the Amajac River sub basin are:  
 
Land degradation  
Because of the current form of water management and soil in the Amajac River sub 
basin, there are problems of soil degradation. The 51.5% of soils in the watershed present 
degradation by human action, 37.52% are stable soils or without apparent degradation 
and 10.97% is unused land. The soils with increased degradation is found in the southeast 
of the sub basin where is the large plains and where is located the main city Tulancingo. 
These plains promote human influence through primary activities, secondary and tertiary. 
This area is where the majority population is settled and where the municipalities have 
the highest industrial growth.  
 
Chemical degradation, (loss of nutrients and organic matter), is a dominated process in 
the watershed due to the concentration of the largest area of rainfed and irrigated 
agriculture, where the use of inappropriate practices has led to a decrease in productivity 
soil. 
 
The main factors that cause soil degradation are overgrazing, farming and followed the 
process of urbanization, overexploitation of vegetation and deforestation.  
 
Water Quality  
According to a study by Amado, J (2006), where water quality is analized according to 
the Water Quality Index (ICA), said that 29% of sites sampled in the sub basin is 
considered quality media (ICA 50-69), which corresponds to that required treatment to 
improve the existing water quality to be used for public supply. However, no treatment is 
required for use in agricultural or industrial purposes or for purposes of navigation.  
 
59% of sites sampled are in the category of contaminated (ICA 30-49) and could only 
have agricultural or industrial use in treatment. In this category is Meztitlán Lake whose 
waters are used for agriculture. 
 
Finally, 12% of monitored water bodies have a Water Pollution Index less than 30 that 
mean as highly polluted, and become unacceptable for any use. However, it is used in 
agricultural production in Tulancingo Irrigation District. The heavy pollution in the river 
Tulancingo (which later becomes Meztitlán River), is that the waters after passing 
through the main city with the same name, is contaminated with household waste, 
municipal and industrial because the urban waste water is poured to the river without any 
treatment, so this water should not be used for vegetable production. Later, this water 
across the municipalities of Metepec, Tenango de Doria and Agua Blanca de Iturbide, 
adding, fertilizer residues that are used in agriculture and this water go to the Meztitlán 
Lake. 
 
The current National Water Program 2001 -2006 of Mexico, supported by the National 
Water Law indicates that the objectives in the Water Sector, through the National Water 
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Commission, apply the principles of water management by hydrological watershed and 
organized participation of users as fundamental. 

The role of Government 
The Watershed Council of Panuco basin is the coordination and consultation level 
between the National Water Commission (CNA) and entities of the federal, state and 
municipal representatives of water users. Its main function is to contribute to improving 
water management, water infrastructure development and preserve the watersheds and to 
be a permanent forum for the diagnosis, analysis and prioritization of problems, and for 
the proposed, monitoring and evaluation of objectives, goals and programs relating to 
water, it means it is  a space that encourages participation at all levels. The Watershed 
Council Panuco represents an organization that covers an area of 84.954 km2 with 4'238, 
224 inhabitants, where the sub Amajac basin represents only 8% of this area with 13% 
(550,000) of total population. 
 
To facilitate coordination levels, the Watershed Council has auxiliary organizations such 
as basin commissions and committees of Cuenca, but for the case of Amajac river sub 
basin there are not  these auxiliary organizations representative, only has a Groundwater 
Technical Committee COTA Tulancingo which represents 20% of the extent of the sub 
basin.  
On the other hand, the Law of Sustainable Development, indicates that the State has a 
strong interest in rebuilding in organization, communities and infrastructure necessary for 
national dialogue and establishes planning and coordination structure of the Rural 
Development Districts (DDR) are administrative units in charge of the Ministry of 
Agriculture, Livestock, Rural Development, Fisheries and Food (SAGARPA), which 
determine the area covered by each District Rural Development and the Centers for Rural 
Development Support (CADER) ensuring the coincidence with watersheds. These 
administrative units promote the formulation of plans at the municipal and regional or 
basin level, with the participation of the authorities, residents and farmers who are 
located in. In the area of the Amajac river sub basin there are 5 DDR and 11 CADER, 
each CADER is in charge of the organization, on average, 3 municipalities that are within 
the subwatershed. So in each municipality awe also found areas for consultation called 
Municipal Councils for Rural Development (COMUDERs).  
 
These spaces could be used for genuine consultation between various institutions 
working in the municipality as well as a forum for participation by the general public to 
promote real development of the municipality. They are also adequate space to promote 
self-management of communities and rural actors that require involved in processes of 
discussion and collective decisions as water management, participate and vote in 
decisions at the level of Council of Panuco River Basin, but need to operate in the 
manner for which they were formed, otherwise it will be another attempt to generate 
vertical mode organizations to promote the appropriate involvement and decision making 
of actors involved in water issues and development in general. 
 
To achieve adequate representation of stakeholders in the areas of participation, is 
proposed to strengthen COMUDERS spaces that are already trained and have the legal 
backing to operate towards rural development. 
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CONCLUSIONS 
The organizational forms of end users of domestic water, allows good organization at the 
community level, with the participation and consensus of its members to solve problems. 
But in passing to higher levels as a municipality, or sub basin, there isn´t adequate space 
for participation that would allow solve the problems of the basic forms of organization 
and that alone, this problem and decision making can be brought and taken into account 
in greater space for participation as the Council of Panuco River Basin. The Council of 
Panuco River Basin as an area of participation of users of domestic water use from the 
Amajac River sub basin has limitations on the participation and representation of those 
involved in water management. So it should create opportunities for the participation in 
basic levels, strengthening basic organizations, to operate and to harmonize the size of 
territory in the understanding of the people to facilitate the participation of users, 
therefore it is proposed the initial work in administrative spaces or municipal watersheds 
which are those more in touch are with the people directly involved, without losing sight 
of water management in basin. It`s necesary to use spaces for participation that they are 
already generated and regulated by the state. So, it is proposed  COMUDERS like spaces that 
are already trained, have the legal backing to operate towards rural development and 
from threre, to work water management theme to achieve representativeness of 
stakeholders. 
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Abstract 
Due to the expansion of urbanization, peri-urban zones face a quick land-use change. The 
control over this phenomenon has become a major issue for flood and water pollution 
management. Nevertheless, so far we are still on the pursuit of a well adapted model to 
these particular basins. We aim to develop such model by studying the Chézine basin, in 
the framework of the French national project AVuPUR (ANR-VMCS, 2008-2010). A 7-
year data analysis unveils a specific behavior: first, rain events displaying one single peak 
produce one or two distinct peak discharge on the hydrograph ; second, the lag-time of 
the basin, usually close to 1 hour, sometimes exceeds 6 hours. Based on geomorphologic 
and hydro-meteorological data analyses we made some hypotheses to explain the 
different shapes that the hydrological response of the Chezine Bassin may present. The 
localization of urbanization throughout the basin and its pre-event moisture state seem to 
play a crucial role on the variability of hydrological responses. The application of the 
First Differenced Transfer Function confirms the existence of different shapes of transfer 
functions for the basin according to its initial moisture state. Therefore we conclude that 
the hypotheses here presented should not be neglected in the current pursuit to develop a 
well adapted model for suburban river basinsWrite your abstract here here 

Keywords  
Flooding, modelling, suburban, runoff, drainage network 

INTRODUCTION 
Suburban catchments have been facing many problems due to the fast land-use change that 
accompanies the worldwide phenomenon of urbanization. Conversion of land into industrial and 
residential uses significantly alters hydrological characteristics of land surfaces modifying 
pathways and rates of water flow. Bhaduri and al. (2000) assessed many impacts faced by basins 
located in urbanizing areas, emphasizing the increase of downstream flooding and the decrease 
of long-term deep and shallow groundwater supply. They also suggested that these consequences 
are enhanced by faster runoff from impervious surfaces and engineered drainage systems.  
In spite of these important issues, peri-urban rivers have been the object of only few studies so 
far. O’Loughlin et al (1996) raise important points to consider when combining rural and urban 
models. To keep it short, here we mention two of them: (1) topography, soils and vegetation 
have an important influence on the hydrological impacts of urban development; (2) urban 
impacts are greatest for low intensity storms because in rural areas losses small storms are 
relatively large, but impervious areas will always produce runoff. 
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Valeo (2000) considered these remarks developing TOPURBAN, a modified version of the well 
known model for rural catchments TOPMODEL (Beven and Kirkby, 1979) so that the new 
model is also adapted to urbanized areas. Her model introduces a linear reservoir for describing 
the runoff over impervious areas, as in classical urban models (Nash, 1957; Cruise and 
contractor, 1980; Rao et al, 1972), but keeps the variable source area concept (Dunne et al. 1975; 
O'Loughlin 1996) largely used for rural and natural catchments. These source areas correspond 
to the saturated surfaces that produce runoff immediately under rainfall. The spatial distribution 
of these saturated contributive areas is commonly based on a topographic index (eq.1) used to 
determine and localize the regions that are more likely to saturate before the others; either 
because they drain a greater area, or because the region has a weaker slope than the others. 
TI = ln upstream area

slope          eq. 1 
TOPURBAN presented better results over urbanizing basins than TOPMODEL and other 
conventional hydrological models (Valeo, 2000). Nevertheless, studies reveal that its simulations 
do not reach high verification efficiencies (Valeo, 2000). Thus the hydrological response of 
suburban catchments has still not been successfully reproduced by existing models so far.  
An example of this particular kind of basin is the Chezine river basin (Nantes, France), in which 
urbanization spreads heterogeneously over natural surfaces. The purpose of this paper is to 
explain particularities observed in the outflow hydrographs of the Chezine basin, capturing the 
essential features of the catchment's hydrological response. This work has been carried out 
within the context of the research project “Assessing the Vulnerability of Peri Urban Rivers” 
(ANR-AVuPUR), which aims to improve the knowledge in urbanizing catchments and 
ultimately develop an entirely adapted hydrological model for suburban river basins (Braud et 
al., 2009). 
A classical method to apprehend the hydrological response of a basin based on observed data is 
the First Differenced Transfer Function – Excess Rainfall and Unit Hydrograph by a 
deconvolution Iterative Identification technique (FDTF –ERUHDIT, Duband et al. 1993). The 
FDTF applies the classical unit hydrograph concept for river basins, identifying the transfer 
function according to observed rainfall-runoff data. The method has been the object of several 
research studies (Nalbantis et al 1995, Rodriguez -Iturbe & Valdes, 1979) and has been applied 
in different contexts (Wendling, 1992; Rodriguez et al., 2003). We can thus assume that the 
method is a good indicator to verify the pertinence of our hydrological functioning hypothesis. 
This paper is organized in five sections: the first one provides an overview of the research area. 
The second section describes the most important results of the database analysis leading to some 
hypotheses on the catchment's hydrological functioning. These hypotheses will lead us to a 3-
step methodology based on geomorphologic data. The description of this simple model will then 
be followed by the results of the FDTF applied on 2 different types of rainfall events that were 
identified among the Chezine hydrological responses. Finally, the last section presents 
conclusions and the perspectives for the ongoing project and related studiesTitle style = Major 
Headings Introduction - describing the background of the work and its aims.  

The Chézine catchment 
Covering an area of 29 km2, the Chezine river basin is located in the northwestern suburbs 

of Nantes, France. The Chezine River follows a south-easterly course and covers a distance of 
15km from it’s source at Saint Etienne-de-Montluc to it’s confluence with the Loire River at 
Nantes. The watershed receives approximately 800mm of precipitation annually and the amount 
of cumulated rainfall is in general almost two times greater during the winter than in summer. The 
region has a mild year round temperature. The average temperature during the winter is 5°C and 
during the summer, the average is around 18.5°C (www.meteofrance.fr, 2009). Due to these 
climate differences according to the season, the catchment is drier in the summer and quite wet 
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during the winter. This wetness variation is clearly noticeable on field observation and has a 
relevant influence on the catchment's hydrologic behavior. The predominant rainfall type over the 
region is the frontal rainfall, from west to the east. Given the position and size of the catchment, 
the spatial structure variation of the precipitations is thus negligible in most of the cases. 
Nevertheless, whenever we find a particular behavior that cannot be explained by the topography 
and morphology of the basin, we set the data apart to be carefully analyzed with radar images. 
The systematic analysis of radar images for all events will be performed later on in the project, for 
simulations with the complete hydrological model that will be developed. 

The basin is equipped by a rain gauge and a hydrometric station both run by Nantes 
Metropole since January 2001. The rain gauge measures the total amount of rainfall every five 
minutes while the hydrometric station has a variable time step measurement, according to the 
variation of the water level (it takes measures every minute when the water level is changing and 
every hour when it doesn't detect enough variation on the water level).  

The topographically-defined Chezine catchment (Figure 1) is extracted from a 20m 
resolution digital elevation model (DEM), supplied by Nantes Métropole. A complete urban 
database (roads, buildings, etc) has also been made available by the same local administration for 
this research project. The analysis described in the next section is essentially based on this dataset. 

 

Figure 3. Chezine catchment indicating the location of the rain gauge and the hydrometric station at the 
outlet. The grey areas correspond to the urban database layers superposed (roads and buildings). 

DATABASE ANALYSIS  
The main objective of the database analysis was to identify particular behaviors and simple 
predictors to characterize them. From the 7-year rainfall-runoff available data set 295 events 
have been extracted, presenting a total precipitation superior than 2mm. 50 events among them 
were then selected. The criterion for their selection was to have an exploitable set of measures. 
Events that are superposed to others or those that have even one single bad measure for rainfall 
or outlet flow were rejected. Too long rainfall episodes or too weak outflow values have also 
been excluded. 
The observed hydrogrammes unveil a specific behavior. First, rain events displaying one single 
peak can produce two distinct discharge peaks on the hydrograph. It can be observed for instance 
on the event of october 2007 represented by the hydrograph on figure 2.a. Second, the lag-time 
of the basin, usually close to 1 hour, sometimes exceeds 6 hours, as shown on figure 2.b.  
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(a)      (b) 

Figure 4. Observed discharge (m3/s) in pink lines and averaged 15 min observed rainfall (mm) represented 
by blue bars on (a) 17 October 2007 and (b) on the 21st -22nd of March 2001. The time-lag is indicated by 
double arrows. 
In order to explain these behaviors, the start point of the study was evaluating the variability of 
the flow coefficient for different rainfall episodes on the Chezine basin. The flow coefficient 
(FC) is a traditional practical tool in engineering hydrology (Gottschalk et Weingartner, 1998). 
In the classical ‘rational formula’ (Dooge, 1957) it is considered to be a constant, differing in 
value according to the catchment's morphology and land cover. Here, it is defined as the 
proportion of discharge volume from the total rainfall volume for each rainfall episode (equation 
2). 
Erreur ! Des objets ne peuvent pas être créés à partir des codes de champs de mise en 
forme.        eq. 2 
A potential indicator of the basin dynamics is the pre-event discharge at the outlet (PED), which 
is commonly used to represent the soil moisture before each rainy episode. The PED is 
frequently considered as a proxy of state of the groundwater store (Graeff et al, 2009).  

 

Figure 3. Correlation between the flow coefficients and the pre-event discharges for 50 rainfall episodes over 
the Chezine basin in the period from 2001 to 2007. 
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The relation observed between PED and FC for the Chezine dataset (figure 3) suggests that the 
events could be devised into 2-groups with different behaviors: “dry episodes” and “wet 
episodes”. In figure 6, the 37 dry episodes, with a PED inferior than 0,2 m3/s, are represented by 
the bar on the left. To the right, the larger bar represents the 13 events that have a PED superior 
or equal to 0,2 m3/s. The 37 “dry episodes” present a RC close to 0.05, the mean RC value of the 
group, whereas the “wet” ones are more dispersed.  
 A hypothesis to explain the uniformity of the first group is the presence of a relatively constant 
proportion of runoff generating surfaces. If we assume that rural (or natural) surfaces in a dry 
condition retain or infiltrate all the precipitated water, the “constant portion” generating runoff 
would be the urbanized impervious surface. Meanwhile, when the soil is already wet before the 
rainfall episode, saturated rural surfaces of variable extension also contribute for the runoff 
generation. The definition of the extension and localization of these saturated rural surfaces was 
based on the variable source area, widely used by hydrologists in TOPMODEL (Beven and 
Kirkby, 1979) as it mentioned before. The next section describes how these hypotheses were 
considered for elaborating a simple method for simulating the discharge at the outlet due to the 
runoff generation distribution. 

 

Figure 4. : Flow coefficient values for dry events (PED <0.2 m3/s) and for wet events (PED>=0.2 m3/s). The 
bars represent the interval of values for 50% of the events. The vertical extension lines represent the edges 
for 80% of the events. The horizontal lines represent the mean FC value of each group. 

METHODOLOGY 
The model is based on a natural water pathway guided by its topography and respecting the 
gravity law. Using a digital elevation model (DEM) with 20m resolution mesh and the 
unidirectional D8 algorithm (O'Callaghan J. and Mark D., 1984) we have extracted the 
catchment's topography and its hydrological network.  
The objective of the simulation developed at this point is not to achieve the most precise results 
but to apprehend the overall hydrograph shape based on a simple physical model. In order to 
verify the hypothesis listed in the last section, our choice was to reproduce the dynamics of the 
runoff over the basin with a simple 3-step geomorphologic model, known as ‘isochronal simple 
transfer’ as described by Estupina (2004). Using neither complex theories nor over-
parameterized calibrations the aim is to minimize misleading factors to better apprehend 
essential processes and features of the hydrological responses observed in this suburban 
catchment.  
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The first step of the methodology consists on the determination of the pixels that produce quick 
flow. Next, we calculated the hydrological distance to the outlet from each of these 'contributive' 
pixels. Finally, in order to obtain the time evolution of the outflow we affected a constant flow 
velocity for the stream channels and another slower one for hill slope flows. Urban runoff 
coefficient corresponds to the angular coefficient of the linear adjusted graphic on figure 7. Thus 
the urban coefficient is 0,06.  The initial losses over urban areas are estimated by the interception 
of the graphic with the horizontal axis (2mm). Meanwhile, over natural surfaces, the losses vary 
depending on the initial moisture state of the catchment. 
According to the hypothesis defined on the previous section, the impervious urban portion of the 
cells is always a source of runoff. For defining the imperviousness of each cell of the catchment 
mesh, a GIS layer of streets and a layer of buildings were taken from the urban data bank. These 
impervious surfaces correspond to the contributive pixels for dry episodes, and thus the first step 
of the model for this case (dry moisture state) is defined.  
The distribution of these pixels according to their distance to the outlet is represented on figure 8. 
This morphological signature is known as Impervious Function (Gironas, 2007), and it is similar 
to the Width function (Rodriguez-Iturbe & Valdes, 1979), but only considers the impervious 
surfaces of the catchment. It is possible to identify the first peak of the graphic corresponding to 
the city of Nantes and Saint Herblain (figure 1), that are found at the third sector closest to the 
outlet (within 5km). The second elevation corresponds to Sautron (figure 1), that is the 
urbanization node located at about 10km from the outlet. The overall shape of the 
imperviousness function is coincidently bimodal suggesting that the source of the dual mode 
hydrographs often found among the analyzed events may come from the distribution of 
imperviousness throughout the catchment, at least for episodes when the initial moisture state is 
rather dry. 

 
Figure 5. The angular coefficient of the linear adjusted graphic (total runoff versus precipitation) is an 
estimation of the urban runoff coefficient. There are 2mm of initial losses over the urban zone according to 
this graphic. 
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Figure 6. The Impervious width function of the Chézine basin 
Another hypothesis drawn from the dataset analysis (section 2) was that urban contribution is 
constant for all events. By doing so, we can compute the rural variable source area extension by 
subtracting urban contribution from the observed total flow coefficient.   
The second step of the model requires defining the spatial localization of the contributive area: 
the impervious cells and the natural saturated cells. The first ones have been mapped from the 
urban GIS data bank. In order to localize the natural cells that are more likely to saturate before 
the others, we used the concept of topographic index (Beven & Kirkby, 1979). It depends on the 
upstream contributing area of each pixel and decreases with its slope (eq.1). A topographic index 
threshold is calculated for each class of episodes depending on their flow coefficient. All the 
natural pixels with a topographic index superior to the threshold determined for the event are 
considered to be saturated and thus contribute to the runoff. 
The third step of the model was accomplished in a very simplified way because the objective 
was to first investigate the sources of runoff production before going further into flow dynamics 
issues. Velocity values most usually found in the literature for hill slope and channel stream 
flows were tested and compared to observed data for model calibration. Rural hill slope flow was 
considered to be about 10 times slower than channel stream flows (river and urban pixels). The 
velocities that produced the best results, according to the Nash criterion (Nash & Sutcliffe, 1971) 
were then chosen to be applied on further simulations.  
 

RESULTS AND DISCUSSION 
According to the methodology presented in the last section, the outlet discharge responses were 
obtained (figure 7) for a unit rainfall applied in different wetness contexts. The moisture state is 
represented by the flow coefficient, remembering that their relation has been discussed on 
section 3 (figures 3 and 4). The hydrograph observed on figure 7.a may explain bimodal 
responses as the one shown on figure 2a. The two peaks have been identified in the description 
of the impervious function (figure 6). As the flow coefficient increases, the second peak grows 
bigger and becomes relatively more important than the first peak, as shown on figure 7. While 
the first peak is composed essentially by runoff from the first urban agglomeration closer to the 
outlet (figure 1), the second peak is probably composed partially by the flow that comes from the 
second urban agglomeration (Sautron, figure 1) and in addition by rural saturated areas when its 
moisture is wetter. The saturated rural zones are determined according to the variable source area 
(Beven and Kirkby, 1979). The wetter the soil is the larger the source area will be. Moreover, the 
second peak occurs 6 hours after the rainfall. This may explain why the lag time seem to be 
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postponed 6h when the soil is wet before the rainfall event. The first peak being much smaller 
than the second one ends up 'disappearing' from the hydrograph by the effect of the dispersion of 
the rainfall peak (figure 2b). 
 

 
(a)      (b) 
Figure 7. Comparison among different geomorphological transfer function according to the runoff coefficient 
value 

 
(a)      (b) 
Figure 8. Comparison among different FDTF according to the runoff coefficient value. 
 
Figure 8 shows the FDTF for different groups of rainfall event types, once again according to 
their flow coefficients. The hydrological response when the catchment is rather dry and the flow 
coefficient is weak (around 0.02) presents a clear peak an hour after the rainfall impulsion. As 
we take stronger flow coefficients, the first peak is still found an hour after the rainfall impulsion 
but it relatively ‘decreases’ comparing to the rest of the hydrograph, specially comparing to the 
second elevation of the curve.  
Therefore we can conclude that the tendency of these curves, as the coefficient increases, is quite 
similar to the results obtained with the geomorphologic simple transfer presented on figure 7. 
The second peak also appears and grows bigger as the first peak retracts with the increase of the 
flow coefficient value that characterizes each group of episodes. 
The main difference between the two groups of unit hydrographs (geomorphologic on figure 7 
and FDTF on figure 8) is the second peak of dry events that appears on geomorphologic transfer 
function and not on the FDTF one. When we deal with weak rainfall over a rather dry soil, the 
contribution of the second node of urbanization upstream (Sautron on figure 1) is probably 
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weakened by the effects of diffusion that have not yet been included to the simple transfer 
methodology applied in this work. 
Results and Discussion - a clear presentation of experimental results obtained, highlighting any 
trends or points of interest.  

CONCLUSIONS 
In the context of the research that ultimately aims to develop a well adapted hydrologic model 
for suburban basins, this work focused on determining the main contributive sources of runoff 
over the catchment. Our objective is to explain some particular behaviors observed by 
investigating this process and find indicators that trigger different hydrological responses to 
rainfall on a basin.  
The Chezine rainfall-runoff hydrographs showed that the basin often presents a bimodal 
response. Another interesting observation is that the peak time can vary from 1h to 6h. We have 
used a simple model to explain these particularities, identifying relevant parameters and features 
that must be considered in a future model.  
Based on the results of a hydro-meteorological dataset analysis, two hypotheses have been drawn 
to describe the behavior of the basin according to its initial moisture state. When the soil is dry, 
natural surfaces infiltrate, store and evaporate all the rainfall. Therefore runoff is produced 
entirely over impervious surfaces. However, when the basin is wetter, part of the rural (or 
natural) surfaces are saturated and generate runoff as well. We thus complete the second remark 
extracted from O’Loughlin et al (1996) in the introduction of this paper: urban impacts are 
greatest not only for low intensity storms, but also for a drier initial wetness state of the basin. 
Both factors are extremely important because they imply relatively large losses over rural areas 
and thus the most important contribution to the outlet flow variation comes from the urban 
zones. 
The simple 3-step geomorphologic model allowed us to draw based on these hypotheses 
different unit hydrographs according to the flow coefficient, which was shown to be closely 
related to the initial moisture state. This study suggested, by the means of the imperviousness 
function (Gironas, 2007), that the localization of imperviousness over the basin could be 
responsible for the dual-mode response for dry initial state episodes, when urban contribution is 
preponderant. When the basin is wetter the contribution of the rural saturated areas increases in 
addition to the second urban zone upstream (Sautron, figure 1). The greater the flow coefficient 
is the bigger second peak will be. This might explain why the lag time seems to increase in some 
events (as the one on figure 2.b): the first peak (an hour after the rainfall), being much smaller 
than the second one (6h after the rainfall), probably ends up ‘disappearing’ from the hydrograph 
by the effect of dispersion. 
The application of the FDTF produced a similar trend of curves as it was observed on 
simulations, corroborating the hypotheses made on runoff generation for drawing these 
geomorphologic transfer functions. The differences observed can be explained by the diffusion 
effects of the routing that were not yet considered at this point. For a complete attempt of 
hydrological model it is thus important to consider the diffusion effects using for instance the 
kinematic wave theory (Moussa, 1996) instead of the simple transfer for routing the water flow.  
This work was meant to identify important characteristics that must be considered when 
developing a complex, detailed model for suburban catchments. It was shown that it is indeed 
essential to distinguish and well represent both urban and rural areas. The role of the soil wetness 
initial state in models for peri-urban basins has also been proved to be crucial, as we have 
different transfer function shapes depending on their flow coefficient that varies according to the 
basin initial moisture state.  
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Abstract 
Groundwater is the main source of drinking water and it has a vital importance in 
developed and developing countries. Computational models of groundwater are required 
to ensure its suitable management. Such models are useful to design remediation 
strategies in polluted aquifers. 
This work aims at studying the spreading of a dangerous chemical - carbon tetrachloride 
(CCl4) - that contaminated a part of the Alsatian aquifer (France) because of a tanker 
accident in 1970. The exact amount of the chemical infiltrated is unknown and this 
constitutes the main issue for its individuation and remediation. 
The purpose of this study is to define the behaviour of the unknown pollution source in 
terms of temporal variations, injection rates and duration of the activity.  
An Artificial Neural Network (ANN) has been developed to identify the characteristics of 
the source and to solve the groundwater inverse problem: on the basis of known 
contamination concentrations data in pumping wells, the pollution source temporal 
evolution is reconstructed. The ANN learns to solve a problem by developing a memory, 
associating a large number of input patterns examples, with resulting set of outputs or 
effects. ANN are characterized by a flexible structure capable of approximating almost al 
input-output relationships. 
To develop an ANN, it is necessary to generate a data set of patterns for training, 
validation and test procedure. In the case studied, the simulation models of solute 
transport in saturated groundwater flow are generated considering different scenarios of 
the source behaviour. These models examples are created with the software TRACES 
(Transport or RadioActiver Elements in the Subsurface) developed at the IMFS (Fluid 
and Solid Mechanics Institute) of Strasbourg “HOTEIT and ACKERER (2003)”. 
Conceptual model and model design of carbon tetrachloride pollution in the Alsatian 
aquifer has been the subject of various studies developed by the Institute de Mécaniques 
des Fluides et des Solides of Strasbourg. The numerical simulation model used to 
generate the necessary patterns for the ANN is based on data measured between 1970 and 
2004.  

Keywords 
Groundwater pollution, pollution source identification; groundwater modelling, Artificial 
Neural Networks. 
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INTRODUCTION 
Surface water and groundwater pollution is a major issue in the global context that involves both 
developed and developing countries. Groundwater is an important resource for the production of 
drinking water. Its control is of extreme importance to protect global health. This implies the 
necessary development of an effective protection and the monitoring of key zones, especially in 
those areas where the geological characteristics of the soils strata allow relatively easy 
penetration of anthropogenic pollution into the groundwater. A sensible management aimed at 
protecting the groundwater quality and at safeguarding the groundwater resources has 
consequently a vital importance for life support systems.  
This work focuses on groundwater resources contaminations. In this field, it should be 
underlined that in some cases, pollution may results from contamination whose origins are 
generated at different times and places where these contaminations have been actually found. To 
tackle such situations of pollution, it is necessary to develop techniques that allow identifying 
unknown contaminant sources behaviour in time and space. In general, the identification and 
delineation of the source of a contaminant plume is important for improving subsurface 
remediation and site management decisions in many contaminated groundwater sites. 
The problem of identifying an unknown pollution source, based on known contaminant 
concentrations measurement in the studied areas, is part of the broader group of issues, called 
inverse problems. Various studies dealing with the resolution of inverse problems in 
groundwater contaminations have been recently carried out by several authors using ANN:, 
“TAPESH K AJMERA and A.K.RASTOGI (2008)”, “SINGH R.M. and DATTA B. (2007)” 
“SISH et al. (2004)”, “IQBAL and GUANGBAI (2003)”, “A.FANNI et al (2002)”, “MAHAR 
P.S. and DATTA B. (2000)”, “ZIO (1997)”. 
The purpose of this study is to define the behaviour of an unknown pollution source that, because 
an accident in 1970, has polluted with carbon tetrachloride (CCl4), one of the largest aquifer in 
Western Europe and main sources of drinking water in the Alsace Region (France): the Alsatian 
aquifer “STENGERA A. and WILLINGERB M. (1998)”.  
The pollution source behaviour at the accident location is unknown. The objective of this work is 
to identify this unknown pollution source in terms of temporal variations, injection rates and 
duration of activity. To solve the inverse problem related to the case of the Alsatian aquifer 
contamination, we will try to describe the unknown pollution source behaviour using the ANN 
approach.  

General description of the Upper Rhine Graben and the Alsatian aquifer 
The Upper Rhine Graben is a segment of the European Cenozoic rift system that developed in 
the north-western forelands of the Alps. It is extended over 300 km, from Basel (Switzerland) in 
the south to Frankfurt (Germany) in the north, with an average width of approximately 40 km. It 
is flanked, in the south, by the Vosges and Black Forest (Schwarzwald) mountains, to the west 
and the east, respectively“ BERTRAND G. et al (2006)”, Fig. 1. 
Alsatian aquifer is located in the southern part of the Upper Rhine valley. The aquifer surface is 
over 3000 km2 and contains a volume of alluvial about 250 billion m3. It represents one of the 
largest fresh water reserves in Europe. The groundwater reservoir contains about 50 billion m3 of 
water, with an annual renewal of 1.3 billion m3. This large aquifer has a vital importance since it 
supplies to 75% of the drinking water requirements, 50% of the industrial water needs and 90% 
of the irrigation water needs in Alsace. 
The Alsatian part of the Rhine aquifer has a surface length of 160 km and a maximum width of 
20 km.  
The groundwater reservoir is part of a complex hydrosystem, which includes frequent exchanges 
between the rivers and the aquifer which vary with the seasons, and are caused by the proximity 
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between the surface and the groundwater. This aquifer is highly exposed to contamination from 
rivers “STENGER A. and WILLINGER. M. (1998)”.  

 

Figure 1: Geographic situation of the Alsatian aquifer. 
Alsatian aquifer is an extensive alluvial aquifer with a layered structure composed by a random 
superposition of different alluviums (clay, sand fine to rough, gravels, coarse…). This permeable 
alluvial has a thickness of a few meters at the Vosgean edge, and 150 m to 200 m in the centre of 
the Rhine plain. 

History of the pollution by CCl4
 in the aquifer  

Alsace is a region where groundwater have a very important role in water supply. On the other 
side, Alsace is a heavily industrialised area, so the quality of groundwater is jeopardized by 
industrial contamination. This sort of pollution is harmful for drinking water.  
In 1970 a tanker truck containing carbon tetrachloride (CCl4) property of a Dutch company, 
capsized in the north of Benfeld (a small town located about 35 km south of Strasbourg, eastern 
France). In spite of the efforts of the firemen to control the spilling of the chemical, an important 
quantity of it could not be recovered. According to a note of SGAL (Service Géologique 
d’Alsace-Lorraine) of December 21th 1971 about 4000 litres of CCl4 were spread in the area of 
the accident, infiltrating into the ground or disappearing by evaporation (Hamond, 1995). In 
1991, the analyses carried out by BRGM (Bureau de Recherche Géologique et Minière) showed 
abnormal quantities of CCl4 in the supplies of drinking water located downstream of Erstein 
(about 60 μg/l). These quantities exceeded the safe limits recommended by the World Health 
Organization (2 μg/l). This high level of CCl4 concentration has caused a serious problem in the 
region by contaminating the most important drinking water source in the area “ASWED and 
ACKERER (2008)”. 
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MATERIAL & METHODS 
In the framework of this study, the inverse problem is solved using Artificial Neural Network 
(ANN) technologies (CARCANGIU et al, 2007). The ANN learns to solve a problem by 
developing a memory capable of associating a large number of example input patterns, with a 
resulting set of outputs or effects. In order to solve the inverse problem and to identify the 
unknown pollution source behaviour, an ANN is developed. 
In order to train the ANN, it is necessary to generate a consistent data set of patterns (flux and 
transport model in porous media) for training, validation and test. To generate the patterns, we 
have used the numerical simulation software TRACES (Transport or RadioActiver Elements in 
the Subsurface) developed by “HOTEIT and ACKERER (2003)”, that combines the mixed-
hybrid finite element and discontinuous finite element to solve the hydrodynamic state and mass 
transfer in the porous media. 
Various scenarios of the contamination source behaviour have been constructed using an 
Alsatian aquifer 3D model, developed by the Fluid and Solid Mechanics Institute (IMFS) of 
Strasbourg. The model created by IMFS was calibrated using measured data of carbon 
tetrachloride concentration, that were collected during 12 years (from 1992 to 2004) and 
simulations were performed from 1970 to 2024. 
This model has been the base to generate the ANN patterns. Using the TRACES software, 
various scenarios have been constructed, modifying the source behaviour characteristics in terms 
of temporal variation, injection rates and duration of activity. 

Carbon tetrachloride modelling pollution in the Alsatian aquifer 
Conceptual model and model design of carbon tetrachloride pollution in the Alsatian aquifer has 
been the subject of various studies developed by the Fluid and Solid Mechanics Institute of 
Strasbourg. The contaminated zone is enclosed within a 3D domain of 6 km width, 20 km length, 
and about 110 m depth. This aquifer domain is discretized using a 3D triangular prismatic grid 
with 25388 nodes and 45460 elements. 
The domain is divided into 11 layers and each layer has a depth of about 10m. The numerical 
model TRACES is based on steady-state groundwater flow and transient solute transport in 3D 
heterogeneous media. The source is discretized into four layers in the vertical direction. The 
depth of the contaminated zone is about 35 m. The concentration of CCl4 is imposed in the first 
eight mesh elements (each layer has two mesh elements) situated vertically beneath the accident 
location. The thicknesses of the layers are 16, 4, 5, and 5m from top layer at the groundwater 
surface to the lowest layer, respectively. The horizontal discretization is the same for all layers 
“ASWED and ACKERER (2008)”. 

Artificial Neural Networks technologies 
Over the past decades, Artificial Neural Networks (ANN) have become increasingly popular as a 
problem solving tool and have been extensively used as a predicting and forecasting tool in many 
disciplines. ANN has the ability to solve extremely complex problems with highly non-linear 
relationships. ANN’s flexible structure is capable of approximating almost any input-output 
relationships. 
The ANN learns to solve a problem by developing a memory, associating a large number of 
example input patterns, with resulting set of outputs or effects. These are characterized by a 
flexible structure capable of approximating almost input-output relationships. 
An artificial neural network consists of a number of interconnected processing element called 
neurons, which are logically arranged in two or more layers and interact with each other through 
weighted connections. The number of neurons in each layer and the number of layers in the 
network depend on the nature of the problem. There is no unique guiding theory for the suitable 
selection of the number of neurons and the number of layers. The scalar weights determine the 
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nature and strength of the influence between the interconnected neurons. Each neuron is 
connected to all the neurons in the next layer.  
The ANN consists of an input layer (where input data are presented to the network) and an 
output layer that holds the response of the network to the input. Additional intermediate layers, 
also termed as hidden layers, allow these networks to represent and compute complicated 
associations between inputs and outputs. The structure of a typical neural network is shown in 
Fig.1. 

 

Figure 2: Structure of a typical neural network. 
The ANN is a technology used for processing information whose characteristics are given the 
ability to: learning, generalization and approximation. An input is presented to the neural 
network and a corresponding desired or target response set at the output (supervised training). 
An error is composed from the difference between the desired response and the system output. 
This error information is fed back to the system and adjusts the system parameters in a 
systematic fashion (the learning rule). The process is repeated until the performance is 
acceptable. It is clear from this description that the performance hinges heavily on the data. 

Pattern construction for training the ANN 
A consistent data set of patterns, based on flux and transport model in porous media of carbon 
tetrachloride (CCl4) contamination in the domain, is generated to train the ANN. To generate the 
patterns, we have used different scenarios of contamination source based on the 3D model of the 
Alsatian aquifer contamination. The estimation of the source term in the aquifer is influenced by 
the formation and fluid properties such as porosity, hydraulic conductivity and dispersivity 
coefficients. 
Different source situations were generate by varying carbon tetrachloride concentration in the 
source area. 51 examples were constructed. For each scenario, to predict the temporal evolutions 
of the carbon tetrachloride concentration in the domain were calculating using the TRACES 
software: in total 45 pumping and observation wells were considered. 
Firstly, taking into consideration the source activity, two hypothetical situations were designed: 
the activity of about 31 years and the activity of about 54 years. Finally, for each scenario, the 
source behaviour was changed in time and in every layer, being sometimes constant or variable. 
Each source scenario was calculated with the TRACES numerical simulator. 
The examples obtained with TRACES from the study model consisted of matrix of size [m,n] of 
carbon tetrachloride concentration in time domain. Input matrices are composed by 4 columns: 
one column for each layer in the source. Output matrices are composed by 45 columns: one 
column for each well. In both matrices, rows represent time.  
Matrices were too large to be processed through the ANN, requiring too many examples of 
inputs and thus a large network quite difficult to handle. For these reasons, it was necessary to 
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elaborate a data pre-processing aimed at reducing the matrices size. Using Matlab, for each 
example, we have calculated a 2-D discrete Fourier transform (FFT). A preliminary feature 
extraction has been necessary such that both input and output layers of the neural network had a 
suitable dimension. To this end, among the frequency components of the FFT only the most 
significant have been considered, and the remaining ones have been set to zero. After that, only 
the not-null components have been kept to represent the time evolution of the contamination. 
The frequency components have been compared on the basis of their amplitude and that 
exceeding a prefixed threshold have been kept. The value of the threshold is determined by 
searching a crossover between the approximation of the acquired data and the dimension of the 
input and output matrices.  
The approximation implies different issues in input and in output matrices. In fact, the aim of the 
proposed approach is to reconstruct the profiles of the source of pollutant, therefore a great 
precision is needed for the input, whereas the output has to be calculated on the basis of 
measurements, so that we only need outputs corresponding to different cases are distinguishable. 
On the other hand, while the input has only four time-varying concentrations, the output 
corresponds to 45 wells, therefore we can expect that a greater number of components are 
necessary to describe the output rather than the input. Several trials have been performed in order 
to select the suitable number of both input and output neurons, obtaining 9 components for the 
input and 102 components for the output. 

Training and Inversion of the Neural Network model 
The training of the ANN is a critical part of the proposed process. In fact a special care has to be 
spent to train the ANN in such a way that it is able to generalize the information contained in the 
training set. To this end, during the training phase the connection weights are modified in order 
to minimize the error on the training set, but at the same time the error is calculated also on a 
validation set, independent from the training set, and as the validation error begins to rise, the 
training process is interrupted.  
This approach implies a validation set is available, but in this case the number of examples is too 
small and all of them are necessary to adequately describe the input-output relationship, 
therefore one cannot subtract a suitable subset (typically the 10-20% of the training set) to use it 
as validation set. To avoid this problem, the Leave-One-Out (LOO) technique has been adopted, 
which consists on performing as training as the examples of the training set, each time leaving 
one example out of the training set and using it as validation set. On the basis of the results 
obtained in all the trainings, the appropriate number of training iterations (epochs) is assumed. 
The second parameter that has to be defined for the training is the number of hidden neurons. 
Usually, this parameter is determined by means of a trial and error procedure, so that several 
trainings are performed assuming a growing number of neurons in the hidden layer. The better 
size of the hidden layer is that corresponding to the lower error in the validation set. 
Once the training phase is completed, the inversion of the network can be performed. Knowing 
the output of the ANN, which derives from a set of measurements in the wells, the corresponding 
input can be calculated exploiting the method described in (CARCANGIU et al, 2007). By 
backward applying the pre-processing of the input data, the desired source profile is obtained. 

CONCLUSIONS 
This work mainly focused on an accident which took place in the North-East of France in 1970. 
The objective of this work is to use the ANN methodology to solve the inverse problem for the 
case of carbon tetrachloride pollution in the Alsatian aquifer. Various numerical model scenarios 
of the CCl4 contamination in Alsatian aquifer are generated to train the ANN. 
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Complex and heterogeneous hydrogeology systems are extremely difficult to model 
mathematically. However, it has been proved that ANN’s flexible structure can provide simple 
and reasonable solutions to various problems in hydrogeology. 
An ANN is developed for the definition of the groundwater pollution source that contaminated 
the Alsatian aquifer. The ANN generated is composed by 9 neurons in the input layer to 
represent the source concentration behaviour and by 102 neurons in the output layer to represent 
the pumping well concentrations behaviour. After the training procedure, the ANN has allowed 
to generalize the information contained in the training set. The mean squared error calculated in 
the validation set is 0,025, low enough to allow the inversion of the ANN to solve the inverse 
problem. 
ANN can be inverted and by knowing the output of the ANN, which derives from a set of 
measurements in the pumping and monitoring wells, the corresponding input can be calculated. 
By backward applying the pre-processing of the input data, the desired source profile is obtained. 
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Abstract 
This paper shows the real situation about management of water and wastewater in 
Lebanon and focuses on problems related to urban water pollution released in 
environment. Water and wastewater infrastructures have been rebuilt since 1992. 
However, wastewater management still remains one of the greatest challenges facing 
Lebanese people, since water supply projects have been given priority over wastewater 
projects. As a consequence of an increased demand of water by agricultural, industrial 
and household sectors in the last decade, wastewater flows have been increased. In this 
paper, the existing wastewater treatment plants (WWTP) operating in Lebanon are 
presented. Most of them are small-scale community-based ones, only two large-scale 
plants, constructed by the government, are currently operational. Lebanese aquatic 
ecosystems are suffering from the deterioration of water quality because of an insufficient 
treatment of wastewater, which is limited mostly to pre-treatment processes. In fact, 
domestic and industrial effluents are mainly conducted together in the sewer pipes to the 
WWTP before being discharged, without adequate treatment into the rivers or directly 
into the Mediterranean Sea. Such discharges are threatening the coastal marine ecosystem 
in the Mediterranean basin.  
This paper aims at giving the current state of knowledge about water uses and wastewater 
management in Lebanon. The main conclusion drawn from this state of art is a lack of 
data. In fact, the available data are limited to academic researches without being 
representative on a national scale.  

Keywords 
Water Quality, Management, Wastewater, WWTP 

INTRODUCTION 
Lebanon, with a total area of 10,452 km² and a coastline length of 210 km from North to South, 
is located along the eastern coast of the Mediterranean Sea (Figure 1). It is known as one of the 
countries in the Mediterranean region having abundant water resources (El-Fadel et al. 2000). 
However it is commonly accepted that the water sector in Lebanon suffers from different 
technical and management constraints, creating serious adverse socio-economic impacts and a 
depletion of water resources (El-Fadel et al. 2000). Lebanese people might undergo water 
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shortages, depending on the increase of the demand and the degradation of water resources 
(MoE/LEDO/ECODIT 2001).  
The population was estimated to be 3.3-3.8 million inhabitants in 2000 and is projected to reach 
about 4.5-5.2 millions in 2015 (ESCWA 2007; Sarraf et al. June 2004). The annual population 
growth rate will be less than 1% in 2015. Lebanese population resides mostly in urban areas, 
especially along the coast. 59% of its population live in coastal areas, i.e. 8% of the national 
territory (Atlas-du-Liban 2004), with a population density of around 420 inhab/km² (Sarraf et al. 
June 2004). Greater Beirut hosts one third of the total population. 
The climate of Lebanon is typically Mediterranean. About 90% of all precipitation are between 
late November and early April, i.e. the wet weather season (Sene et al. 1999 ). The coastal plain 
is characterized by moderate temperatures and an annual rainfall averaging between 700 and 800 
mm. The mountains are cooler, and receive between 1,200 and 2,000 mm of precipitation. The 
Bekaa valley is the warmest and driest area; its annual rainfall ranges between 250 and 750 mm 
(MoE/LEDO/ECODIT 2001; ACS 2007). The warming in temperature and a drop in 
precipitation causes low water level in rivers during the dry season (Korfali and Davies 2003). 
 

 

Figure 5: Major rivers and basins in Lebanon (Map no. 2.6 Source: National Center of Remote Sensing/ 
National Council of Scientific Research). 
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Several studies have been conducted to estimate the hydrological budget of Lebanon. Though 
results differ from study to study, as shown Table 1, it is generally accepted that approximately 
50% of the average yearly precipitation is lost through evapotranspiration, additional losses to 
neighbouring countries (estimated at 8% by the Litani River Authority) and groundwater oozing.  
Despite these losses, a minimum of 2,280 Mm3 of surface water are potentially available. 

TABLE 1 : Hydrological Budget of Lebanon (Mm3/year) 
          Factors Water Budget according 

to Mallat (1982)a 
Water Budget according 
to Abdallah, C., 
FAO2001; Jaber, 1994b  

Water Budget according 
to the Litani River 
Authority 
(MoE/LEDO/ECODIT 
2001)a 

Precipitation + 9,700 + 8,600 + 8,600 
Evapotranspiration - 5,070 - 4,300 - 4,300 
Percolation to 
groundwater and losses to 
sea 

- 600 - 880 - 880 

Flow into neighbour 
country Hasbani River - 140 - 160 - 160 

Groundwater flow to 
Hauleh and neighbour 
country 

--- - 150 - 150 

Flow into neighbour 
country (Assi River) - 415 - 415 - 415 

Flow into neighbour 
country (Kabir River) - 95 - 95 - 95 

Allocation to Lebanon 
from El Assi  --- +80 --- 

Exploitable groundwater --- -400 --- 
Net Available Surface 
Water  + 3,375 + 2,280 + 2,600 
a (MEDAWARE et al. mars 2004) 
b(MoE/LEDO/ECODIT 2001)  
b(NAPCD 2002) 
 
Therefore, this paper aims at providing (i) an overview of national water resources and (ii) uses 
of water, (iii) and a focus on the water quality and the wastewater treatment. It shows that despite 
a relative abundance of water sources a crisis might be looming where demand for water, by 
agricultural, industrial and household sectors, is outstripping available supply. The paper then 
details the degradation of water quality affected by agriculture runoff, released of untreated 
industrial effluent and untreated sewage.   

WATER BALANCE 

National water Resources 
Water resources of Lebanon are derived mainly from rainwater and snow smelting. The country 
is divided into two hydrologic regions: the Mediterranean region and the inland region. The first 
one with a surface of 5,500 km2, gives rise to thirteen perennial rivers, flowing from East to 
West and ending in the Mediterranean sea .The second one of about 4,700 km2, forming the 
source of the three following rivers Litani, Assi and Hasbani (Abdulrazzak and Kobeissi 2002; 
Amery 2003). The total length of rivers is 730 km, with an annual flow between 2,569 and 3,900 
Mm3 per year (Comair 1997; MoE/LEDO/ECODIT 2001). Some of these rivers receive 
industrial and domestic effluents resulting from the development of the urban (domestic and 
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industrial) activities (CDR/LACECO 2000). With respect to the capacity of wastewater 
treatment in Lebanon, these effluents might have a major impact on water quality; this peculiar 
point will be discussed later on. 
 
The estimates for the groundwater quantity available for exploitation range from 400 to 3,000 
Mm3/year depending on the source of information (MoE/LEDO/ECODIT 2001; ACS 2007) are 
based on old measurements (1960s and 1970s). The excessively high extraction rate of 
groundwater, to meet irrigation and industrial demand, surpassed the natural recharge rate 
creating serious salt water intrusion problems requiring urgent actions to prevent the over-
pumping in the coastal areas (El Fadel and Sadek 2000).  
For instance, the 1970 UNDP study reported that exploitable amount of groundwater might reach 
3,000 Mm3 and groundwater recharge is estimated at 600 Mm3 (Abdulrazzak and Kobeissi 
2002). Since the 1970s, the quality of data available on water resources did not improve. 
Consequently, they do not consider several factors including the influence of changes in land 
use, deforestation on aquifer recharge and surface runoff, the decrease, in spring, of river base 
flows and borehole yields due to irrigation, and some other water uses (Sene et al. 1999 ). 

Water uses 
Lebanon exploits an average of 1,000 Mm³/year through the Establishments of Waters and 250 
Mm³/year by the private dwellings (33,410 individual wells) (ACS 2006; ACS 2007). Water 
demand is shared between three sectors: agricultural, industrial and household (domestic). The 
projected water demand depends on the reference (Table 2). In fact, many factors explain the gap 
between the reported figures, including the timing for establishing the assessment, the methods 
of calculation... Every seven to ten years, Lebanon does experience a drought, sometimes lasting 
for three or more years (Amery 2003). Naturally, this can lead to a decrease in stream flows; 
water pollution becomes more acute, due to a higher impact of effluent releases to rivers.  
From 2010, the projected water demand will overcome the actual exploited water volume. This 
trend will become critical by 2020 when the demand increases by a factor of two (Table 2) 
reaching the volume of net available surface water (2600 Mm3/year, Table1).  By 2020, they will 
be a need to assess a solution leading to saving of water. 

TABLE 1 : Estimated water consumption and projected water demand in Lebanon for 2015-2030  
Domestic Industry Agriculture Total Year 
Mm3/an 

Source 

1990 271 65 875 1,211 (NAPCD 2002) 
2007 195 – 405 36-65 670 – 875 901-1345 (ACS 2007) 

2010 310 440 1,540 2,290 
Environnemental 
Ressources 
Management, 1995a 

2010 900 240 2,160 3,300 Fawwaz, 1992a 

2010 460 445 1,000 1,905 (El-Fadel et al. 2000) 

2015 900 240 1,700 2,840 (MoE/LEDO/ECODIT 
2001) 

2015 650 240 1,410 2,300 (NAPCD 2002) 
2015 900 240 1,300 2,440 Jaber, 1994a 

2015 570 519 1,200 2,286 (El-Fadel, Zeinati et 
al. 2000 

2020 850 250 1,500 2,600 Al Hajjar, 1997a 

2020 660 598 1,350 2,608 (El-Fadel, Zeinati et 
al. 2000 

2025 876 693 1,500 3,069 (El-Fadel, Zeinati et 
al. 2000 

2025 1,100 450 2,300 3,850 (Abdulrazzak and 
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Kobeissi 2002) 

2030 720 491 1,700 2,911 Amhaz et al., 1992a 

2030 900 598 2,160 3,658 
(Abdulrazzak and 
Kobeissi 2002; Amery 
2003) 

a. mentioned in (El Fadel and Sadek 2000) 

Agriculture demand 
There is a general consensus that the share of agriculture is between 60 and 70% of total water 
consumption and it is likely to decrease over coming years as more water is diverted for 
domestic and industrial consumption (MoE/LEDO/ECODIT 2001; NAPCD 2002; Amery 2003). 
The irrigation water mainly derives from groundwater (52%) and surface water (48%). In 
addition, a large number of farms use water from private well; however there are no data to 
support this fact. 
 
Industrial water demand 
Few data are available on the industrial water demand. The main sources of water for industrial 
purposes are groundwater and pumping directly in rivers. In 1996, it was estimated that 71.4% of 
all industrial water used in the country derived from underground sources (Amery 2003), while 
surface water was used to cooling and food processing (Abdulrazzak and Kobeissi 2002). Most 
industries, besides receiving water through the public water distribution system, are equipped 
with private and unmonitored water wells from which they tap underground water at liberty. A 
large number of industrial establishments (82%) are located outside industrial zones. In addition, 
the existing industrial zones are poorly equipped to collect and/or treat industrial wastewater. 
Such infrastructure is completely lacking outside industrial zones. Several industrial zones have 
been established and made official by decree afterwards, although they are located near 
residential areas or natural sites, creating serious hazards to public health and to the environment 
(LDK-ECO 2006). In the absence of special facilities and services devoted to industrial pollution 
management, industrial wastewater (about 12% of total wastewater: urban and industrial) is 
discharged into the urban sewage system without treatment (MoE/LEDO/ECODIT 2001; 
MEDAWARE et al. mars 2004). It is difficult to estimate the total pollutant load discharged into 
waterways by the industrial sector due to the lack of data concerning both the quantity and the 
quality of effluent. Based on industry employment statistics, it was estimated that the industrial 
sector will generate about 200,000 m3 of wastewater per day in 2020 (MoE/LEDO/ECODIT 
2001). 
 
Household water demand 
The household water demand consists of human water consumption, administrative and public 
buildings water needs. To meet that demand, water is drawn from the flow of major rivers, 
springs, and groundwater sources (MoE/LEDO/ECODIT 2001; Abdulrazzak and Kobeissi 
2002). The demand is influenced by the community size, standards of living, social habits, and 
system pressure (Abdulrazzak and Kobeissi 2002). The figures used nowadays to estimate 
current level of domestic water supply are based on inquiries from 1950-1960, while the last 
official census was realized in 1932 (MoE/LEDO/ECODIT 2001; Makdisi 2007). Several 
sources, as shown Table 3, indicate that the domestic water supplied was 165 L per capita in the 
mid-1990s and is expected to be between 190 (Abdulrazzak and Kobeissi 2002) and 215 L by 
2000 and to reach 260 L by 2015 (Jaber 1997) and 300 L by 2025 (Abdulrazzak and Kobeissi 
2002).  
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TABLE 2: Predicted maximum population, water supply and wastewater for Lebanon  

Population Water supply Wastewater 
flow DBO Year 

Million Reference L/c/d Reference Mm3 Tons  

2000 3,3 - 3,8 (ESCWA 2007; Sarraf et 
al. June 2004) 

190 - 
215 

(Abdulrazzak and 
Kobeissi 2002) 227 - 298 ------ 

2001 4,3 (MoE/LEDO/ECODIT 
2001) 160 (MoE/LEDO/ECODIT 

2001) 249 99,600 

2015 4,5 - 5,2  (ESCWA 2007; Sarraf et 
al. June 2004) 260 (Jaber 1997) 426 - 493 ----- 

 
The actual target capacity, reflecting significant improvements that have been achieved in the 
water supply sector since 1995, is estimated to be 160 L/c/d and is presumably much lower, 
perhaps as low as 64 L/c/d in some areas, due to losses of the large share of water in public 
distribution systems through system leakages, estimated at 40% in 1984 and assumed to fall to 
30% by the year 2000 and 20% by the year 2010, and the presence of most unlicensed and not 
monitored private wells which ends up in the sewage flow (MoE/LEDO/ECODIT 2001; Yamout 
and El-Fadel 2005; MEDAWARE et al. mars 2004). The delivery rates may vary from 100 (for 
Baalbeck and Qoubayat) to 200 L/c/d (for Beirut and Kesrouane).  
The percentage of buildings connected to water supply networks varies according to the 
references. Between 76.5% and 79% of buildings were connected to water supply networks in 
1996-1997 and only 60% can access to fresh water (CDR 2005; ACS 2006; Makdisi 2007; 
MEDAWARE et al. mars 2004). The remaining people purchase bottled water (31.5%) and tap 
private sources (8.3%), which can be of poor quality (CDR 2005; ACS 2006; Makdisi 2007; 
MEDAWARE et al. mars 2004). The highest rates of connection were recorded in urban areas 
such as Beirut and Kesrouan (93 and 94%, respectively), while the lowest were in the rural areas 
like Hermel and Akkar (41 and 49%, respectively). 
Domestic wastewater flow is directly related to water supply and consumption. Since both the 
networks of production and distribution are inadequate and irregular, the data of the flow of 
wastewater generated remains inacurate since the average water supply delivery rate (detailed 
above), which is approximately 160 liters per capita per day (l/c/d), is influenced by additionally 
water supplied from private water wells and ultimately ends up in the sewage flow 
(MoE/LEDO/ECODIT 2001). Besides, the accelerated rate of urbanism does not matched with 
an adequate construction of sewer networks, and the average wastewater generation rate 
fluctuate with location and season  (CDR/LACECO 2000). Based on the estimated population 
projection and water demand data for 2015, the approximate amount of untreated wastewater is 
evaluated at 493 Mm3 per year, the same amount was evaluated at up to 227 Mm3 in 2000, 
generated from urban water consumptions. Significant amounts of this untreated wastewater may 
percolate to the shallow groundwater from cesspools especially in the inland villages 
(Abdulrazzak and Kobeissi 2002; Amery 2003) . The BOD load has been evaluated in 2001. 
Assuming a BOD concentration of 400 mg/L in raw sewage, the yearly outflow results in a BOD 
load of 99,690 tonnes (MoE/LEDO/ECODIT 2001).  
However, this concentration is twice the average in France for the same year (IFEN, French 
database on wastewater treatment available on www.ifen.fr); in fact the BOD concentration in 
2001 was 200 mg/L for an average water supply delivery rate of 258 L/c/d. 
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The problem caused by the irregular fresh water supply and the outbreaks of waterborne illnesses 
due to the break of sewer lines are especially pronounced during the summer, so the country has 
to restore and expand its infrastructure of wastewater management.  

WATER QUALITY 
Water quality in Lebanon is influenced by various anthropogenic factors including agriculture, 
and domestic and industrial wastewater discharges (Saad et al. 2000; Khalaf et al. 2007). With a 
thermal mapping, (Faour et al. 2004) have identified 49 major sources of pollution of the marine 
environment of Lebanon based on discrimination between the thermal temperatures of sea water 
and polluted water. Most are related to uncontrolled human activities such as sewage outfalls, 
refineries and factories. Currently, 53 outfalls (very closed to coast) are identified along the 
Lebanese coast, of which 16 are located between Dbayeh (north of Beirut) and Ghadir (South 
Beirut) (CDR/LACECO 2000). However, they are not characterized in terms of length, size, 
flow, etc. The urban and agricultural pollution affected large parts of the rivers in Lebanon and 
led to eutrophication of surface water (Saad et al. 2003) 
The excessive use of fertilizers especially in areas of intensive agriculture practices has lead to 
nitrate leaching in high levels and impinged the groundwater quality mainly in the coastal plain 
(Saad et al. 2003). A report demonstrates a clear connection between groundwater pollution and 
drinking water quality (MoE/CDR/MVM 2000). The nitrate concentration reach a high level at 
Nahr Ibrahim River (2-5 mg/L) (Saad et al. 2003). In addition, 7.3 mg/L ((El-Fadel et al. 2000) 
and 7.1 mg/L (Houri and El Jeblawi 2007) of nitrate are identified in the major rivers of Lebanon 
and could be attributed to increasing agricultural fertilizing activities especially between July and 
August. Moreover, a study on the river Berdawni identified the presence in significant amounts 
of hydrocarbon compounds and chlorinated organic substances including alkyl naphthalene 
showing the presence of pesticide residues (MoE/CDR/MVM 2000).  
The industrial pollution takes place through surface and subsurface release of untreated effluent 
wastes contenting heavy metals and organic liquid effluents infiltrating through the fractured 
bedrocks into the groundwater system (Abdulrazzak and Kobeissi 2002). Limited information on 
the chemical quality of Lebanese waters have been collected and published. Some studies 
identify the impact of industries on Lebanese river quality. (Saad et al. 2004) assessed the impact 
of industrial effluent during the summer period on Nahr Antelias River and identified that 
increases in major ion, especially sulphate (17.8 mg/L), were mainly due to anthropogenic 
activities. According to (Korfali and Davies 2003), the increase in water concentration of Fe 
(3200 µg/L), Mn (17 µg/L), Zn (700 µg/L) and Pb (40 µg/L) at Nahr Ibrahim River was 
expected to be from the excessive industrial discharge from the industrial zone (galvanization, 
steel works, electroplating, battery factory, paint, and furniture and PVC factories). Moreover, 
(Nakhlé 2003) notes that the concentration of dissolved Pb reach a high value of 165 ng/L from 
samples peaked at Antelias River due to the presence of several discharges of sewage and 
industrial effluents in the catchment of the river. In addition, the concentration of particulate Pb, 
in this river, was very high and comparable to the most contaminated rivers such as Seine River 
(285 mg/kg) and Danube River (142 mg/kg) (Nakhlé 2003). According to (El-Fadel et al. 2000), 
the coastal waters, from Tyre to Akkar, are contaminated by industrial wastewater discharges as 
they found high concentrations of Ni (max 41 µg/L), Cu (max 33 µg/L), Cr (max 160 µg/L), 
especially near the industrial complex of Dora (six tanneries), and As (max 48 µg/L) at several 
locations.  
Domestic wastewater in Lebanon is being discharged into the Mediterranean Sea as well as into 
the river system without treatment. As a result the coastal waters, inner rivers and drinking water 
sources are contaminated with bacteria indicating a great harm to the environment leading to 
potential public health related hazards. All perennial Lebanese coastal rivers were found to be 
clearly polluted with faecal coliform indicating significant raw wastewater input (Houri and El 
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Jeblawi 2007). Two studies assessing the water quality in the major rivers in Lebanon (El-Fadel 
et al. 2000; Houri and El Jeblawi 2007) showed that water samples presented very high 
concentrations of BOD5 (69.7-79 mg/L for (El-Fadel, Zeinati et al. 2000) 12.8-62.8 mg/L for 
(Houri and El Jeblawi 2007). The fecal and total coliform concentrations indicate that domestic 
wastewaters are discharged into water bodies without treatment. Moreover, total coliform and 
Escherichia coli were observed in 44% of well samples in Ras Beyrouth, a coastal vital sector of 
Beirut City with 80,000 citizens. This is the consequence of either wastewater intrusion and/or 
leaks from sewer pipes. In fact, the sewer pipes in old buildings are above the drinking water 
pipes (Korfali and Jurdi 2007). Consequently, 60 to 70% of natural sources are contaminated by 
chemicals and germs. This contamination increases by 10% during the dry season 
(MoE/LEDO/ECODIT 2001). Moreover, raw wastewater is being reused for irrigation in several 
regions of Lebanon such as in Akkar and Bekaa (Ras El Ain, Zahleh) (MEDAWARE et al. mars 
2004). In fact, in the Bekaa region some of the sewers are purposely blocked to allow sewage to 
be diverted for irrigation (CDR/LACECO 2000). Based on data from a Ministry of Health report 
(1996), (Sarraf et al. June 2004) estimated that about 260 children die (10 percent of all child 
deaths) every year in Lebanon from diarrheal diseases associated with inadequate drinking water, 
sanitation and poor hygiene conditions. 

WASTEWATER MANAGEMENT 
According to the census of buildings and establishments of 1998 conducted by the Central 
Administration of Statistics (ACS), less than 60% of the buildings have access to public 
sanitation. Beirut has the highest rate of connections to the sewage network (98.3%), followed by 
the suburbs of Beirut (89.3%) and by the North (53.5%), South (42.1%) and Bekaa (41.1%) 
regions, while Mount Lebanon has the lowest (33.9%). The remaining areas use septic tanks or 
drain wastewater in wells (MoE/LEDO/ECODIT 2001; Makdisi 2007; MEDAWARE et al. mars 
2004). Municipal wastewater management in Lebanon has been absent during many years. 
Because of civil war, the existing treatment plants were destroyed and/or made inoperative. 
Untreated wastewaters were directly dumped into rivers, irrigation channels, valleys, and ravines 
as well as into septic systems. Nowadays, the government through its ministries (Energy and 
Water, Interior and CDR) is working on the construction of wastewater treatment plants. These 
plants must be designed for the treatment of forthcoming wastewater flows and the quality, these 
latter being directly proportional to water consumption. In this regard, a national balance of 
water is helpful to some extent in order to provide monitoring data on population and on average 
water consumption per capita (El Fadel and Sadek 2000). Moreover, the design of wastewater 
collection, treatment and disposal must take into account the flow and the quality of wastewater 
from domestic and commercial activities as the number of industries existing in Lebanon is 
limited (MoE/LEDO/ECODIT 2001; MEDAWARE et al. mars 2004). The industrial wastewater 
management is ineffective in most areas and the phenomenon is exacerbated by the absence of 
effective auditing. In fact, illegal dumping into sewage might occur and then the wastewater 
from industry will be drain to the treatment plants planned for commercial and domestic 
wastewater (CDR/LACECO 2000). However, 96% of the industrial stream, except the tanneries, 
is non-hazardous and 66 % could be treated as domestic waste; whereas the remaining should 
require some pre-treatment before discharge into domestic sewer networks (CDR/LACECO 
2000). 
So far, Lebanon has thirty-one wastewater treatment plants that are producing around 16,000 
m3/day and are achieving secondary wastewater treatment with a specific objective, the reuse of 
treated wastewater stream for irrigation. (MEDAWARE et al. mars 2004) They are comprised of 
small community-based plants (MEDAWARE et al. mars 2004). Effluent quality from these 
plants does not satisfy the national standards for discharge into surface or sea water 
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(MEDAWARE, Ayoub et al. mars 2004). Therefore their reuse for irrigation practices is highly 
undesirable. In addition, they generate relatively small quantities of effluent which fluctuate 
depending on seasons. Furthermore, the cost of transport of the effluent to the areas to be 
irrigated is unaffordable. Only two plants, in a very limited extend, have their effluent used for 
irrigation. The first one located in Jabboule (a village in the Bekaa Mohafaza region) was 
designed in 1998 to provide a wastewater treatment capacity of 90m3/d for a population of 600 
people, and was planified to run till 2020. It receives only domestic wastewaters since there is no 
industry on the watershed (Hidalgo and Irusta 2004; MEDAWARE et al. mars 2004). The 
second one, Hasbaya plant, is operational since 2002 with a wastewater treatment capacity of 
240 m3/d (Hidalgo and Irusta 2004). Unknown portions of the treated wastewater are used for 
irrigating trees grown around the perimeter of the plant in order to improve landscape conditions. 
 
Two large-scale wastewater treatment plants, the Ghadir pre-treatment plant and the Tripoli 
secondary treatment plant, are currently operational. The first one primarily serves the southern 
suburbs of Beirut and its surroundings; it receives also influents from sewage trucks from areas 
not connected to the station. The quantity of wastewater at the entrance of the station is 
equivalent to 100 tanks of a total capacity of about 2,000 m3/d. This plant currently operates at 
its half–capacity (46,000 m3/d). The planned connected population to this plant should be about 
800,000 inhabitants. The El-Ghadir plant was the first in operation in Lebanon. After preliminary 
treatment, the concentrations of pollutants in the effluent discharged into the sea do not match 
with Lebanese standards of discharge of sewage into the sea. In fact, the level of COD, BOD5, 
TSS, ammonia and organic phosphorus are 559, 257, 353, 115 and 38 mg /L, respectively. The 
concentrations after treatment should be 125 mg/L for COD, 25 mg/L for BOD5, 60 mg/L for 
TSS, 10 mg/L for ammonia and 5 mg/L for organic phosphorus. However, the preliminary 
treatment of this station reduced by 25% COD and TSS (Deghali 2006). The high concentrations 
of nitrogen and phosphorus underline the fact that the influent received by El Ghadir plant does 
not derive only from domestic origins (Deghali 2006). The Ghadir outfall is a 1,200-mm 
diameter submersed pipeline which extends 2.6 km into the Mediterranean Sea. The outlet point 
is approximately 60 meters deep thereby achieving some dilution of the disposed wastewater. 
The secondary Tripoli plant became functional this year (2009). It outfall should reject to the sea 
treated water with the highest cleaning requirements (BOD5 <25 mg / L, TSS <35 mg / L and 
H2S <0.1 ppm) with a daily average flow of 135,000 m3/d (CDR 2005). 
Thirty-three wastewater treatment plants, coastal and inland, presented in Table 4 are currently 
planned or under construction (according to CDR Karam, personal communication). With the 
construction of the twelve wastewater treatment plant located along the coast, Abdeh, Tripoli, 
Chekka, Batroun, Jbeil, Kesrouan, Dora (Beirut North) Ghadir (South Beirut), Chouf (coastal 
zone), Saida, Tire, population in and around major urban centres should be connected to sewer 
network and 65% of the wastewater problem in Lebanon should be resolved by 2020. Apart from 
the coastal stations, twenty-one plants are proposed to be built in the inland. These plants will be 
located near major cities such as Zahle, Baalbek and Nabatiyah. The achievement of the 
construction of the major large-scale treatment plants should allow the treatment of around 80 % 
of wastewaters by 2020, i.e., around 1 million m3/day of treated wastewater (MEDAWARE et al. 
mars 2004). The remaining 20% should require the construction of about 100 small wastewater 
treatment plants (MEDAWARE et al. mars 2004). 
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TABLE 3: Current situation of planned secondary wastewater treatment plant in Lebanon 
Implementation Status 

Zone Caza Location 
 
Under 
Execution 
 

 
Under 
Preparation 
 

No funding 
secured 

Costal Abdeh  X  

Inland 
Akkar 

Michmich  X  
Inland Minieh-

Dinnieh Bakhoun  X  

Costal Tripoli Tripoli X   
Inland Becharre  X  
Inland Becharre Hasroun   X 
Inland Amioun  X  
Costal Koura Chikka X   

Costal Batroun Batroun X   

Costal Jbeil X   
Inland Jbeil Kartaba  X  

Inland Harajel  X  

Costal 
Kesrouane 

Kesrouane/Tabarja   X 
Costal Dora   X 
Inland Metn Khanchara  X  
Costal  Beabda Ghadir*   X 

Costal Chouf Chouf (Abi younes)  X   

Costal Saida X   
Costal South Sour  X  
Inland Hermel Hermel  X  
Inland Laboue  X  
Inland Yammouneh X   
Inland 

Baalbeck 
Baalbeck X   

Inland Zahle X   
Inland Zahle Aanjar  X  
Inland Jib Jinnine/Deir 

Tahnich X   

Inland Karoun X  (no realised 
by CDR)   

Inland 

Bekaa (Ouest) 

Sohmor/Yohmor  X  
Inland Hasbaya Hasbaya  X  
Inland  Jbaa  X  
Inland Nabatiyeh Nabatiyeh X   
Inland Shakra  X  
Inland Bint Jbeil Bint Jbeil  X  
* limited to preliminary treatment and its expansion to secondary is yet unknown 

Source:  CDR, 2008 
 

CONCLUSION 
The water sector in Lebanon suffers from a lack of infrastructure. Wastewater from urban area is 
mostly being discharged, without adequate treatment or monitoring into the river system or 
directly into the Mediterranean Sea, creating a potential public health and raising a serious geo-
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environmental problem that might affect the coastal shoreline of the eastern Mediterranean Sea, 
threatening the coastal marine ecosystems. Moreover, the efficiencies of the operating plants, 
which are in majority small-scale community-based wastewater treatment plants except the two 
large-scale in Ghadir (preliminary treatment) and in Tripoli (secondary treatment),  are not 
adequate to comply with the Lebanese standards for treated wastewater. 
 
Little information on the wastewater quality in Lebanon is available and in most case they derive 
from academic researches without being representative on a national scale. As a consequence, an 
urgent need for both evaluating the quality of wastewater and controlling its release to the 
Mediterranean Sea is emphasized. That’s why; a screening of wastewater of sewage collectors 
located along the Lebanese coast should be monitored. A project aims to establish a database, not 
yet existing, on the wastewater quality in Lebanon is in progress. This project should serve as a 
reference point to assess the efficiency of planned wastewater treatment plants and provide the 
best technical alternatives to the future construction of WWTP in Lebanon. It would also enable 
the estimation of the flow of pollutants towards the Mediterranean Sea. Moreover, it would allow 
a comparison between  the levels of pollutants measured in Lebanon to those observed in France, 
linking them to regulation in both countries.  The monitored parameters would include general 
water quality parameters, metals and emerging pollutants, such as triclosan and parabens, known 
as endocrine disruptors. Meanwhile, the efficiency of wastewater treatment plants currently in 
operation will be established. 
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Abstract 
The Economic Level of Leakage (ELL) is the leakage level which minimises the total of 
the present value cost of leakage management and the present value cost of the water lost 
through leakage. Reducing the leakage below the ELL would cost a water utility more 
than the benefits of the leak reduction. This paper describes research which aims to 
contribute to the reduction of carbon emissions associated with management of water 
leakages in water distribution networks. It adapts an IWA methodology for the 
determination of an Economic Level of Leakage for a water distribution zone with no 
history of active leakage management, the city of Zaragoza in Spain, considering the 
energy externalities associated with the components of water loss management. 

Keywords 
Economic Level Of Leakage; ELL; Energy Externalities; Water Leakage; Sustainable 
Development 

INTRODUCTION 
The water lost in leakages costs money, energy and time. For efficient management a water 
utility must know what is the leakage level that it can recover using the technology and 
workforce available. However not all water utilities are able to calculate this leakage level. This 
paper presents a methodology to calculate this figure and complements it with the inclusion of 
energy externalities in the calculation of the Short Run Economic Level of Leakage.  
 
Water loss management is currently one of the research priorities for the International Water 
Association (IWA). In 2002 was created a Task Force on water loss management. This task force 
developed a model for control of the physical losses in a distribution system, shown in the Figure 
1. 
 
It’s important to stress that there are two components of physical losses in any water distribution 
network: The first one are Unavoidable Annual Real Losses (UARL) composed of small but 
numerous background leakages from pipe joints and fittings that are difficult to detect using 
current technology. The second one are the potentially recoverable real losses with higher 
leakage flows and pipe bursts, which require significant effort and investment on the part of the 
organisation to locate and repair them. The four arrows in Figure 1 represent the four strategies 
that could be adopted to reduce water losses to a minimum.  
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Figure 1: Components of water loss management strategy, as developed by IWA  (Source: Liemberger and 
Farley, 2004) 
In order to minimise overall leakage rates in a distribution network, a water utility needs to carry 
out active leakage management, which is simply described as detection of leakages before they 
appear on the surface, using various technical equipment. Effective active leakage management 
requires high levels of technical and organisational capacities on the part of the water utility. So 
when the water utility mobilizes resources for detection, location and repair of reported leaks 
only, we are talking about passive leakage control. 
 
The second strategy for minimising leakages in pipes and other assets in the distribution network 
is maintaining and replacing them as and when their economic life is reached. Good asset 
management may be accomplished only when life cycles costs are well planned for in the 
financial model, and when the technical team keeps an asset maintenance management 
information system. 
 
The volume of water lost in a leakage is a function of the leak flow rate and the duration of the 
same until is completely repaired. This duration involves a detection time, a localization time 
and a repair time. The longer the time, the bigger the volume of lost water. Therefore another 
strategy for leakage minimization shown in Figure 1 is to repair identified leakages and bursts in 
the shortest time possible, and to ensure that the quality of the repair work is beyond doubt.  
 
Pressure management may be the most cost effective approach to manage real losses, depending 
on the system pressures and topography of the service area. In general terms, the higher the 
system pressure, the higher the leakage flow rate (Lambert, 2001). Furthermore, pressure 
fluctuations play an important role in generating fatigue failures, hence the need to have a water 
supply system with minimised pressure fluctuations.  
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ECONOMIC LEVEL OF LEAKAGE 
The Economic Level of Leakage (ELL) is when the marginal cost of leakage control equals the 
marginal cost of water (from the next resource). At levels below the economic level of leakage 
further reductions in leakage will be more expensive than developing the resource, and so at this 
stage the resource should be developed. There are 2 kinds of ELL: In the case of the Short Run 
ELL, the quantity of at least one input is fixed and the quantities of the other inputs can be 
varied. The ELL for Long Run is for a period of time in which the quantities of all inputs can be 
varied, and other new inputs can be introduced. (Pearson and Trow, 2007). This means that 
approaches like active leakage control and speed and quality of repairs can be affected by 
changes in labour and shall be considered in the short term while pressure management and asset 
management would require an investment decision, and be considered in the long term. The 
approach presented in this paper deals with the Short Run ELL. 
 
The calculation of the ELL requires information about leakage volumes and costs, as Figure 2 
shows.   
 
 

 

Figure 2: Economic Level of Leakage Calculation  
 
To calculate the ELL, the marginal cost of water approach will be used since it compares the 
marginal cost of obtaining additional water from leakage control with the marginal cost of 
obtaining water from developing the next representative resource scheme. If the marginal cost of 
obtaining additional water  from leakage control is less than that for the next resource then it will 
be cost effective to reduce leakage.  
 
A water utility with enough information about the activities and costs can easily plot the curve. 
But under a passive leakage control scheme, the common case is to have only one point of the 
Detection and Repair Cost curve since there is only one value of saved volume and one of cost. 
And even under that condition, the volume of water that will be saved with a certain investment 
is unknown.  
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For that reason, the IWA Water Losses Task Force has developed a simple methodology to 
assess the economic annual volume of real losses from unreported bursts, for a policy of regular 
survey, using only three system-specific parameters. The methodology was first presented by 
Fantozzi & Lambert (2005), then in a more user-friendly format at the Leakage 2005 Conference 
(Lambert & Lalonde, 2005). This last paper also presents application examples of this 
methodology in a Canadian and an Australian water distribution system. 
 
This methodology requires only three system-specific parameters: Cost of Intervention (CI), 
Variable Cost of Lost Water (CV), and Rate of Rise of Unreported Leakage (RR) can be used to 
quickly assess the Short Run ELL for any size of system or sub-system.  
 
The CI  is obtained from the repair and detection logs using the costs of workforce and materials. 
It doesn’t include the cost of repairing the unreported leaks found since there is no active leak 
detection. There can be different CI for different strategies. The units are $, or $/service 
connection, or $/km of mains.  The CV is obtained from the water utility costs database and the 
units are in $/m3. In the case of the RR a water utility might lack the information about night 
flow measurements but can have water balances for several years where there has been no active 
leakage control. The Rate of Rise RR will be: 
 

N
RLN)-(RL1  RR =

 
 
Where RL1 is the annual volume of Real Losses in year 1, RLN is the annual volume of Real 
Losses a number N of years before, obtained from a water balance. If the number of service 
connections or average pressure has changed, RLN shall be adjusted to number of connections 
and pressure in Year 1. (Lambert & Lalonde, 2005).  
 
The second barrier was the absence of a methodology allowing for the influences of pressure 
management on Short Run ELL. Changes in leak flow rates could be modelled using Fixed And 
Variable Area Discharges (FAVAD) concepts, that describe water leakage flow rates as 
proportional and sometimes increase variably with increases in pressure (May, 1994), but no 
method existed for predicting changes in burst frequencies on mains and services, and associated 
cost savings. This deficiency has been remedied through recent developments by the Pressure 
Management Group (Thornton & Lambert, 2006; Thornton & Lambert 2007). 
 
ENERGY EXTERNALITIES 
 
One of the costs of producing water is the amount of energy used during the treatment and 
distribution process. The amount of energy consumed worldwide in water supply is more than 
6552 Petacalories (26 Quads; 1 Quad = 10 ^15 BTU), is roughly equivalent to the amount of 
energy used by Japan and Taiwan together, about a 7% of the total energy consumption. 
(Alliance to Save Energy, 2003).  
 
After the staff costs, the energy consumption is the second most important expense in the water 
utilities. And this might be more critical in developing countries. The consumption of fossil fuels 
and the CO2 emissions associated with the energy generation is other very important variable 
that now is starting to be considered since the energy usage is set to increase in future, as it 
becomes necessary to develop newer and more energy-intensive water sources for growing cities 
and/or to meet higher service quality levels. The efficient use of water and energy can help 
achieve those objectives since the energy consumption, and the associated emissions, can be 
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reduced when treating a lower water volume or improving the distribution conditions. A better 
understanding of these relationships will then be reflected in the total cost of system, 
performance and demand. 
 
The UK regulator OFWAT has been working on the process of including externalities on this 
model of ELL. An externality "…is any positive or negative impact arising from an activity that 
is not normally considered in the decision of the agent (in this case the Water Service Provider) 
undertaking the activity" (OFWAT, 2008). Such impacts impose a cost or benefit to third parties 
but not to the water utility. These externalities are a result of the concept that the positive 
impacts or the avoidance of negative impacts have a value but there is no obvious market price, 
or cost, which reflects third parties' willingness to pay. These externalities include social and 
ecological variables. The current trends in economic theory had allowed the development and 
refinement of methodologies for the evaluation of external costs and benefits. However the 
inclusion of carbon valuation in this field is recent, as a product of including the cost of climate 
change and emissions of greenhouse gases. 
 
The case study for this research is the city of Zaragoza, situated in the central area of the River 
Ebro basin, is the capital of Aragón region in North-eastern Spain. Zaragoza is situated in a 
semi-arid region with an average annual precipitation of 314 mm. The city has been working on 
demand management on the consumer side and have been really successful on the education of 
users. 
 
Zaragoza got involved on a research study that is part of an integrated project funded by the 
European Union (EU). The five-year SWITCH (Sustainable Water management Improves 
Tomorrow’s City Health) project aims at developing efficient and interactive urban water 
systems and services in the city’s geographical and ecological setting, which are robust, flexible 
and responsive to a range of global change pressures. Zaragoza is one of the partner cities for the 
SWITCH project, and is a demonstration city for the research activities under the Demand 
Management work package of the project. The leakage control in the city has been passive since 
the budget of the water utility, which is a public utility, does not allow the creation of an active 
leakage control work crew. 
 
So after the initial analysis of the resulting short run ELL in Zaragoza, the energy associated 
externalities will be included. The resulting model will calculate the ELL for different leakage 
management approaches and allow the review of energy related emissions and their impact on 
the leakage volumes. Also the energy externalities to be studied in this research do not include 
the asset management approach or the social externalities, only the externalities associated with 
leakage control in the water distribution system, from the meter at the exit of the water treatment 
plant to the meter at the service connection. The externalities in the cost of water extraction and 
treatment will be considered using the values in the literature to give a total economic cost of the 
water. 
 
The seasonality of the energy consumption is an important variable in this study. Right now we 
are able to quantify a great part of the energy consumption in the different approaches for 
leakage management but we need data that covers a longer period of time. That is the most 
important variable in this study since the energy consumption has a seasonality factor. Also we 
need to consider the different alternatives in the market for some of the tools used by the water 
utility in the leak management process to access the change in consumption and the impact in 
leak management of this new tools. 
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APPLICATION 
 
The model developed in this research will allow the calculation of the Short Run ELL in water 
utilities who currently do not use active leakage control, such as in developing countries and will 
allow the calculation of the energy externalities associated with the leakage control approaches 
used by the water utilities. 

MATERIAL & METHODS 

ELL Calculation 
The calculation of an ELL requires that for each relevant part of the infrastructure, such as mains 
and service connections, the background leakage, the reported leaks, the Mains and Reservoirs 
leaks and the unreported leaks need to be assessed. In the UK, it is assumed that there are 
continuous night flows for the different sectors in the network. They usually also require data on 
the average number and types of reported and unreported leaks and bursts that occur, on average, 
each year, under normal conditions, when the number of new bursts occurring equals the number 
of bursts repaired. As most Utilities internationally undertake little or no active leakage control, 
this information is rarely available.  
 
Methods of locating leaks range from simple (listening on hydrants) to complex (noise loggers 
and night flow measurements), and have different costs. In general, the more expensive the 
method the higher the CI and CI/CV ratio, leading to less frequent intervention and higher 
Economic Unreported Real Losses the higher the efficiency of detection, and the lower the 
Undetected Background Leakage (if all detected unreported leaks are repaired). 
 
With the economic intervention concept, the three components of Short Run ELL can be quickly 
calculated, for a policy of regular survey, at current operating pressure. In the case of the 
Unreported Real Losses, they depend on the leakage control strategy used by the water utility. 
According to the method of active leakage control, the water utility will calculate a cost for the 
“whole system” intervention that will exclude the cost of repairs (Lambert, 2005).  
 
Since most of the repair costs are in excavation costs, and it is difficult to know this cost until the 
repair has taken place, considering that under an active leakage detection policy, all leaks would 
eventually become reported, then the repair costs are assumed as unimportant (Morisson, 2007). 
 
The RR, calculated using the information of two water balances during two different years, 
allows the calculation of an Economic Intervention Frequency than will be related with the 
Assumed Variable Cost of Water (VC) to determine the Economic Unreported Real Losses 
volume. 
 
The Trunk Mains and Service Reservoir Leakage depend on the age of trunk mains and on the 
allowances for real losses in trunks and reservoirs set by the water utility. The Reported Burst 
Volume in Distribution Mains and Service Connections depend on the number of events and the 
repair times. 
 
To estimate the Background Leakage, we will apply the Burst and Background Estimate (BABE) 
methodology (Lambert, 1994). This methodology distinguishes between leakage burst events, 
which exceed some defined threshold flow rate (500 l/h at 50 m pressure in the UK) and can be 
managed using policy and technology approaches, from the background leakage, which has a 
lower flow rate and are a function of the condition of the network infrastructure. It is described 
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with more detail in the Report C of the UKWir “Managing Leakage” series of reports 
UKWIR/WRc (1994). 
 
The BABE data requires a value for the Infrastructure Condition Factor (ICF). This value can 
have a value from 0.5, that means the infrastructure is in good condition, to 2.0, that means the 
water tightness in the pipes is very poor. Considering that the estimation of background losses 
require data from the average zone night pressure, and that data is currently unavailable just like 
the ICF value, the recommendation (Farley, 2001) is to assume an average condition for the 
pipes (ICF = 1.0) to be sure that the background losses are underestimated and consequently the 
recoverable losses are overestimated. Using a higher ICF can result in overestimation of the 
background losses which will cause an underestimation of the true excess loss reduction 
potential.  
 
The obtained data, combined with the use of the BABE methodology will be used initially for 
the calculation of the ELL in the test sector. This is illustrated in Table 1 .  

TABLE 1: Description of calculation of ELL 
Item Unreported Annual 

Real Losses  
Reported Losses + 
Technical Losses  Real Losses  

Cost of 
Water 
Losses  

Survey cost  Total cost  

Units 
(m3x1000/year) (m3x1000/year) (m3x1000/year) (1000£) (1000£) (1000£) 

Description The Unreported 
Annual Real 
Losses are 
calculated using 
the RR and the 
length of mains 
during the amount 
of time the analysis 
is done. 

Mains and Service 
Reservoir Leakage + 
Reported Burst 
Volume in Distribution 
Mains and Service 
Connections  + 
Estimated 
Background Leakage 
if ICF = 1 

Unreported 
Annual Real 
Losses +  
Reported 
Losses + 
Technical 
Losses  

Real 
Losses  x 
VC 
 

Annual 
Budget for 
Interventions 
X Economic 
Unreported 
Real Losses/ 
Unreported 
Annual Real 
Losses 
 

Cost of 
Water 
Losses +  
Cost of one 
'whole 
system' 
intervention
(Excluding 
cost of 
repairs) 

 
Applying an approach of budget distribution during the time of analysis of the ELL, the 
Detection and Repair curve illustrated in Figure 2 can be traced using the following criteria: 
 

• Detection and Repair Costs curve is Real Losses Vs Survey Cost 

• Water Cost line is Real Losses Vs Cost of Water Losses 

• Total Cost curve is Real Losses Vs Total Cost 
 
After obtaining the Detection and Repair curve, relationships between leakage and costs can be 
inferred. By calculating the average duration of detectable leaks considering Awareness, 
Location and Repair times for the pressure management, active leak detection and leak repair, 
these concepts can be used to model any utility policy, increasing or decreasing the detection 
effort with its consequent effect on the time for leaks to be located and repaired.  This model will 
analyze separately each of the approaches such as the introduction of an active leakage detection 
crew or the implementation of new detection and repair crews.  
 
The results from the analysis will be processed as relationships between leakage control 
activities and leakage cost. The establishment of current and future supply demand balance and 
alternative investments will be defined according with the plans that the government from 
Zaragoza have. 
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This approach can be used to investigate how the SRELL is influenced by the interaction 
between cost and efficiency of different intervention methods, and the undetected and unrepaired 
leakage that remains after an intervention.   

Data Collection Protocol 
The first step in the data collection process is to establish the boundaries of the collection. In this 
case only the current protocols in use by the water utility for detection, repair and pressure 
management will be considered. The consideration of alternatives for this protocols will be one 
of the uses of the ELL model that is going to be developed under this research and will use data 
and considerations from successful applications in other cases, that will be obtained from the 
technical literature.  
 
The water utility will provide the data, using a format that will be filled out every time a 
detection, repair, asset  or pressure management action is carried out. The data will include the 
different aspects that include energy consumption and emissions such as fuel and electricity 
consumption. The data collection time using the format will be 6 months and it started in 
December 2009. The historical data available about leakage repair starts at 1995.  
 
The data collected in the format will be compared with the repair and fuel consumption 
information in the pipe replacement and repair and pressure management logbooks to guarantee 
an appropriate level of confidence in the data. Also the logbooks will provide information about 
the working crew used in the different leakage control approaches used.  
 
These data will be used for a first estimate of the ELL, which will be refined by looking at 
energy cost issues in more detail, including the savings in energy consumption through reducing 
leakage. This will show how the ELL may vary, depending on the financial cost of energy, and 
this analysis can be taken further to consider social and environmental externalities, e.g. the 
economic cost of carbon.   

Data analysis 
After achieving the ELL, it is necessary to include the energy externalities. In this research we’ll 
focus in the following items : 
 

• Fuel used in active leak detection, leak repair and pressure management. 

• Electricity used in active leak detection, leak repair, pressure management 
 
The analysis of the obtained data will be focused on obtaining a relationship between the fuel 
and electricity consumption and the detection and repair time of the leaks and between the fuel 
and electricity consumption and the volume of water lost. In this way, we can predict the amount 
of emissions related to a time and volume. 
 
Later the model will require the input of a combination of leakage control strategies, specified by 
the user, with the same time frame or with different time frames. For example comparing the 
effects of having a single standard leakage control crew versus the use of two or more. 
Considering the historical data provided, it will calculate the volume of water saved by the 
strategy and the cost of that saved leakage, the cost of the implementation and the amount of 
emissions associated with each strategy.  From the amount of emissions, the model will calculate 
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a cost of the energy externalities, applying the concept of Shadow Price of carbon, and 
complement the ELL with that cost. 

RESULTS AND DISCUSSION 
The ELL is definitely a really useful tool for a water utility since it allows to justify investments 
and priorities for leakage control strategies, specially when the financial resources are very low 
or just can’t keep with the grow rate of the cities. This is something that a water utility in a 
developing country can apply but this research has showed how information intensive is the 
calculation of the ELL. The use of a simplified model allows a water utility, with a passive 
approach to leakage control, to obtain an ELL that will need to be improved but is a good 
starting point. 
 
The externalities impact on the ELL might seem unimportant when compared with variables 
such water cost. However this opinion needs to be supported by data and the worldwide trend on 
accounting and controlling emissions shows the need for guidelines on which energy costs and 
consumptions values have to be included in the ELL calculation. 

CONCLUSIONS 
The model developed in this research will allow the calculation of the Short Run ELL in water 
utilities without active leakage control, such as in developing countries and will allow the 
calculation of the energy externalities associated with the leakage control approaches used by the 
water utilities. 

REFERENCES 
• Alliance to Save Energy (2003). Watergy: Agua y Energía: Aprovechando las oportunidades de 

eficiencia de agua y energía aún no exploradas en los sistemas municipales de agua, accessed at 
http://www.watergy.org/resources/publications/watergy_spanish.pdf 

• Arbués, F. Barberán, R. and Villanúa, I. (2004) Price impact on urban residential water demand: a 
dynamic panel data approach, Water Resources Research, 40(11), W11402, 
doi:10.1029/2004WR003092. 

• Arbués, F. and Villanúa, I. (2006) Potential for pricing policies in water resource management: 
estimation of urban residential water demand in Zaragoza, Spain, Urban Studies, 43(13), 2421-
2442. 

• Farley, M. (2001) Leakage management and control – A Best Practice Training Manual. World 
Health Organization, Geneva, Switzerland 

• Lambert, A. (1994) Accounting for losses: The bursts and background concept. J. CIWEM, 
8(April), 205-214. 

• Lambert, A. 2001. What Do We Know About Pressure / Leakage Relationships in Distribution 
Systems?. Proceedings IWA Specialised Conference: System Approach to Leakage Control and 
Water Distribution Systems Management, Brno, Czech Republic, Mayo 2001. June 2000, pp. 
131-139 

• Lambert, A. & Fantozzi, M. (2005) “Recent Advances in Calculating Economic Intervention 
Frequency for Active Leakage Control and Implications for Calculation of Economic Leakage 
Levels” IWA International Conference on Water Economics, Statistics and Finance, Rethymno, 
Greece, 8-10, July 2005. 

• Lambert, A. And Lalonde, A. (2005a) Using practical predictions of Economic Intervention 
Frequency to calculate Short-run Economic Leakage Level, with or without Pressure 
Management. IWA Leakage2005 Conference, Halifax, Canada 

http://www.watergy.org/resources/publications/watergy_spanish.pdf�


WWW-YES-2010 proceedings (draft version) 

152 / 171 

• Liemberger, R. and Farley, M. (2004) Developing a non-revenue water reduction strategy, paper 
presented at the International Water Demand Management Conference, May 30- 3 June 2004,  
Dead Sea, Jordan, accessed at 
http://www.wdm2004.org/new_web/technical_session/files/roland_liemberger.pdf 

• May, J. (1994) Pressure dependent leakage. World Water and Environmental Engineering 
Management, October. 

• Morisson, J. , Tooms, J, Rogers. D (2007) DMA management Guidance Notes, IWA Water Loss 
Task Force 

• OFWAT. (2008) Providing best practice guidance on the inclusion of externalities in the ELL 
calculation main report. Accessed at 
http://www.ofwat.gov.uk/pricereview/pap_pos_pr09supdempolapp2-1.pdf 

• Pearson, D and Trow S.W (2007). Calculating Economic Levels of Leakage. Accessed at  
http://waterloss2007.com/Leakage2005.com/pdf/Calculating%20Economic%20Levels%20of%20
Leakage.pdf 

• Pilcher, R (2003). Leak detection practices and techniques: a practical approach. Accessed at 
http://www.iwapublishing.com/pdf/ACF1B18.pdf 

• Thornton, J and Lambert A (2006): Managing pressures to reduce new break frequencies, and 
improve infrastructure management. Water 21, December 2006. 

• Thornton, J and Lambert A (2007): Pressure Management extends infrastructure life and reduces 
unnecessary energy costs. IWA Conference 'Water Loss 2007', Bucharest, September 2007. 

• UKWIR/WRc (1994) Managing leakage (Report C): Setting economic leakage targets. UK Water 
Industry Research. Water Research. Water Research Centre, Water Services Association, Water 
Companies Association, ISBN 1 898920 08 7 

 

http://www.wdm2004.org/new_web/technical_session/files/roland_liemberger.pdf�
http://waterloss2007.com/Leakage2005.com/pdf/Calculating Economic Levels of Leakage.pdf�
http://waterloss2007.com/Leakage2005.com/pdf/Calculating Economic Levels of Leakage.pdf�


10th World Wide Workshop for Young Environmental Scientists WWW-YES-2010  
Urban waters: resource or risks? Arcueil, France (31 May – 4 June 2010) 

153 / 171 

15 Climate change versus urban drinking water 
supply and management: a case analysis on the 
coastal towns of Bangladesh 

Shafi Noor ISLAM and A. GNAUCK 

* Dept. of Ecosystems and Environmental Informatics, Brandenburg University of 
Technology at Cottbus, P.O. Box. 101344, D-03013 Cottbus, GERMANY 
(E-mail: shafinoor@yahoo.com; ishafin@yahoo.com) 

Abstract 
Clean urban drinking water supply is now a crucial problem; about 8.2 million people 
live in the coastal urban areas in Bangladesh. The global warming and climate change is a 
new threat for the urban secure drinking water supply. Sea Level Rise and vulnerability 
of drinking water in the coastal areas is getting degrade due to high salinity intrusion and 
arsenic contamination in 102 towns, that have been affected by various degrees of salinity 
intrusion. Salinity and arsenic contamination in surface and ground water in the coastal 
region has created severe negative impacts and degraded drinking water quality. Global 
climate change impact is a new threat for the coastal urban inhabitants. The impacts with 
1.5 m SLR about 15% of the population will be affected and displaced. Therefore climate 
awareness and applied research should be initiated to change the attitude of the people. 
The objective of this paper is to understand the impacts of climate change on urban 
drinking water management in small towns. GIS application would be the appropriate 
tool for decision making and comprehensive management plan for coastal region. 

Keywords  
Global climate; urban drinking water; salinity; coastal towns; management. 

INTRODUCTION 
Clean urban drinking water supply is now a global problem, and most of the countries are 
suffering in urban drinking water supply and management (Gleick, 1998 ; Biswas, 2000). The 
most basic human needs is safe  water  in supporting of life through drinking (Biswas, 2000). 
Coastal urban water pollution is a serious problem in the ganges delta region. The urban 
effluents contain different types of contamination like salinity (NaCl) intrusion and Arsenic (AS) 
contamination, chemical and metal contamination by industrial effluents that include Cd, Cu, Pb 
and Zink etc (Anu, 2007).The urban water management is critical for the proper operation within 
the natural environmental system and critical to support of the human society. The climatic 
change and scarcity of upstream fresh water supply and increasing of salinity is one of the 
significant and widespread forms of surface and groundwater pollution (Wescoat, 2003). It is 
caused by the effects of irrigated agriculture, upstream water withdrawal and salt intrusion is 
common in coastal region of the Ganges delta in Bangladesh. The coastal region and the towns 
are very important for Bangladesh. About 34.8 million people live in the coastal zone and 8.2 
million people live in coastal urban areas (UN-ESCAP, 1988 ; Islam, 2001). The urban 
population in Bangladesh grew annually by 6.2% of total coastal population this has been much 
higher than the national population growth. In 8 coastal districts less than 5% urban people use 
tap water for drinking other sources of drinking  water are 2% from well, 61% from tube well 
and 33 % from pond. The global warming and climate change is a new threat for the urban 
secure drinking water supply and management in the coastal towns of Bangladesh (Islam, 2007 ; 
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Islam, 2001). Global warming and sea level rise and vulnerability of quality of drinking water in 
the coastal areas is getting degrade due to high salinity intrusion and water pollution. The 
preliminary results of the study shows that water quality has degraded in dry season (February-
June) in the coastal rivers where 60% water is poor quality where EC dS/m is 55 and 40% is 
good quality and EC dS/m is 27. It is also threat for coastal ecosystems which is a new additional 
factor determines the long term management strategy for urban water management in the coastal 
region of Bangladesh. Coastal urban area both surface and groundwater have become unfit for 
human consumption. In the consequences about 0.170 million hectares (20.4%) of new land, and 
almost 17 small towns out of 102 have been affected  severely  by various degrees of salinity 
during the last three decades. The saline front defined by 6 ds/m isohaline has penetrated up to 
220 km north from the coast. The salinity has exceeded the recommended level 2 dS/m for 
potable water; it is a critical time to supply fresh drinking water to the coastal urban towns in 
Bangladesh. On the other hand a predicted sea level rise (SLR), accelerated by global warming 
will cause a further ‘Squeezing’ of the natural tidal land. In Bangladesh case it has been 
projected by IPCC and MoEF that 3 mm/ year sea level rise which will occurs before 2030 and 
2,500 km²coastal land (2%) will be inundated and affected by coastal salie water. 
        Besides these more urban environnemental problems will arise in the coastal region such as; 
water pollution and scarcity, soil degradation, urban solid and hazardous wastes, loss of urban 
bio-diversity which will create food insecurity and would  harmful  for urban human habitation. 
In such situation it will further create an unstable urban ecology in the coastal region. The lack of 
knowledge, awareness and seriousness of the immense problems that are facing the country in 
the immediate future of coastal urban towns is most striking. Therefore climate awareness 
education and applied training and research should be initiated in order to change the attitude of 
the people and the government. It is necessary and emergence to develop technically feasible, 
low cost, locally available affordable and appropriate devices to live with saline water related 
costal urban extremes. The paper has been prepared based on primary and secondary data 
sources. The findings are the preliminary results of the study. The objective of this paper is to 
understand the global climate change impacts on environment of coastal towns, urban water 
supply and human habitation. GIS application to visualize and analyze of environmental data 
that could be the appropriate tool for making a long-term planning for the urban drinking water 
supply to the coastal towns and the management of urban ecology in Bangladesh. 
 
GOGRAPHICAL LOCATION AND PHYSICAL CHARACTERISTICS 
 

Bangladesh is situated in the Ganges-Brahmaputra-Meghna River catchments. The coastal region 
of Bangladesh is located in the south of the country. The coastal length is 710 km and the coastal 
area comprises 36,500 km² with a population of 35 million and coastal urban population is 8.2 
million (BBS, 1999). There are 3 metropolitan cities, 11 medium size district towns and 88 small 
coastal towns are located in the coastal region (Figure 1). The small towns are located under the 
administrative zone of the following district territory such as Satkhira, Khulna, Bagerhat, 
Pirojpur, Jhalokati, Barguna, Patuakhali, Barisal, Bhola, Lakshmipur, Noakhali, Feni, Chittagong 
and Cox’s Bazar (Figure 1). The coastline of the Ganges delta extends from the month of mouth 
of Hoogly-Bhagirathi River in the west to the mouth of the Padma-Meghna River in the east 
(Figure 1) (Islam, 2008). The coastal area of the delta is confined roughly in an area between 
longitudes 80° 0´ E to 91° 0´E and 21° 30´N to 22° 30´N latitude. The coastal area of 
Bangladesh is deltaic active and hydrologically dynamics. The coastal areas of Bangladesh have 
been defined and categorized by Coastal Area Resource Development and Management 
Association (CARDMA) in three different types of coastal regions on the basis of physiographic 
characteristics. These three divisions are: The Eastern Region, The Central Region and The 
Western Region. The eastern coastline extending from the Big Feni River to Badar Makam along 
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Chittagong is regular and unbroken and protected along the sea by mud flats and submerged 
sands. The Cox’s Bazar sand beach about 145 km long is part of this coastline.  
The central region runs east from the Tetulia River to the big Feni River estuary and including 
the mouth of the combind flows of the Ganges-Brahmaputra-Meghna Rivers. This is why this 
region is characterized by heavy sediment input, formation of new chars and river bank erosion 
and accretion. The western region covers the coastline westward from the Tetulia River to the 
international boundary located at the Hariabhanga River (Figure 1). This region is mostly 
covered with dense mangrove forests with reduce the River bank erosion. The rivers of the 
region are mostly stable; land accretion does not occur massively (Jalal, 1992). 

 
Figure 1 The costal area and small towns location in the coastal area of Bangladesh 
 
These three categories are defined three types of divisions based on the physiographic and 
ecological characteristics such as;  
Pacific Type: The eastern region of Chittagong specially a narrow strip with a long sandy beach 
in Cox’s Bazar, known as Eastern Region. This eastern region has Pacific characteristics (Figure 
1). 
Atlantic Type: The western region is known as Atlantic type coastal region in Bangladesh. The 
Sundarbans is largely covered by mangrove forests. This coast is more stable than other part of 
the coastal region; its character is like the Atlantic characteristics (Figure 1).  
Central Region:  The Ganges-Brahmaputra-Meghna (GBM) River systems fall into the Bay of 
Bengal through the Meghna estuary. The Meghna estuary is located in the central region of the 
coastal Bangladesh. The central region is more unstable and most vulnerable. Coastal char 
formation, river erosion and accretions are the regular activities and character of region (Figure 
1). The GBM system is discharged through the low-lying area of the central coastline, heavy 
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sediment at inputs from the rivers result in a morphologically dynamics coastal zone. The central 
region has deltaic characteristics. 

MATERIAL & METHODS 
This interdisciplinary study has been carried out based on primary and secondary data sources. 
Data was collected from 17 small coastal towns (Matbaria, Patharghata, Kalapara, Galachipa, 
Munchiganj, Kaliganj, Ashasuni, Koyra, Paikghacha, Botiaghata, Dumuria, Rupsha, Morelganj, 
Mongla port, Satkhira, Khulna and Bagerhat) and 3 medium sized towns (Satkhira and Bagerhat 
and Barguna district Towns) in the coastal region of southern Bangladesh in 2003 and 2008 and 
the samples were collected from the Soil Resource Development Institute (SRDI, 2000) 
laboratory in Dhaka. In addition to a time series data on surface water were collected from two 
Sundarbans rivers (Munchiganj–River and Passur-Mongla River). All data has been 
reconstructed and developed for computer base analysis and visualization. Data were collected 
during the dry month and wet month when the salinity rate is increased in the high rate. The 
missing data were manipulated within the EXCEL interpretation. The preliminary study results 
have been showed in this paper. It has planned to continue this research as Post Doctoral 
research project. The next step of research will carry out on primary data sources. The following 
data collection methods will be followed; data collection from all the coastal secondary towns 
will be collected from town surveys. Present tidal inundation and floods measurement will be 
done on satellite imagery analysis. 6 workshops will be arranged at the coastal towns in 6 
location for shareholders opinion and participation where approximately (1500 people) will 
participate. A summer school will be arrange where young scholars, PhD and master students 
will participate those are working on urban water related issues. A social vulnerability survey 
will be arranged on coastal urban towns (50 towns) in Bangladesh.  Some special software will 
be used for this research such as ArcGIS 9.2, SPSS, EVIEW, VENSIM, and MATLAB software 
for data analysis, visualization and modelling purpose. 

RESULTS AND DISCUSSION 
The impacts of climate change in any given region depend on the specific climatic changes that 
occur in that region. This is because local climatic changes can differ substantially from the 
global average climatic change (Harvey, 2000). A consideration of climatic change at the 
regional level would therefore appear to be mandatory in the development of both national-scale 
and global-scale policy responses to the prospect of global warming. Indeed, this imperative has 
been driving the effort to develop better predictions of climatic change at the regional level 
(Harvey, 2000). The theory behind climate change impacts are illustrated in figure 2 below. 
Anthropogenic factors impact the environment and influenced on urban water (Harvey, 2000). 
There is scientific consensus that natural and human activities are beyond reasonable doubt the 
main explanation for the current rapid changes in the world's climate (Harvey, 2000; Drake, 
2000). The concentration of atmospheric Co2 in 1750 was 280 ppm, and increased to 379 ppm in 
2005, representing a whopping increase of 100 ppm in 250 years (IPCC, 2007). The IPCC 
projected that the estimate of total SLR of 49cm, with a possible range of 20 cm for 21st century 
(IPCC, 2007). This poses problems especially for people and infrastructure on coasal areas and 
low lying areas of the world. For example, the cyclone-vulnerable and tidal wave attacts on 
offshore of coastal Bangladesh could be devastated with terrible consequences for all people of 
the urban towns of the country (IPCC, 2007; Thomas, 2006). The ratio of soil and organic matter 
production to decomposition is lost through water and wind erosion (IPCC, 2007), which is one 
of the main factors that adversely affect on ecology and it is the root cause of urban  water 
damage, and urban health risk  which is reducing of social welfare of urban population (Figure 2) 
(Harvey, 2000). Climate change leads to floods, salinity intrusion and erosion. These three 
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factors may cause damage to urban surface and ground water quality and urban ecology (Figure 
2) (Hidayati, 2000). Climate change results in fluctuation of temperatures, which may affect the 
ecology and  urban agro production. Besides SLR and temperature change, there are some other 
factors that influence surface water and urban ecology (Figure 2). Owing to lack of these 
opportunities, the urban drinking water quality is falling in developing countries specially, the 
low lying countries like Bangladesh (IPCC, 2007) resulting in urban health insecurity (Figure 2).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 2 Flow chart of climate change impacts and urban water quality damage  
 
The poorest countries are those with predominantly agricultural based economies with the 
poorest people living mainly in the rural areas and small towns (Ahmed, 2001; Ahmed, 1999), as 
evident in Bangladesh. Food security and drinking water appears to be of primary concern and  
threatened by thermal and water stresses, SLR, increased flooding, and strong winds (Naylor et 
al., 1997). Health vulnerability is a function of the character, magnitude, and rate of climate 
variation to which a system is exposed, its sensitivity, and its adaptive capacity (Mohan et al., 
2005). Figure 2 (above) illustrates the theory behind this study and is within the theoretical 
concept of climate change and its impacts that is creating urban social vulnerability and health 
risk and threats to urban ecology. 
The table 1 shows the severely affected coastal towns in southern Bangladesh. There are 17 
relatively in high risk towns are located in the coastal region and the surface and ground water is 
affected due to high salinity penetration in the upstream area and arsenic contamination in 
ground water. The Farakka Barrage  construction in India on the Ganges river in 1975 is one of 
the obstrucle of fresh water supply to the coastal region in Bangladesh. On the other hand global 
climate change impacts as results sea saline water penetrating due to capillary upward 
movement. The sea water increased upto 240 km from the coast. The river water salinity 6 dS/m 
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has penetrated upto 171 km north from the coast. It is also affecting the urban drinking 
water.The recommended measures of salinity for potable water is 2 dS/m (Islam, 2007). 
 
Table 1. The coastal town’s area affected by salinity and the population size 

                          
 

Name of Towns Jan Feb Mar Apr May     Jun Jul Aug Sep Oct Nov Dec 
Barguna * 3.1 4.2 21.1 20.1 22.3 5.8 3.1 1.9 1.5 1.1 0.7 0.6 
Mathbaria 4.3 4.6 21.3 21.4 23.2 7.1 3.1 2.0 1.8 1.2 0.9 0.8 
Patharghata 5.1 4.1 22.3 26.6 22.4    6.7  3.1 2.1 2.0 1.0 1.0 0.6 
Kalapara 5.2 4.6 20.2 23.2 21.2 7.1 3.1 2.1 2.0 1.2 1.0 0.8 
Galachipa 5.5 4.3 24.3 25.2 20.3 6.2 3.2 2.1 2.0 1.6 1.2 1.0 
Munchiganj  5 17 28 52 50 29 12 10 9 6 4 2 
Kaliganj 5.9 9.3 14.9 22.1 28.2 12.3 1.6 2.2 3.6 3 5.5 6.4 
Ashasuni 1.8 7.8 18.6 17 31.6 8.6 1.5 2.2 5.2 4.9 6.1 1.2 
Sathkhira * 1.6 5.8      10 17 29.8 1.2 0.5 0.5 0.4 0.5 1.1 3.2 
Koyra 1 1.3 6.4 18.5 18.8 3.3 0.6 0.4 0.5 0.5 0.4 0.5 
Paikgacha 2.7 7.3 26.3 27.8 45.7 14 11.7 2.2 1.4 3.8 3.5 3.1 
Botiaghata 4.1 6.6 16.3 16.6 29 0.5 0.5 0.3 0.3 0.4 0.4 0.5 
Dumuria 1.2 4.2 8.6 18.2 27 1.4 0.6 0.5 0.4 0.9 0.9 1 
Rupsha 1.6 3.6 13.7 18.1 20.3 3.8 0.3 0.2 0.3 0.3 0.3 1 
Morelganj 4.5 3.3 11.1 9 18.3 4.3 1.8 1.1 0.8 1 0.9 1.3 
Mongla-Port 7.6 9.4 19.1 19.5 24.9 11.2 6.3 2.8 0.5 0.5 0.5 1.7 
Bagerhat * 1.9 5.4 10.2 17.7 17 4.2 2 1.1 0.8 1.5 1.3 1.7 

 
In table 2 shows the urban surface water salinity trends in 17 coastal towns in the coastal 
Bangladesh. The study found that surface and gound water water salinity is raised higher than 20 
dS/m in 2009 in 17 coastal towns in the dry season (March - May). This rate is a strong threat for 
human health and risk for normal agricultural production. The figure 3 shows the monthly water 
salinity intrusion in the coastal towns in Bangladesh. Almost 50 coastal towns out of 102 are 

Name of towns City area km² Salinity affected  
area % 

 Population  

1.  Barguna * 15.57 46 26,484 
2.  Mathbaria 15.92 65 16,573 
3.  Patharhgata 18.31 68 13,060 
4.  Galachipa 9.60 72 17,547 
5.  Kalapara 19.49 74 16,330 
6.  Munchiganj   2.10   88   5,225 
7.  Kaliganj   7.96   77 13,518 
8.  Ashasuni   6.81   85   7,611 
9.  Sathkhira * 27.84   45 86,372 
10. Koyra 10.06   81   8,636 
11. Paikgacha   2.12   81 13,656 
12. Botiaghata   8.30   69   6,224 
13. Dumuria   6.93   68 14,189 
14. Rupsha   2.30   45   5,600 
15. Morelganj  15.36  65 22,136 
16. Mongla-Port  17.79  78 60,561 
17. Bagerhat *    7.53  56 51,504 
        (* Medium size towns according to administration and population) 
 
Table 2. Surface water salinity in ECW (dS/m) in 17 coastal towns in 
Bangladesh 
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severely affected by high salinity intrusion due to shrimp cultivation, upstream fresh water 
shortage and climate change impacts. Urban drinking water supply is a challenging issue for the 
3 metropolitan cities are located in the coastal region such as Chittagong, Barisal and Khulna 
(Figure 1). Figure 3 shows that the salinity intrusion trend is higher in the dry season (March –
June).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Monthly salinity intrusions in potential towns in the coastal region 
 
The most portion of the land area of these 17 towns are affected by salinity intrusion (table 1) 
including Barguna (46%), Mathbaria (65%), Pathorghata (68%), Galachipa (72%), Kalapara 
(74%), Munchiganj (88%), Kaliganj (77%), Ashasuni (85%), Sathkhira (45%), Paikgacha (81%), 
Botiaghata (69%),Dumuria (68%), Rupsha (45%) and Mongla-port  towns (78 % land area is 
affected). Accordingly 75% land area of Sathkhira district, 66 % land area of Bagerhat district, 
32 % land area of Khulna district and 72% of land area of Barguna disctrict are affected by 
salinity intrusion which is threat for drinking water supply to the urban citizen (Islam, 2007).  

CLIMATE CHANGE IMPACTS AND FUTURE OF COASTAL TOWNS 
In world, most of the coastal towns are vulnerable and threatened by sea level rise and are 
densely populated areas. Bangladesh is one of the most vulnerable to sea level rise, as nearly 
80% of its area consists of low-lying delta (Whyte, 1995). The Ganges delta in Bangladesh 
(80,000 km²) is one the vulnerable deltas in the world and having more than 1,000 people per 
km², with settlements occupying above 40 % of the landscape (Brammer, 1996). It is important 
to appreciate that the main threat from rising sea levels in such areas is not the direct effects of 
gradual upward creeping of the sea level, but the livelihood of the urban coastal people is more 
frequently and possibly the most severe problem (Doody, 2000). This is because of flooding 
episodes associated with storm surges on top of higher sea levels. Storm surges in the Bay of 
Bengal can rise 9 m above the normal level (Figure 4). During one storm surge in 1970 over 
300,000 people died in the coastal towns and rural areas (Ali, 1999). There have already been 
several disastrous floods with massive losses of life in recent years, associated with storm surges 
cased by tropical cyclones; in 1985, 1987, 1988 and 1991  (Whyte, 1995). The 1991 cyclone 
killed at 125,000 people (Whyte, 1995), and the 2007 CIDR destroyed mangrove resources and 
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almost 20,000 people were killed in the coastal zone of Bangladesh. Therefore climate change 
and sea level rise are expected to change the flooding and drought patterns in the Bangladesh 
coastal zone. This increased intrusion of saltwater can probably have a strong effect on the 
availability of usable urban drinking water and soil for all kind of human activities (Farouq, 
1996). A predicted sea level rise, accelerated by global warming will cause a further ‘Squeezing’ 
of the natural tidal land (IPCC, 2007). In Bangladesh case it has been projected by IPCC (2007) 
and MoEF that 3 mm / year sea level rise will occurs before the year 2030 and 2,500 km² land (2 
%) will be inundated (Figure 4). About 20% of the net cultivable area of Bangladesh is located in 
the coastal zones and offshore island (Rahman, 2001). In these areas soils are affected by 
different degrees of salinity. For instance, about 203,000 hectare very slightly, 492,000 hectare 
slightly, 461,000 hectare moderately and 490,200 hectare strongly salt affected soils are assessed 
in southwestern part of the coastal area (Figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Climate change impacts and estimated affected coastal zone in Bangladesh 
 
It has been predicted that with about 1.5 meter SLR, about 17 million (15 %) of the population 
will be affected. This mean that the urban and rural coastal people will have be displaced or go 
homeless, whereas 22,000 km² (16 %) land will permanently be inundated (IPCC, 2007). In 
addition, other problems will arise in the coastal belt, which are mainly environmental problems 
(such as  water pollution and scarcity, soil degradation, deforestation, urban solid and hazardous 
waste discharge and loss of urban bio-diversity) and low coastal crop production. These 
problems could be detrimental to human livelihood and could be severe health risk (Mohan et al., 
2005). The map (Figure 4) shows the location of coastal zones in Bangladesh that are affected by 
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climate change and SLR impacts. Also, it shows areas of future environmental impact that have 
been projected by IPCC (2007). Figure 4 shows the three broad regions of Bangladesh with 
different potential geographical boundaries with colors such as: 10 Fathom offshore limit line, 
the tidal limit line, salinity line, high land area, coastal areas, swatch of no ground and location 
of case areas. The coastal region in Bangladesh is more vulnerable area where 102 coastal towns 
are located and more than 35 million people are settled down and all are facing problem to 
receive safe drinking water. The reduction of upstream fresh water in the Ganges river basin has 
created environmental problem in the downstream and coastal urban areas of southern 
Bangladesh. In the coastal region 17 small towns are severely affected by high salinity intrusion 
in drinking water. Beside this the climate change impact has added as additional negative impact 
for the urban stakeholders.  

CONCLUSIONS 
The global climate change and environmental problems are both local and global in nature and 
have to be tackled collectively by the community participation within the intergovernmental 
framework and cordial cooperation. As a difficult to segregate ecological sensitive areas such as 
the southern coastal region of Bangladesh where 8.2 million coastal people are living and they 
will have to face at least 10 natural calamities every year, in addition climate change impact has 
added as additional threat to the coastal urban communities. The study finding shows the urban 
water salinity has crossed the potable drinking water threshold line (2 dS/m) in 17 cosatal towns. 
Some towns such as Satkhira Khulna  and Bagerhat are affected by arsenic (AS) contamination 
in ground water. In such situation upstream fresh water supply and coastal urban drinking water 
quality improvement and management to protective measures have to be undertaken within the 
framework of national urban water supply and management planning. The community 
participation, awareness eduation, applied research and training programme should be included 
in the national urban water development programme. 
The following points are  strongly  recommended for implementation in the coastal urban region 
in Bangladesh for better management ; 

• Increase public awareness concerning environmental training and education, particularly 
related to the importance of the sustainable use of coastal urban drinking water and other 
natural resources.  

• Provide information to the coastal communities concerning  potable drinking water and 
natural resources collection, properly uses for long-term protection measures. 

• Ensure community involvement in maintaining and protecting of coastal urban drinking 
water  quality  and other  coastal resource development and management. 

• Technology transfer to the local community for sustainable use of urban drinking water 
resources and desalination measures.  

• Mangrove wetlands biodiversity maintenance in the coastal region; mangrove ecosystems 
functions and services should maintenance  and reduce the high salinity intrusion from 
the coastal region for the better interest of coastal communities. 

• It is important to identify and describe the good practices in coastal drinking water 
resources management within the local government, communities and stakeholders 
partnership. 

• Needs to continue environmental discourse and dialogues for understanding the 
importance and inevitability of coastal urban drinking water resources and its appropriate 
use in sustainable manner. Different professionals and users participation is prospective 
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for making integration for management. 

• To develop and trained up capacity building of the local community groups, local 
government, stakeholders, NGOs and national policy makers and planners those are 
involved in coastal urban drinking water resource management activities. 

• Maintain upstream fresh water supply and mitigate the affects of tidal inundation and 
high salinity intrusion in the urban areas which is degrading the drinking water quality. 

• Policy, principles, plans, programme for sustainable coastal urban water resource 
management should be more concreted and specific guideline direction (Islam, 2009). 

• The national water policy (GoB,1999) should be implemented properly, in addition a 
policy guideline of coastal urban drinking  water supply issue should be incorporated in 
national water policy in Bangladesh and it is necessary. 

• In light of the drinking water crisis in the coastal region, this study is suggested that rain 
water haevesting (Mezgebu, 2007) and surface water reuse would find an alternative 
solution that could mitigate urban drinking water supply and management  problem in the 
coastal towns (FAO, 2004). Through the introduction of water harvesting programme that 
could intend alleviate recurrent safe drinking water crisis and could ensure food security 
in the coastal region. 

Therefore an integrated coastal urban water resource management policies and guideline 
framework is necessary and it is emergency. The finding of this study could help to the policy 
makers to prepare a guideline framework for coastal urban drinking water quality maintenance, 
protection and proper management in Bangladesh. 
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Abstract 
The transformation of nature through urban development has resulted in a disturbed 
ecosystem. Urban infrastructure built to contain and overpower natural processes has 
finally been particularly harmful. In recent years, some ecologically and culturally 
conscious design practitioners have tried to develop a way to combine the processes of 
nature and the aesthetic qualities of water in order to create urban spaces that bring 
people together in embracing the nature and culture of a place. These types of projects are 
called “waterscapes.” Waterscapes are constructed water features in urban public squares 
and parks: they celebrate the role of water in our urban landscapes and allow people to 
experience the qualities of water through touch, sight and sound. The rationale behind 
this way of treatment of water resources is to produce sustainable and beautiful urban 
spaces where people can engage with the pleasures of water. 

Keywords 
Waterscape, urban ecology, water infrastructure systems 

INTRODUCTION 
Water has supported the landscapes of our civilizations. Earth’s evolution and transformation is 
due to water. Nowadays we are facing complex urban development processes leading to 
completely new challenges concerning the management and design of urban infrastructure 
systems and landscapes. Water can improve spatial quality by creating an attractive and spacious 
place. 
 
Landscape architects, planners and designers know better the fundamentals of water and its 
power in transforming our landscapes. This means that it is water that allows us to reaffirm our 
commitments to landscape. The potentials of nowadays water infrastructure systems for shaping 
urban form and meeting human, ecological and aesthetic objectives have almost been lost. The 
processes of extreme and unpredictable urban growth and decline are leading to huge challenges 
concerning the affordability and functioning of present water conceptions and demand new 
innovative solutions. The appearance of water infrastructure systems, further accentuating 
natural physical landscape structure became a visual and spatial component of structuring and 
organizing cultural landscapes. The relationships between natural and human processes are based 
on a deep understanding of complex processes. Water infrastructure was able of creating 
synergies with other important urban functions, serving as an open space network for social 
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needs. However the increasing pressure, intensity and speed of urbanization led to the 
disappearance of any visible forms of water infrastructure in most cities.  
 
The transformation of nature through urban development has resulted in a disturbed ecosystem. 
Among the many consequences of a disturbed hydrologic cycle are polluted waterways because 
of sewer overflows and urban runoff, subsiding land due to a diminished water table, and city 
dwellers that are deprived of experiencing the fundamental life force of water. Urban 
infrastructure built to contain and overpower natural processes has finally been particularly 
harmful. After these observations, we need to realise that urban structures will have to be 
reexamined in order to achieve an urban landscape where water’s existence is going to be 
evident.  
 
Contemporary landscape and urban design is usually looking at urban landscapes with mainly 
aesthetic considerations constrained by an attachment to the picturesque. In order to change their 
current situation and become more attractive, most cities are developing programs to open up 
their inner-city waterfront locations on canals and rivers. Landscape architects and designers 
have not being questioning themselves about the technical nature of infrastructure. Rather than 
leaving this field to engineers, the profession of landscape architecture should take a leading part 
in the reconstruction and development of urban infrastructure systems. The strength of landscape 
architecture lies in its ability to extend our understandings of infrastructure, linking the 
performance of natural processes with engineering and urban design strategies. In order to 
manage to create an infrastructural landscape, it is basic to develop a more profound and 
practical knowledge about ecological systems and a more developed cooperation between 
different disciplines and practitioners combining the work of architects, engineers and urban 
designers. 
 
Combining the built and the natural will possibly allow to new logics towards the cultivation of 
infrastructural landscapes as a base of sustainable urban and regional form.  

MATERIAL & METHODS 
Liquid perception is the promise or implication of another state of perception. According to his 
cinema theories, Gilles Deleuze considers that liquid perception is “more than human perception, 
a perception which no longer has the solid as object, condition or milieu. It is a more delicate and 
vaster perception, a molecular perception” (Deleuze, 1986).  
In this paper the aim is to show the importance of moving towards a systemic approach to urban 
ecosystem by introducing a water-urbanism. The examples that are going to be presented 
explicitly demonstrate how water shapes the urban landscape, how projects allow people to see, 
hear, touch and experience water moving through segments of the city. 
 
In recent years, some ecologically and culturally conscious design practitioners have tried to 
develop a way to combine the processes of nature and the aesthetic qualities of water in order to 
create urban spaces that bring people together in embracing the nature and culture of a place. 
These types of projects are called “waterscapes.” Waterscapes are constructed water features in 
urban public squares and parks: they celebrate the role of water in our urban landscapes and 
allow people to experience the qualities of water through touch, sight and sound. The rationale 
behind this way of treatment of water resources is to produce sustainable and beautiful urban 
spaces where people can engage with the pleasures of water. 
Waterscapes as fountains and open waterways are examples known from ancient times, proving 
how closely urban design has been linked with water. This relationship can be traced from 
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antiquity through the Middle Ages arriving finally to modern times. Water was not only 
combined with the city’s prosperity but as well was used to express a living relationship between 
a city and its surroundings. For example, the small-scale garden or park is the most 
comprehensive form of man-made landscape. It shows us the pertinence of paradigms and of 
ways to understand how landscape works: being able to imagine water spaces with more 
complex requirements and more complex structures according to topography demands and 
ecology conditions. 
But still, water remains one of the key questions that has to be answered in order to move 
towards a sustainable relation assuring the stability of urban ecosystems. We need to move 
towards a sustainable water culture. Natural water has to be combined with aesthetic creations in 
order to achieve urban ecological waterscapes: the combination of the scientific with the 
aesthetic can assure design strategies concerning water’s transformation. 
Protecting and managing of a landscape require noticing, conserving and leading each landscape 
component. Water resources are the most important natural values that complement the 
landscape and provide ecological cycle. In this context: 

i. Recognition of the diversity of water resources to include aesthetics and its inclusion 
in water resource design and planning will contribute sustainability. 

ii. Water resources should be considered as a whole and all cultural studies related 
should be planned and managed by focusing on these natural values. 

iii. The water should be able to be used as a visual resource value for planning at macro 
level and design studies at micro level. 

EXEMPLES 
In this paper we will present two cases, located in different periods, illustrating the principles of 
sustainable urbanism, where water principles are among the priorities of each proposition.  

The Boston Park system Back Bay Fens 
The first example is the Boston park system designed by Frederick Law Olmsted. Frederick Law 
Olmsted was an American journalist, landscape designer and father of American landscape 
architecture. He was famous for designing many well-known urban parks, including Central Park 
and Prospect Park in New York City. He developed a style of landscape design that still exerts a 
strong influence on his profession. Olmsted believed that the rural, picturesque landscape 
contrasted with and counteracted the confining and unhealthful conditions of the crowded urban 
environment and served to strengthen society by providing a place where all classes could 
mingle in contemplation and enjoyment of the pastoral experience. He sought to screen his 
“pleasure grounds” completely from the intrusions of daily life by screening them with thick 
plantings along their borders, separating and excluding commercial traffic, and discouraging all 
usage of the grounds which were not in harmony with this goal. He also strove to bring the 
landscape as close to as much of the urban population as possible, so that all could benefit from 
it. He designed parks and public recreation grounds trying to create spaces that had an important 
psychological effect to their users, planning every detail in a specific way. He also conceived of 
entire systems of parks and interconnecting parkways to connect certain cities to green spaces. 
The success of these larges-scale urban parks was the implementation of a new vision of urban 
form that led finally to the application of an ideology of moral and civic improvement in other 
areas of urban design. Modern technology and science made city a safe place to live. 
Improvements in water supply, water treatment and sewerage benefitted the health of the cities 
increasing their comfort and safety. 
 
In the late 19th and early 20th centuries, Frederick Law Olmsted devised strategies that both 
solved complicated drainage problems and provided cherished public open space as in the Back 
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Bay Fens [figure 1]. His conceptions for metro-wide park systems, linked by scenic parkways, 
took its most comprehensive form in the 1890’s proposal for Boston regional park system. It is 
considered today as a park that marked the culmination of the evolution of the naturalistic urban 
landscape. The plan proposed by Olmsted evoked the scenery of nearby salt marshes. To manage 
this he had to provide ingenious solutions to a series of problems involving sanitary engineering, 
traffic engineering, recreational facilities and institutions for scientific educations. 
 

 

Figure 1: Sylvester Baxter, Boston Park Guide 
The project’s site (Back Bay Fens) was a noxious, sewage-soiled mudflat. For Olmsted the 
project had a strong sanitary engineering aspect that should be resolved. In order to keep water 
permanently in the area, he created a basin with a tidal gate. The problem was that the two major 
steams that fed into the Fens would cause devastation to the basin in case they flooded. The 
solution he proposed was for the streams to bypass the Fens through conduits that could carry the 
ordinary rate of flow and to plan the Fens to handle the overflow during freshets. In order to 
create a soft vegetated edge around the basin, he had to solve two problems. First of all he had to 
provide adequate space to hold the floodwaters and have at the same time room left for natural 
growth. Secondly, he had to protect the natural shoreline from erosion by surf during storms. The 
proposal he suggested was to make gradually shelving banks and to construct wide islands 
slightly above the usual water level which would be planted. In flood conditions a full fifty acres 
would be covered by water, but the plantings would slow the serf’s development. The water in 
the basin would be extremely high tide on the river after which a gate would allow the water 
level to fall as the ebb tide drained the river.  
This project, that gave Olmsted the opportunity to preserve stream ways in the midst of built-up 
areas, was linked to the Muddy River valley between Back Bay and Jamaica Pond [figure 2]. He 
proposed to narrow the river valley in some places in order to make the river follow a more 
graceful course and create a chain of picturesque fresh-water ponds. On the Boston side of valley 
he planned a public way that continued the walk, drive and ride system of Back’s Bay design. On 
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the other side he allowed more space for planting along the walks and drives. Between Jamaica 
Pond and Franklin Park the walk was extended by means of the Arborway consisting finally a 
multilaned parkway.  

 

Figure 2: Olmsted archives, Boston Park System 
Olmsted’s plan for Boston’s park system, known as the «Emerald Necklace» consists of several 
small parks that are linked by tree-lined roads called parkways. This concept of separate but 
connected parks provided a way to link newly-added areas to the traditional city center while 
providing several forms of recreation for area inhabitants such as pleasure driving, picnicking, 
and hiking [figure 3].  
 

 

Figure 3: A view of the park 

The solar city in Linz 
The second example is the Solar City, in Linz (Austria). The Linz Solar City Project is an 
integrated solar village for 1300 households on the outskirts of Linz. The city of Linz assigned 
the task of designing the first 630 homes to architects of the calibre of Norman Foster, Richard 
Rogers and Thomas Herzog, who has been a pioneer of sustainable construction since the ‘70s. 
The project is among the larger settlements built on the basis of the tenets of sustainable 
architecture [figure 4]. The basic principle underlying the project is the desire to promote low 
cost building methods internationally. The sustainability parameters include achievement of 
maximum possible density, maximum flexibility of types, and careful study of traffic routes to 
promote and facilitate pedestrian and cycle traffic. Individual homes are built to make the most 
of the lie of the land, with greenhouses, winter gardens, balconies and orientations that benefit 
from the climate and nature surrounding them. One of the parameters taken into consideration is 
energy supplies: the development was not supplied by the city’s electricity grid but co-generate 
its own energy with “solar” installations which will, in the future, make the neighbourhood 
completely independent and even allow it to return part of its energy surplus to the city’s energy 
grid.  
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Figure 4: Solar City: masterplan 
More particularly, the site is located close to the two rivers that pass by Linz: Danube and Traun. 
The place was characterized by a typical landscape of water meadows. The aim was to transform 
the water meadows to a nature conservation area. This meant that the designers had to fend off 
threats to the nature conservation area without banning access but by controlling it. Rainwater 
was the first thing that had to be controlled: a system of channels, basins, ponds and streams, 
extending from the area near the buildings to the wooded meadows was thought. Rainwater is 
brought where possible to seep away and larger quantities of rain have their own channels or are 
fed to the raceway in north of the Solar City. 
Among the priorities were groundwater upgrading, the creation of permanent and temporary wet 
areas and finally support to the water regime in the river meadows. To protect the landscape, a 
range variety of different recreation areas, such as playgrounds, gardens and meeting places, was 
established between the Solar City and the nature conservation area. Furthermore, a park corridor 
or a “parkway” and facilities like a bathing lake, allotments and a sports center were thought to 
enrich the project [figure 5 and 6].  
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Figure 5 and 6: Solar City: permanent and temporary wet areas 

CONCLUSIONS 
As pieces of urban infrastructure, waterscapes respect and celebrate the hydrologic cycle of 
nature while simultaneously expressing the cultural importance of water for humankind. 
Waterscapes construct and repair all types of water features, from small to large features. They 
concentrate on introducing water features and water courses into the landscaping of an area. On 
one hand they can be natural elements that penetrate the city (rivers, lacks or the sea) which are 
taken into consideration in order to form the urban shape. On the other hand, waterscapes can be 
constructed: artificial creations are usually though during or after urban plantation. The addition 
of ponds, waterfalls and water features are for example inherent to the completion of any office, 
landscaped garden, entertainment area or focal point. These two categories can as well be 
combined. In both cases, making use of dynamic natural processes, the designed urban 
landscapes will work as artificial ecologies. 
 
The most valuable contribution of design practitioners can be made at the first stage of a project 
to generate ideas with technical understanding and creative flair for the design, organization, and 
use of spaces. First of all, they have to conceive the overall concept and prepare the master plan, 
from which detailed design drawings and technical specifications are prepared. They can also 
review proposals to authorize and supervise contracts for the construction work. Other skills 
include preparing design impact assessments, conducting environmental assessments and audits, 
and serving as an expert witness at inquiries on land use issues. 
Water is after all, a natural element and requires careful management. With careful harvesting, 
cleaning, use and re-use it can be (re-)considered as a liveability element to urban ensembles. 
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