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Sewage sludge is the main residue of wastewater treatment plants. This residue has
proven an increase in its production, due to improvement of the wastewater collection
and treatment systems. As any residue, sludge must be properly disposed to avoid

risks to humans and ecosystems.

Several practices are applied for the management of SS. Among those, the application
on agricultural soils is a preferred route for several countries, due to the possibility of
recycling organic matter and nutrients to soil. Unfortunatelly, there are a few studies
regarding the risks and benefits of this practice. In addition, there is a lack of proper
regulation that considers all the factors related to its disposal on agricultural soils. The
existing regulatory efforts concern metals concentrations in soils and sewage sludge.
However, the levels of Persistent Organic Pollutants (POPs) in soils and sludge are not

regulated so far.

As a consequence, stakeholders are not confident about the potential risks derived
from sludge amendment, as risks determination present a high related uncertainty.
The general population is concerned about the risks that may represent ingesting food
produced, while farmers also want to keep the quality levels of their products. Finally,
environmental agency is concerned about the potential consequences in terms of

environmental pollution.

The objective of this thesis is developing tools to support the management of sewage

sludge in agricultural soils. The thesis is divided in two main parts.

Part | (Chapters 3 to 5) presents the development, evaluation and integration of the
fate, exposure and risk models. Chapter 3 introduces a fugacity fate model. This model
evaluates the trends for the concentrations of different groups of POPs for a time span
of 20 years in agricultural soils amended with sewage sludge. In Chapter 4, the
sensitivity analysis methods applied to the fugacity fate model are introduced. The
evaluation results point out the most sensitive parameters of the fate model. Chapter 5
regards fate, exposure and risk models integration and evaluation. Each of the
integrated models is described and the results presented. Uncertainty and sensitivity

analysis are performed through model integration.

vii
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Part Il (Chapters 6-9) describes the development of decision models. These decision
models are integrated in Geographic Information Systems (GIS) to indicate the best
agricultural areas to amend with sewage sludge. In Chapter 6, the problem of
managing sewage sludge on agricultural soils is introduced. Also, the spatial
multicriteria decision analysis framework is described and some methods for model
integration, introduced. Chapter 7 presents the application of the spatial multicriteria
decision analysis framework to a case-study in the region of Catalonia (NE of Spain).
The model is integrated and evaluated. The uncertainty of the decision models is
evaluated in Chapter 8. The application of Bayesian networks to the decision model
allows a broader evaluation of the same case study, as it considers the lack of
knowledge related to model’s development. Finally, Chapter 9 summarises the most
important conclusions from the results obtained in the framework described in this

thesis.

viii
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La produccion de lodos procedentes de estaciones depuradoras de aguas residuales
(EDAR) ha experimentado un aumento en los Ultimos anos debido a las mejoras en los
sistemas de recogida y tratamiento. Al igual que otros residuos, los lodos de
depuradoras (LD) deben ser dispuestos adecuadamente para evitar riesgos en la

poblacion y los ecosistemas.

Para la gestion de lodos se pueden utilizar varias practicas. Entre ellas, la aplicacion en
suelos agricolas es la via preferida por muchos paises, ya que supone reciclar materia
organica y aportar nutrientes al suelo. Desafortunadamente, el nimero de estudios
relacionados con la evaluacion del impacto de esta practica es limitado. Ademas, hay
una falta de legislacion apropiada que tenga en cuenta todos los factores relacionados
con la disposicion en suelos agricolas. Los esfuerzos legislativos existentes regulan los
niveles de metales en suelos y lodos. Sin embargo, los niveles maximos de
contaminantes organicos persistentes (COPs) en suelos y lodos aun no estan

contemplados por la ley.

Como resultado, los grupos de interés (stakeholders) no estan seguros acerca de los
potenciales riesgos derivados de la utilizacion de los lodos como fertilizante agricola,
ya que la determinacion de los riesgos presenta elevada incertidumbre. Mientras que
la poblacion general se preocupa por los riesgos de ingerir alimentos producidos en
estas zonas, los agricultores quieren mantener la calidad de su producto y, por dltimo,
las agencias medioambientales tienen por objeto evitar una posible contaminacion del

medio.

El objetivo de esta tesis es desarrollar herramientas de apoyo a la gestion de los lodos
de depuradora en suelos agricolas. Estas herramientas deben tener en cuenta las
propiedades ambientales relacionadas con la gestion de los lodos. La tesis se divide

en dos partes.

Parte | (capitulos 3-5) presenta el desarrollo, evaluacion e integracion de los modelos
de transporte, exposicion y riesgo. El Capitulo 3 presenta el modelo de transporte
basado en el concepto de fugacidad. Este modelo evalla las tendencias de las

concentraciones de COPs en suelos abonados con lodos, para un periodo de 20 anos.

Xi
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En el Capitulo 4, se introducen los métodos de analisis de sensibilidad aplicados al
modelo de fugacidad. Los resultados de la evaluacion indican los parametros mas
sensibles del modelo de transporte. El Capitulo 5 presenta la integracion y evaluacion
de modelos de transporte, exposicion y riesgo. Se describe cada uno de los modelos
integrados y se presentan los resultados. Los analisis de incertidumbre y sensibilidad

se realizan durante la integracion de los modelos.

La Parte Il (Capitulos 6-9) describe el desarrollo de modelos de toma de decisiones.
Estos modelos estan integrados en Sistemas de Informacion Geografica (SIG) para
indicar las mejores zonas agricolas para ser fertilizadas con lodos. En el Capitulo 6, se
introduce el problema de la gestion de los lodos en suelos agricolas. Ademas, el
analisis espacial de la toma de decision multicriterio se estructura y se describen
algunos métodos de integracion. El Capitulo 7 presenta la aplicacion del analisis
espacial de decision multicriterio en un caso practico para Cataluna. La incertidumbre
relacionada con los modelos de decision se evalUa en el Capitulo 8. La aplicacion de
redes Bayesianas al modelo de decision permite una evaluacion mas amplia del
mismo caso, teniendo en cuenta la falta de conocimiento relacionada con el desarrollo
del modelo. Por Ultimo, en el Capitulo 9 se resumen las conclusiones mas importantes

a través de los resultados obtenidos en el ambito de esta tesis.

xii



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

A producao de lodos provenientes de EstacOoes de Tratamento de Esgoto (ETE)
experimentou um incremento nos Gltimos anos, devido a melhorias nos sistemas de
captacao e tratamento. Como qualquer residuo, estes lodos devem ser dispostos

apropriadamente para evitar riscos a populacao e aos ecossistemas.

Varias praticas podem ser utilizadas para a gestao de lodos. Entre elas, a aplicacao em
solos agricolas € a via preferida para muitos paises, devido a possibilidade de reciclar
matéria organica e nutrientes ao solo. Infelizmente, o nimero de estudos relativos a
esta pratica é limitado. Ainda, existe uma falta de legislacao apropriada que considere
todos os fatores relacionados a disposicao em solos agricolas. As iniciativas legais
existentes regulam niveis de metais em solos e lodos. Porém, os niveis maximos de
Contaminantes Organicos Persistentes (COPs) em solos e lodos ainda nao estao

contemplados na lei.

Em consequiéncia, os grupos interessados (stakeholders) nao estao seguros a respeito
dos riscos potenciais derivados do uso de lodos como fertilizante agricola, ja que a
determinacao destes riscos apresenta elevada incerteza. Enquanto a populacao em
geral preocupa-se com 0s riscos relacionados a ingestao de alimentos produzidos, os
agricultores desejam manter os niveis de qualidade de seu produto, e finalmente, a
Agéncia Ambiental pretende prevenir conseqiiéncias potenciais em termos de poluicao

ambiental.

O objetivo desta tese é desenvolver ferramentas para apoiar a gestao de lodos de ETE

em solos agricolas. A tese esta dividida em duas partes.

A Parte | (Capitulos 3 a 5) apresenta o desenvolvimento, avaliacao e integracao dos
modelos de transporte, exposicao e risco. O Capitulo 3 introduz o modelo de transporte
baseado no conceito de fugacidade. Este modelo avalia as tendéncias para as
concentracoes de diferentes grupos de COPs em solos adubados com lodos, para um
periodo de 20 anos. No Capitulo 4, os métodos de analise de sensibilidade aplicados
ao modelo de fugacidade sao introduzidos. Os resultados desta avaliacao indicam os
parametros mais sensiveis do modelo de transporte. O Capitulo 5 apresenta a

integracdo e avaliacao dos modelos de transporte, exposicdo e risco. Cada um dos

XV
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modelos integrados € descrito e os resultados apresentados. Analises de incerteza e

sensibilidade sao executadas durante a integracao dos modelos.

A Parte Il descreve o desenvolvimento de modelos de tomada de decisdo. Estes
modelos sao integrados em Sistemas de Informacao Geografica (SIG) para indicar as
melhores areas agricolas para serem adubados com lodos. No Capitulo 6, o problema
de gerir lodos em solos agricolas € introduzido. Ainda, a analise espacial de tomada de
decisao multicritério € estruturada e alguns métodos de integracao descritos. O
Capitulo 7 apresenta a aplicacao da analise espacial de tomada de decisao
multicritério em um estudo de caso para a regiao da Catalunha (NE da Espanha). Este

modelo é integrado e avaliado.

A incerteza relacionada aos modelos de decisao € avaliada no Capitulo 8. A aplicagao
de redes Bayesianas ao modelo de decisao permite uma avaliacao mais ampla do
mesmo estudo de caso, por considerar a falta de conhecimento relacionada ao

desenvolvimento de modelos.

Finalmente, o Capitulo 9 resume as conclusoes mais importantes dos resultados

obtidos no ambito desta tese.

XVi
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1 Introductory notes

1. Introduction

Sewage sludge (SS) is the main residue generated at wastewater treatment plants
(WWTP) in consequence of solids removal in various parts of the treatment system. It
includes the sludge originated in treatment plants of domestic wastewater that is
occasionally mixed with industrial wastewater and/or run-off rain water. Sewage sludge
properties depend basically on the wastewater pollution load and technical
characteristics of the treatment plant. Due to water treatment, the pollution present in
water is concentrated and also some chemicals are transformed during the treatment

process (Katsoyiannis and Samara, 2005).

According to Schowanek et al. (2004), “the organic fraction of sludge is a mixture of
fats, proteins, carbohydrates, lignin, amino acids, sugars, celluloses, humic material,
and fatty acids. Live and dead micro-organisms constitute a large proportion of the
organic material and provide a large surface area for sorption of lipophilic organic
contaminants in the sludge. The properties of sludge are dependent upon its origin and
treatment type. It differs in its physical (processability and handlability), chemical
(presence of nutrients and contaminants), and biological parameters (microbial activity
and presence of pathogens). The characteristics of the sludge in terms of contaminant
loading is dependent upon the original pollution loading of the sewage (i.e., domestic,
industrial, and mixed) and the type of wastewater treatment the sewage and sludge
have received. In many cases, some form of post-treatment is applied to the sewage
sludge (e.g., anaerobic digestion or aerobic composting), and this can have a major

impact on residual contaminant levels in case these are biodegradable.”

During the last few decades, the increase of sludge production, as a consequence of
industrial development, population increase and amplification of treatment services,
has become an environmental problem for many countries. Sludge can be recycled or
disposed using several routes. The most widely available options in the European
Union are the agriculture utilization, the waste disposal sites, and the incineration
(Aubain et al., 2001). Each of these disposing routes has related impacts and costs,

and the choice of one alternative depends mainly on local characteristics, such as
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economic, social, legal and geographic characteristics of the region where SS is
produced. The main advantages and disadvantages of each method are described in
Table 1.1.

Table 1.1. Advantages and disadvantages of the most used managing practices. Source: Aubain et

al. (2001) and Fytili and Zabaniotou (2008).

Advantages

Disadvantages

Fertilizing benefits (nitrogen,
phosphorous, potassium,

Agricultural reuse organic matter).

Yield improvement.

Fertiliser substitution.

Contaminants, such as heavy metals and
persistent organic pollutants, may enter the food
chain.

Leaching, runoff and volatilization may transfer
contaminants to air and water.

Storage: SS can only be applied once or twice a
year.

Public acceptance.

Reduction of sludge volume.

Destruction of some organic
compounds.

Generation of ashes (30% of the solids remain as
ashes), that are highly toxic due to its metal's
content and must be properly disposed.

Air emissions of contaminants generated in the
combustion, such as heavy metals, dioxins and
furans, NOx, N20, SOz, HCI, HF and CxHy.

Incineration Energy recovering, due to the
calorific value of sewage Impacts on human health, ecosystems and climate
sludge. change.
Minimization of odour Dried sludge needed.
generation. Water emissions due to wastewater production.
Adverse health effects and ecotoxicity.
Generation of gas: methane and carbon dioxide.
Reported traces of VOC emissions (halogenated
hydrocarbons and hydrocarbons).
Co-generation of energy when Generation of leachate that contains heavy metals,
Landfilling y organic compounds (chlorinated organics, phenol,

the gas is collected.

benzene, pesticides) and micro-organisms.

Soil and water contamination, impacts to humans
and ecosystems.

Availability of disposal sites.

Among these routes, agricultural reuse is the preferred in several European countries

(Aubain et al.,, 2001). In Spain, the annual SS generation raised more than 64%



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

1 Introductory notes

between the years 1997 and 2006 (MMA, 2008). The recycling of sludge to agriculture
could handle the increasing quantities of sludge produced over the last years,
representing 66% of the total disposal for the year 2006 (MMA, 2008).

According to the Spanish legislation, SS must be treated prior to application on land
(MAPA, 1990). The selection of the treatment is related to the final application of
sludge. Aubain et al. (2001) describes five groups of treatment processes:
conditioning, thickening, dewatering, stabilization and/or disinfection, and thermal
drying. Among those, stabilization and disinfection are the most attractive to treat
sludge prior to its application on land. Biological stabilization and disinfection
processes include anaerobic and aerobic digestion and composting. These treatments
generally reduce the odour generation as well as the pathogen content of sludge. In
addition, composted sludge presents a higher agricultural value, with a humus-like
aspect, being easier to handle due to its low humidity and more accepted by farmers’
community. Dewatering and thermal drying may be also used to reduce the water
content of sludge, reducing also the transport costs. Once treated, the sludge is also

referred as biosolids.

With appropriate use, the application of sewage sludge on agricultural fields has
benefits to soils and crops (Schowanek et al., 2004). This amending practice improves
soil fertility, reduces the use of fertilizers, and is a relatively inexpensive solution. It also
improves the soil structure by the addition of organic matter (OM) to the soil matrix and
recirculation of nutrients through soil. When compared to other types of fertilizer, such
as urban compost and animal manure, sewage sludge, especially the composted, has

higher OM concentration.

Amending soils with sludge may also have other positive effects. Chambers et al.
(2003) observed a trend towards high water-infiltration rates and a decrease of surface
runoff and erosion potential in amended soils. The authors also noticed an increased
soil porosity and strength, improving the potential for air and water movement through

the topsoil.
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Sludge content of nitrogen is also an important factor for the use of this residue as an
organic amendment. Sludge value as a fertilizer is determined by the capacity of the
organic nitrogen to be mineralized, as nitrogen is mostly found under organic form in
sludge. The nitrogen availability is influenced by the type of sludge, temperature,
humidity, pH and texture of the soil, as well as the application conditions (Aubain et al.,
2001). The content of N in sludge may vary depending on the sludge treatment type,

operational and storage conditions (Mantovi et al., 2005).

1.1 Health risks regarding soil amendment with sewage sludge

Although the application of sewage sludge on soils represents a number of benefits to
the soil structure, there are health risks related to this practice. As any residue, SS may

present important concentrations of some pollutants.

Maximum levels of metals on sludge and soils are regulated by the Council Directive
86/278/EEC (CEC, 1986). Aubain et al. (2001) presented a review of sludge
characterization for European countries. They observed metal levels lower than those
defined by the Directive. Metals are naturally present in different concentrations in
background soils, among others, due to local geological characteristics of the field.
They may be also originated from anthropogenic sources such as fertilizers, animal
manure and sludge application. A wide range of metal concentrations in soil are
reported in the literature (Fytili and Zabaniotou, 2008; Nadal et al., 2004a, 2007).

An extensive and diverse range of organic compounds are known to exist in sewage
sludge (Katsoyiannis and Samara, 2005), many of which become transferred to sludge-
amended agricultural soils (Wild and Jones, 1992). The presence of Persistent Organic
Pollutants (POPs) in sludge has been reported in many investigations (Eljarrat et al.,
2003, 2008; Harrison et al., 2006). POPs are toxic and persistent chemicals,
characterized by their bioaccumulation potential and long-range transport capacity.
These pollutants move through different environmental compartments. Within these
fate processes, POP concentration dynamically changes over time and leads to

accumulation in the food chain. As a final step, these contaminants may be transferred
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to human beings. POPs have been also found in soils from industrial, urban and even
rural zones (Nadal et al., 2004b, 2007, 2009a; Wyrzykowska et al., 2007).

The European Community is aware of the necessity of including organic contaminants
in the regulations. So far, the 31 draft of the working document in sludge (CEC, 2000)
defines limit values for concentrations of organic compounds in sludge intended for
use on land. However, these levels are classified according to groups of contaminants,
not considering the persistence, accumulation and toxicity properties of each congener.
There is a lack of studies regarding POP fate due to soils amendment, in which long-
range transport and human exposure to these contaminants are considered. In order
to determine the safe levels of POPs in soils and food, environmental models must be

performed.

Environmental models are tools to predict pollutants distribution on the different media
and evaluate the risk for the population, through exposure and risk assessment
models. Among them, fugacity-based models have been largely used to determine the
environmental distribution of POPs (Mackay and Fraser, 2000, Czub and McLachlan
2004a, Wania et al. 2006). Fugacity is a convenient quantity to describe
mathematically the rates at which chemicals diffuse, or are transported, between
phases (Mackay, 2001), since the transfer rates are proportional to the fugacity

difference between sources and destination compartments.

The case of soil amendment is a complex one, as a point (on time) application is
performed (once or twice a year) at a large area, which characterizes diffuse pollution.
In addition, the system is open (equilibrium is not reached) and non-steady state
(Hughes et al., 2005). The high persistence of the contaminants only increases the
system complexity and adds high uncertainty on system parameters estimation. In
consequence, a crucial point of this study is the design of a multimedia POPs fate and

exposure model, for the case of SS amendment on agricultural soils.
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1.2 Sewage sludge management on agricultural soils

Environmental management has become an issue of increased interest in the last few
years. This is mainly a consequence of the complexity of the environmental systems,
added to the existence of stakeholders with conflictive objectives. The case of sewage
sludge management is not different. SS production has recently increased due to
population growth and improved collecting and treatment systems. Managing the

increased production of this residue has become a challenge for several countries.

Nevertheless, the current management practices do not reflect all the factors that
should be taken into account for the application of SS on agricultural areas. There are
few legislative efforts to regulate this practice. In addition, the population is not well
informed about the related risks and benefits. As a consequence, the decisions are not
as confident as they should be, and stakeholders may find that their interests are not
reached, leading to a low acceptance of the practice. A way of avoiding that is through
participatory planning, which can enhance the sustainability and public acceptance of
overall management (Holzkaemper et al., 2009), as it is performed with the support of
all interested parts. The engagement of population, farmers, companies and

environmental agencies is crucial to define the best management options.

Amajirionwu et al. (2008) conducted a survey with Irish people to determine their main
concern regarding sludge amendment. They found that the most serious concerns are
the damage to human health, the need for protection of clean air, water and soil, the
damage to animal health, the possible contamination of biosolids and the damage to
plants and crops, in this order. Other problems regard the proximity of the population to
the storage and processing sites, the objectionable smells, fear of loss of property and

land value, among others.

Farmers are mainly concerned about food quality, as they must respect quality
standards to avoid reducing their market share. For them, SS application may be a

profitable practice due to the saving of fertilizers and management costs.
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The environmental agency must assure that good environmental levels are maintained.
For that, soil and landscape characteristics must be evaluated for each case to avoid
environmental contamination. Finally, companies are hired by the environmental
agency to distribute SS in agricultural areas. These companies are mainly interested on

profit as long as they accomplish the limited existing legislation.

Deal with conflicting interests is a complex issue that involves consideration of multiple
objectives (e.g., environmental, ecological) relevant to evaluating and selecting among
the management alternatives. For that, the development of a tool that deals with the

integration of these objectives is critical.

In this specific case, the study of the availability of land is of interest, because while SS
production increases, the availability of land is limited. The evaluation of the suitability
of agricultural areas, considering environmental and ecological criteria is needed to
guarantee the future sustainability of these agricultural areas that use sludge as an
organic amendment. The development of decision tools, coupled with GIS, allow more
confident decisions through the evaluation of the territory, indicating the different

suitability levels of the existing agricultural areas.
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2 Hypothesis

Sewage sludge is a residue that must be properly disposed to protect the environment.
The amendment of soils with sludge is the most applied option nowadays, especially in
Spain. This option has absorbed more than 65% of the total sludge production for this
country, for the last few years. With appropriate use, this practice has benefits to soils
and crops. However, as any residue, sludge may also represent a contamination load.
Levels of metals are controlled by legislation, but there is not any legal effort regarding
POPs.

POPs are man-made chemicals characterized by a high persistence and accumulation
potential with important toxicity values. These contaminants move in the environmental
matrices and may reach the food chain. Due to its novelty, there is a lack of studies
regarding human exposure to persistent organic pollutants because of the use of

sludge as an organic amendment.

In addition, there is a need of inserting stakeholders’ expectations in SS management.
An improved acceptance of the practice could be proved if the interests of all
stakeholders are taken into account. A broader understanding of the managing

problem is needed to promote the confidence on the practice.

In conclusion, it is hypothesized that amending soils with sewage sludge could
represent a risk to human health due to the presence of POPs in the sludge matrix.
Likewise, there are some agricultural areas that might be more indicated for receiving
sewage sludge as an organic amendment than others. The classification of these areas

depends on local characteristics of the fields.
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3 Objectives and Thesis Outline

3.1 General objective

To develop environmental tools to assure the best possible management of sewage
sludge on agricultural soils. These tools must consider environmental properties

related to sewage sludge management.

3.2 Specific objectives

. To determine the fate of POPs in soils for a time span of 30 years.

. To assess the transference of POPs from soil to food: crops, cattle meat and

milk.

« To evaluate human exposure to POPs as a consequence of SS amendment on

agricultural soils and calculate the related human health risks.

« To determine the most important factors in POPs fate, human exposure and

health risk models.

. To develop decision tools for land classification to determine the best areas to
amend with SS.

. To determine the most important factors on land suitability.

. Torepresent the uncertainty related to each developed model.

11



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

1 Introductory notes

3.3 Thesis outline

In order to reach the defined objectives, some steps must be followed. The first two
steps concern fate, exposure and human health risk evaluations due to the presence
of POPs is sewage sludge applied to land (Part ). The last two steps regard decision
making, with the selection of the best agricultural fields to amend with sludge (Part Il).

The thesis general scope is presented in Figure 1.1.

Evaluation of w Design of a MCDA

model

POPs fate on
soil

k4
Exposu®/ \[ Design of a BN

risk evaluation model

K Party

Figure 1.1. Thesis general scope

Pay

The thesis is structured as follows. After a short introduction about the problem of

disposing sludge on agricultural soils in Chapter 1, Chapter 2 introduces all the

methods applied into this thesis.

Chapters 3 to 8 present the implementation of the methods to the case-study. Each
chapter describes the development and application of a specific environmental tool. As
a consequence, each chapter is defined as an independent unit and is totally
understandable without the need of referring to the other chapters. To promote a

better reading and comprehension, the thesis is divided in two parts (Part | and Il).

12
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Part | (Chapters 3 - 5) presents the development, evaluation and integration of the fate,
exposure and risk models. Chapter 3 presents a fugacity fate model to evaluate the
long range transport of POPs in agricultural soils amended with sewage sludge. The
chapter presents the trends for the concentrations of different groups of POPs for a

time span of 20 years.

Due to the complexity of the model developed, a previous evaluation must be
performed. Chapter 4 presents the sensitivity analysis of the method described in
Chapter 3. Two methods are presented: the standardized regression coefficients and
the partial correlation coefficients. These methods indicate the most sensitive

parameters of the fate model.

In Chapter 5, several models are presented and integrated. The results of the fate
model are used as an input for these models. The plant model estimates the
concentration on leaves for two types of plants, lettuce and grass, considering three
uptake processes: deposition, diffusion and root transfer. The food chain model
considers the ingestion of grass and soil by cattle. Finally, the human exposure and
health risk model evaluates two pathways (ingestion and inhalation) for two scenarios
(occupational and non-occupational). The ingestion pathway considers the ingestion of
soil, vegetables, meat and milk, while the inhalation pathway considers particle
inhalation. Uncertainty and sensitivity analysis are performed through model

integration.

Part Il (Chapters 6 - 8) describes the development of two decision models to indicate
the best agricultural areas to amend with sewage sludge. Due to the complexity of the
decision problem, Chapter 6 is entirely dedicated to the description of the problem and
the development of a spatial multicriteria decision analysis to deal with this problem.
The involved stakeholders are described and a criteria structure is suggested. The
spatial multicriteria decision analysis framework is presented, while some methods for

model integration are introduced.

Then, in Chapter 7, the described framework is applied to a case-study in the region of

Catalonia (NE of Spain). After presenting the results of the integration in GIS, the model

13
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is evaluated based on two methods. Global Sensitivity Analysis is performed to select
the most sensitive criteria. Then, the exploratory method is applied to assess the error
related to the elimination of each one of the most sensitive criteria. Together, the

evaluations allow defining model sensitivity to specific case-study inputs.

In Chapter 8, model uncertainty is inserted in the evaluation through the application of
Bayesian networks (BNs). The method gives a broader evaluation of the same case-
study, as it considers the lack of knowledge related to model development. The results,
presented in GIS, give a probability of reaching each one of the defined suitability
states. The results representation through conditional probability tables eases the

identification of the sources of uncertainty for each evaluated pixel.

Finally, in Chapter 9 the most important results are summarized and the conclusions of

this thesis are presented.

14
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Methods overview
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2 Methods overview

1 Environmental models

Environmental models are tools that help to predict and evaluate natural phenomena.
Among these, fugacity models (item 1.1) allow predicting the way chemicals diffuse
and move between environmental compartments, while exposure and risk models
(item 1.2) evaluate the exposure levels and the likelihood of developing diseases
based on human exposure. These models are crucial to guarantee that human

interventions on the environment are performed at safe levels.

1.1 Fugacity models

Fugacity models have been largely applied in the field of environmental modelling to
evaluate the fate of organic contaminants. Webster and Mackay (2007) report that:
“Fugacity was introduced by G.N. Lewis (1901) as a criterion of equilibrium. It is similar
to chemical potential, but unlike chemical potential, it is proportional to concentration,
at least for most environmental conditions.” The application of the fugacity concept to

environmental models was introduced and fully described by Mackay (2001).

Fugacity means a tendency to escape or pass away. It has units of pressure (Pa) and
may be understood as a partial pressure exert by a chemical to escape from one phase
or compartment to another. When equilibrium is achieved a chemical has the same

fugacity in all phases, although concentrations may differ.

However, when the fugacity of one matrix exceeds the fugacity of other the
contaminant moves from the higher to the lower fugacity medium, until the equilibrium
is reached. Due to this fact, fugacity is a convenient quantity for describing
mathematically the rates at which chemicals diffuse, or are transported, between
phases. An example is the volatilization of pesticides from soil to air. The transfer rate
can be expressed as being driven by, or proportional to, the fugacity difference that

exists between the source and destinations phases (Mackay, 2001).

The advantage of fugacity is that for a compartment such as a lake containing water, if

suspended solids and biota are at equilibrium, a single fugacity applies thus a single

17
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mass balance equation is written. The number of mass balance equations equals the

number of fugacities.

Mackay et al. (2001) classifies fugacity models according to their increasing

complexity.

Level | models show the relative equilibrium partitioning of a conserved (i.e. non-
reacting) chemical in a multimedia setting. They assume equilibrium and steady-state
to apply in a closed system, and no account is taken of reactivity. For the Level |
calculation, both soil and sediment are treated as simple solid phases and the

presence of air or water in the pores of these phases is ignored (Mackay et al., 2000).

Level Il models include degrading reactions and advective loss but they assume that all
media are at equilibrium, so only one fugacity and one mass balance equation apply.
No intermedia mass exchange rates are deduced, i.e. all resistances are neglected,
and equilibrium is achieved instantaneously. Therefore, chemicals immediately
establish equilibrium when introduced to the system and the mode-of-entry is

irrelevant.

Level Il models assume steady-state, i.e., conditions are constant with time but
compartments are not at equilibrium and different fugacities apply to each medium. In
consequence, intermedia mass transfer resistances are not zero and the mass
fractions depend on the mode-of-entry. The overall persistence is thus a function of

how the mass enters the system (Mackay et al., 2001).

Level IV models are dynamic or unsteady-state in nature. The compartments are not in
equilibrium and the inputs are constantly changing. Different fugacities and transfer
rates are applied. These models are most often used to determine how long it will take
for concentrations to change as a result of changing rates of emission. This is the case

of sewage sludge amendment on agricultural soils.

18



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

2 Methods overview

1.1.1Basis for Level IV model calculation

The soil model developed in this thesis considers 4 compartments - pore air (A), pore
water (W), organic matter (OM) and mineral matter (MM) - in a two layer soil (top and
bottom). The model input parameters are the following: sludge characteristics and
application dose, soils characteristics (density, texture, organic matter content,
transport parameters) and pollutant properties (solubility, kow, Koc, vapor pressure,

Henry constant and half-life in soil).

For a given chemical p, the fugacity of a layer i (fi,, Pa) and the concentration a

compartment j of this layer (Cjjp, mol m-3) are related according to Equation 2.1:

C, =2 f, (2.1)

iyp

Where Zjp, is the fugacity capacity in compartment i (mol m3 Pal). According to Webster
and Mackay (2007), Zj, expresses the capacity of a phase, or environmental medium,
for a given chemical. Zj, values are large when the chemical is readily soluble in a
phase, i.e., the phase can absorb a large quantity of the chemical. A low Zj value
indicates that the phase can accept only a small quantity of chemical, i.e., the chemical

is “less-soluble” in the phase.

The fugacity (Equation 2.2) of a contaminant on each layer i is proportional to the molar
concentration (M) of the contaminant and inversely proportional to the Z;, value and

the compartment volume (Vj;, m3):

M.
- _ M, (2.2)
/. V.Z

i ijp

Finally, the mass balance differential equation for a compartment j is described by the

equation (2.3):

daf,

Vilip & 1, + Z(kafkp)— Z(Dipﬁp) (2.3)
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Where t is the time (h), ljp is the input rate (mol h1), Dy represent the input transfers
from layer k (mol Path?l) and Djfj is the total output (mol h?1). For the complete

description of these transfer processes, please refer to Webster and Mackay (2007).

1.2 Risk assessment

Risk assessment may be defined as a tool to estimate the likelihood of an adverse
effect occurring, and the probability and severity of adverse consequences from an
exposure of potential receptors. In general terms, risk assessment is performed
through 4 steps: hazard identification, exposure assessment, dose-response

assessment and risk characterization (Figure 2.1).

Hazard identification

*Gatherand analyse relevant site data
«ldentify potential chemicals of concern

/ Exposure assessment \
*Analyse contaminant releases Dose-response assessment
+|dentify exposed populations
+|dentify potential exposure pathways
*Estimate exposure concentrations for
pathways

\°Estimate contaminant intakes for pathways /

*Collect qualitative and quantitative
toxicity information
*Determine appropriate toxicity values

Risk characterization

*Characterize potential for adverse health
effectstooccur

*Estimate cancerrisks

*Estimate non-cancer hazard quotients
*Evaluate uncertainty
*Summarize risk information

Figure 2.1. Framework for risk assessment. Adapted from USEPA (1989).

Data collection and evaluation involves gathering and analyzing the site data relevant

to the human health evaluation and identifying the substances of concern.
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The exposure assessment estimates the magnitude of actual and/or potential receptor
exposures to environmental contaminants, the frequency and duration of these
exposures, and the pathways by which the risk group may be exposed (Asante-Duah,
1998).

The toxicity assessment considers the type of adverse health effects associated with
chemical exposures, the relationship between magnitude of exposure and adverse
effects, and related uncertainties. Typically, these data is obtained in lab studies,

where toxicity information is gathered for specific chemicals.

Finally, the risk characterization combines the outputs from the exposure and toxicity
assessments to characterize the risk. In this phase, the toxicity information is

compared with the exposure levels to determine current and/or future risk levels.

Several health risk assessment methods are described in the literature (Franco et al.,
2006; Legind and Trapp, 2009; Margni et al., 2004; Nadal et al., 2009b). Probabilistic
risk assessment (PRA) is a general term for risk assessments that use probability
models to represent the likelihood of different risk levels in a population (variability) or

to characterize uncertainty in risk estimates (USEPA, 2001).

While point estimate risk assessment gives a central tendency of exposure or a
maximum exposure estimate of risk, PRA determines the probability distribution of
risks, reflecting the variability and/or uncertainty related to all input parameters. One of
the most widely used methods for PRA is the Monte Carlo analysis (Schuhmacher et al.,
2001).

Monte Carlo analysis is a statistic sampling technique that uses computer simulation to
generate a great amount of input scenarios (samples), taking into account the
information of the variability and uncertainty related to these input parameters. Each
model run gets one of these input scenarios and calculates one output scenario,
through the exposure and risk equations. The simulation gives the results in the form of
a probability distribution function around a mean value and allows the carrying out of a

detailed sensitivity analysis.
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For the calculation of human health risks, it is important to understand the concept of
dose-response relationships. The relationship between the degree of exposure to a
chemical (the dose) and the magnitude of a chemical-induced effects (the response) is
described by a dose-response curve. A schematic representation of dose-response

curves is given in Figure 2.2.

It may be noted in Figure 2.2 that for non-threshold chemicals (A) no minimum level is
required to induce adverse toxicity effects. This is the case of most carcinogens, since

these contaminants may represent damage even in extremely low doses.

In contrast, a low dose of threshold chemicals (B in Figure 2.2) causes no observable
effects whereas a higher dose will result in some toxicity, and still higher doses cause
even greater toxicity - up to the point of fatality. Non-carcinogens generally fall into this
group. Non-cancer or systemic toxicity is generally treated as if there is an identifiable
exposure threshold below which there are no observable adverse effects. The most
important part of a dose-response curve with a threshold chemical is the dose at which
significant effects first begin to occur. The highest dose which does not produce an
observable adverse effect is called the ‘no-observed-adverse-effect level’ (NOAEL), and
the lowest dose that produces an observable adverse effect is the ‘lowest-observed-
adverse-effect level’ (LOAEL).

Response

Exposure (dose)

Figure 2.2. Schematic representation of exposure-response relationships: Illustration of dose-

response relationship for non-threshold chemicals (A) and threshold chemicals (B).
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To be applied on risk calculation, a substance’s dose-response relationship must be
defined numerically by its toxicity value. The toxicity values defined by USEPA (1989)
are the slope factor (for carcinogenic effects) and the reference dose (for non-
carcinogenic effects). The slope factor (SF) is an “upper-bound estimate of the
probability of a response per unit intake of a chemical over a lifetime”. The chronic
reference dose (RfD) is an “estimate of a daily exposure level for the human
population, including sensitive subpopulations, that is likely to be without an

appreciable risk or deleterious effect during a lifetime”.

Given this context, human exposure to a contaminant is defined as (Equation 2.4):

CDI = C-IR-EF-ED (24)

BW-AT

Where CDI is the chronic daily intake of the chemical (mg kgl dayl), C is the
concentration of the chemical in an exposure medium (mg L1 or mg kg1 dw), IR is the
ingestion rate (L day -1 for water, kg day -1 for food, etc), EF is the exposure frequency
(days year?), ED is the exposure duration (years), BW is the body weight (kg) and AT is

the averaging time (days).
Cancer risk (CR) is calculated as (Equation 2.5):
CR =CDI-CSF (2.5)

Where CSF is the cancer slope factor (linear low-dose cancer potency factor) for the

chemical (kg day mg1).

Non-carcinogenic risk or hazard quotient (HQ) is defined by Equation 2.6.

HQ =& (2.6)

RfD

Where RfD is the reference dose for the chemical for assessing non-cancer health

effects (mg kg1 day1).
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2 Decision models

Decision and information support tools represent a broad and diverse category of
computer-science based instruments (Mclntosh et al., 2008). The application of these
instruments requires prior knowledge and understanding of the problems, processes
and activities leading to a decision. Decision tools provide means for structuring and
exploring problems, generating qualitative and quantitative information to analyse and
characterize these problems. The increasing interest on environmental management

tools lies on the complexity and uncertainty related to natural systems.

Modelling sustainable development implies management of interdependencies
between multiple and conflicting goals, a search for solutions that are equitable to
current and future generations, and assessment of potential and chronic threats and

protection from counterproductive disruption (Bui, 2000).

Kersten (2000) proposes a classification of decision support methodologies. Between
those, multicriteria decision analysis (MCDA) and Bayesian networks (BN) were
selected to be applied in this thesis. These methods are described in the following
sections. MCDA is used to select and combine decision attributes, define objectives
and goals, determine preferences and trade-offs among objectives and utility or value
functions. They are also used to determine preference consistency and remove
cognitive biases by the consistent use of preferences and tradeoffs. In turn, BNs are
applied to identify and remove systematic inconsistencies and biases that arise from
human cognitive limitations. They include aids to structure decision problems, estimate
probability distributions, analyze risk and check for consistency of the decision maker's

reasoning (Kersten, 2000).

2.1 Multicriteria Decision Analysis

Multicriteria Decision Analysis (MCDA) has been largely applied to support
environmental decision making in the last few years (Aragonés-Beltran et al., 2010,
Browne et al., 2010, Crane et al., 2010, Fealy et al., 2010, Li et al., 2010, Paterson et
al., 2010, Sorvari and Seppala, 2010). According to Giove et al. (2009), MCDA is
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especially useful for environmental management problems, which require balancing
scientific findings with multifaceted, value-laden input from many different

stakeholders with different priorities and objectives.

The use of MCDA allows integrating different criteria (i.e., environmental, social,
economic, etc.) that are measured in diverse scales and sometimes incommensurate.
The selected criteria shall: (i) be able to discriminate among the alternatives and
support the comparison of the performance of the alternatives, (ii) include all important
aspects of the objectives, (iii) be sufficiently concise and non-redundant, and (iv) be

measurable either in a quantitative or qualitative scale.
The MCDA classification is briefly described as follows (adapted from Vincke, 1992):

e MAUT/MAVT (Multi-Attribute Utility/Value Theory): The criterion values,
normalized into a common numerical scale by means of a suitable
transformation function (utility or value function), are aggregated by means of

an operator, a function which satisfies a set of rationally axioms.

e Qutranking: The method is based on an “outranking relationship”, stating that
an alternative may have a degree of dominance over another one. Relationships
are neither complete nor transitive. In this way, only a partial ordering is

produced, implicitly admitting that comparable alternatives may exist.

The case-study here presented in this thesis has no comparable alternatives, as it is
based on the selection of the most suitable areas to amend with sewage sludge.

Therefore, a MAUT approach was selected.

The selection of the most suitable aggregator for the calculation is still a subjective
issue. For the present case-study, a method called Logic Scoring of Preference (LSP)

was found to be the most suitable to reach the thesis objective.
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2.1.1Logic Scoring of Preference

The Logic Scoring of Preference (LSP) method is based on mathematical models that
use generalized conjunction/disjunction (GCD) and other continuous preference logic
functions (Dujmovic, 2007). LSP operators take into consideration the different levels
in the hierarchy of criteria and the user weights and constraints over those criteria.
Preference scales can be defined using multiple linear segments and linear
interpolation. After defining elementary criteria for all performance variables,
elementary preferences are generated. The next step is to aggregate elementary
preferences and to compute the global preference that reflects the global ability of the

evaluated system to satisfy all the requirements.

The aggregation of partial preferences is based on generalized conjunction/disjunction
(GCD) logic that is used for modeling simultaneity and replaceability (Dujmovic and
Larsen, 2007). Dujmovic and Nagashima (2006) described basic logic aggregation
operators (aggregators). Each of these aggregators has specific logic properties, and
the operators can be combined in other ways to create a wide spectrum of logic

relationships to reflect the user needs.

e Simultaneity aggregator (partial conjunction or full conjunction): used when a

simultaneous high satisfaction of all requirements in a group is needed.

e Replaceability aggregator (partial disjunction or full disjunction): used whenever
the high satisfaction of any requirement can (partially or completely) replace the

satisfaction of all other requirements in the group.

e Neutrality aggregator (arithmetic mean). located between replaceability and
simultaneity, it combines a moderate need for simultaneous satisfaction of

requirements with a moderate replaceability capability.

The simultaneity, neutrality, and replaceability are three fundamental related operators

that are special cases of the GCD function (symbol ¢ in Equation 2.7).
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Ey 0.0 = (B WiED)"", —o0 « 1 & +00 (2.7)

k
o<W, <1, i=1,..,k ZWizl
i=1
Where E; represents the preference of each criterion i, W; represent the weight
associated to each criterion i (used to express the relative importance of input
preferences) and r is the exponent (used to adjust logic properties of this aggregation

function).

The fundamental property of the partial conjunction is “andness”, defined as a level of
similarity between the partial conjunction and the full conjunction. The fundamental
property of the partial disjunction is “orness”, defined as the level of similarity between
the partial disjunction and the full disjunction. GCD is a combination of conjunctive and
disjunctive properties. In the case of partial conjunction, conjunctive properties
predominate, and in the case of partial disjunction, disjunctive properties are
predominant. In the case of neutrality (arithmetic mean), the conjunctive and

disjunctive properties are perfectly balanced.

2.2 Bayesian Networks

Bayesian networks (BNs) have been also successfully applied in environmental
decision problems, and especially on land management and land use policy. Cain et al.
(2003) investigated whether Bayesian networks could provide the generic framework
to develop a DSS for agricultural system management. BN were perceived to have
helped the planning process as they allowed policy makers to develop complex
systems from a multi-disciplinary perspective. Ticehurst et al. (2011) compared BN
with conventional statistical analysis to explore the usefulness of BNs for the analysis
of social data sets in a case-study of natural resources management. The authors
found that BNs results were more easily interpreted and communicated than
traditional statistical outputs. Also, Bacon et al. (2002) performed a two stage model of
land use change. BNs were applied to explore the relations between personal

satisfaction and the costs for the landholders to change their land use. The authors
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argued that BNs is a powerful and robust method to bridge the gap between

stakeholders and experts.

An important advantage of this method is the ability of explicitly dealing with
uncertainty (van Kouwen et al., 2008). BNs are able to integrate knowledge from
different disciplines, aggregating system complexity to the level that is appropriate,
representing and communicating uncertainties. The development of the models
through influence diagrams that describe causal relationships between input
parameters and indicators is another important asset. The application of this tool
improves the understanding of the environmental decision problem, leaving the

decision makers to reach their own conclusions on the basis of that understanding.

The method is based on Bayes’ rule of probability. In Bayesian inference, all quantities
are treated as random variables, some of them, denoted Y, being fixed at known values
(data, covariates), and the others, denoted 0, being unknown (parameters, latent
variables, missing data). The method is based on using the Bayes theorem to calculate
the posterior distribution, P(8]Y), of unknown quantities, 6, given known quantities, Y,
from the distribution, P(Y|8), of known quantities, Y, given unknown quantities, 9, also
known as the likelihood(Equation 2.8).

P(Y|6)P(6)

P(oIY) = "2

or P(8]Y) « P(Y|0)P(6) (2.8)

The Bayes theorem also involves P(8), which is termed the prior distribution, and
contains prior knowledge about parameter values, whereas P(Y) is a normalization
term. Consequently, Bayesian inference can also be seen as operating the transition
from the prior to the posterior probability of 6, taking likelihood into account (Billoir et
al. 2008). The probability theory underlying BNs provides a consistent calculus for
uncertainty inference, and so a BN-based integrated model can be a useful tool to
analyse the implications of uncertainties for future decisions (Lerner et al., in press). A

complete description of the method application is given by Cain (2001).
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3 Integration on Geographic Information Systems

Geographic Information Systems (GIS) are computer-based systems for the capture,

storage, retrieval, analysis and display of spatial data (Skidmore, 2002). Due to its

analytical capacity and the potential of managing a great amount of data, GIS have

been increasingly used in environmental decision making. Malczewski (2006) reports

an important increase in the number of publications relating GIS and MCDA between

the years 1990 and 2004 (Figure 2.3). The author reports that agriculture is one of the

major application areas of spatial decision making. In recent studies, Ceballos-Silva

and Lopez-Blanco (2003) applied these tools to identify suitable areas for the

production of maize and potato crops. In addition, Morari et al. (2004) combined GIS

and MCDA to select criteria for best management practices in agricultural sites.
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Figure 2.3. Total number of GIS-MCDA articles per year for the period 1990 — 2004. Based on

Malczewski (2006)
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The number of articles that apply GIS coupled with BNs is much smaller (around 33 by
searching “GIS” and “Bayes” as keywords in Scopus database). Most of these studies

gather the data from GIS and apply these data to a constructed BN model.

GIS can be coupled with modelling, optimization or other methods (Sanchez-Marré et
al.,, 2008). These systems can be used iteratively with varying inputs and outputs
representing spatial differences or changes. In this way, systems relationships could be

explained. Sensitivity analyses may be also performed in a GIS basis.

4 Uncertainty incorporation in environmental models

Uncertainty is an inherent characteristic of environmental models, due to several
reasons: (i) complexity of environmental systems, (ii) subjectivity related to
environmental management problems, (iii) conflicting interests of a stakeholders, (iv)
non-existence of the “perfect” alternative, etc. Although many sources of uncertainty
are recognized, there is still a lack of information and agreement on their

characteristics, magnitudes, and available means of dealing with them.

Ascough Il et al. (2008) classified uncertainty in three typologies: knowledge
uncertainty, variability uncertainty and linguistic uncertainty (Figure 2.4). Knowledge
uncertainty is also known as epistemic or epistemological uncertainty. It refers to the
limitation of knowledge, and may be reduced by additional research and empirical
efforts. Variability uncertainty is related to the inherent variability of natural and human
systems. Finally, linguistic uncertainty arises as a consequence of a vague, ambiguous

and context dependant communication of the problem.

Even though uncertainty is inherent, it must not be rejected, as uncertainty
representation gives a broader understanding of the problem. There are two main
forms of uncertainty representation. The first is called the frequentist assumption
(Ascough Il et al., 2008): a true, fixed value for each parameter of interest exists, and
the expected value of this parameter is obtained by random sampling, and the
underlying parameter distribution is known. Monte Carlo method (section 2.2)

constitutes an example of this approach.

30



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS

Ana Carolina Passuello
ISBN:978-84-694-2177-2

/T. 1021-2011

2 Methods overview

An alternative approach is the Bayesian inference (section 2.5). This method provides a

mechanism to quantify uncertainty in parameter estimates, and to determine the

probability that an explicit scientific hypothesis is true, given a set of data.

Sampling methods, such as Monte Carlo, assume that the randomisation of

experiments is plausible, which sometimes is not true as ecological experiments are

rarely repeated independently. In contrast, BNs consider that a prior distribution of the

hypothesis exists. In fact, there is not a preferred approach to solve problems. Both

approaches may be used for inference and decision making, and each one may involve

some subjective or technical difficulties (Press, 2005).
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Figure 2.4. Uncertainty classification for environmental decision models. Based on Ascough II et

al. (2008)
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5 Sensitivity analysis

Sensitivity analysis (SA) is the study of how the uncertainty in the output of a model can
be apportioned to different sources of uncertainty in the model input (Saltelli, 2002).
This analysis promotes a better understanding of how the models work, given the
importance of each input. Due to this fact, this tool is mostly useful for model checking

and calibration.
Campolongo et al. (2000) define three categories of SA:

e Factor screening, where the main task is the identification of influential factors

in a system with many factors.

e Local SA, where the local (point) impact of the factors on the model is

emphasized.

e Global SA focuses on apportioning the output uncertainty to the uncertainty in
the input factors. Global SA typically takes a sampling approach, and the
uncertainty range given in the input reflects our imperfect knowledge of the

model factors.

A SA experiment is considered global when all the parameters are varied
simultaneously and the sensitivity is measured over the entire range of each input

parameter. This is the case that applies to this thesis.

Campolongo et al. (2000) describe sensitivity analysis methods and applications.
Between those, regression analysis was selected to be applied in this thesis.
Regression analysis is performed through the calculation of standardised regression
coefficient (B), as follows (Equations 2.9 to 2.13).

X%

22 =3, B (2.9)

SJ
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Where
- _ Yi
y =22 (2.10)
% = %L (2.11)
_5y2\1/2

- (z.22) 212

. DA

§ = (Zi%) (2.13)

N is the sample size (number of iterations in the Monte Carlo sampling method).

B ranges between zero and one. A value of (3 close to zero indicates that the output
variable y is not correlated to input variable x. Moreover the sign of 3 also indicates the
relationship between them, a positive (3 indicates that increments of the input variable
x, are followed by an increase of the output variable y, and the opposite behaviour if

the B is negative.

In this chapter, an overview of the methods applied to the thesis was presented. All
these methods are suitable to be applied in different environmental management
problems. The application of each of these methods to the case-study of SS

amendment on agricultural soils is described in the following chapters.
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Chapter 3

Development of a fugacity model to evaluate long-term
contamination in soils amended with sewage sludge
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1 Introduction

Sewage sludge is the main residue of wastewater treatment plants (WWTP). Its
application on agricultural fields is a managing practice of increasing use because of
its benefits to soil and crops. This amending practice improves soil fertility, reduces the
use of fertilizers, and is a relatively inexpensive solution. It also improves the soil
structure by the addition of organic matter to the soil matrix and the nutrients
recirculation through soil (Schowanek et al., 2004). In addition, the revalorization of a
by-product (sewage sludge), which otherwise should be deposited in a landfill or

incinerated, is achieved.

The Council Directive 86/278/CEE determines values for concentrations of heavy
metals in soils to which sludge is applied, concentrations of heavy metals on sludge
and the maximum annual quantities of such heavy metals which may be introduced
into soil intended for agriculture. However, there are no legally enforceable restrictions
related to organic compounds which may also be present in sludge. At the present day,
limit concentrations for a series of persistent organic pollutants (POPs), such as
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polychlorinated
biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs), in sludge for use on

land are only reported in the 3 draft of the working document on sludge (CEC, 2000).

Sewage sludge can contain a wide range of organic compounds (Eljarrat et al., 2003;
Katsoyiannis and Samara, 2005; Harrison et al, 2006) that may become transferred to
sludge-amended agricultural soils. Persistent organic pollutants (POPs) are toxic,
bioaccumulative and persistent chemicals, characterized by a subject to
bioaccumulation potential and long-range transport capacity. These pollutants move
through the different environmental compartments. Within these fate processes, POPs
concentration dynamically changes over time and leads to accumulation on the food

chain. As a final step, these contaminants may be transferred to the human diet.

Environmental models are tools for predicting pollutants distribution on the different

media, and evaluate its risk for the population as well as the ecosystem, through
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exposure and risk assessment models. Among them, fugacity-based models have been
largely used to predict the environmental distribution of POPs (Mackay and Fraser,
2000; Czub and MclLachlan, 2004b; Wania et al., 2006). Fugacity is a convenient
quantity to describe mathematically the rates at which chemicals diffuse, or are
transported, between phases (Mackay, 2001), since the transfer rates are proportional

to the fugacity difference between sources and destination compartments.

Fugacity models may be divided in four levels, according to their complexity (Mackay,
2001). Level | to lll models assume that the system is at steady-state. Level | models
also assume equilibrium in a closed system. Level Il models include degrading
reactions and advective loss, but all media are in equilibrium. On Level lll models, the

system is not in equilibrium. Level IV models are unsteady-state.

Amended soils have variable rates of emissions, since the applications are not
continuous (on time) and are separated by large time intervals. In addition, the
emission source is diffuse, impacting large spatial areas. In that case, Level IV models
are the most appropriate fugacity models, as their equations are based on unsteady-
state conditions. Moreover, these models are appropriate for chemicals that are very
persistent and for which the time to steady state in the environment may be long (Arnot
et al., 2008).

The main objective of this chapter was to develop and apply a multimedia model to
predict the POPs accumulation on soil, after a long period of continuous sludge
application. The behaviour of the contaminants and the influence of the soil matrix

were particularly studied.

2 Materials and methods
2.1 Model description

Sewage sludge application on soil takes place at large time intervals, which are related
to the cultivation time. The emission rate is not continuous in time, characterizing an
unsteady-state condition. To calculate the rate of pollutants removal on soil, a dynamic

fate model (Mackay Level IV) was employed (Hughes et al., 2005).
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The model input parameters were the following: sludge characteristics and application
dose, soils characteristics (density, texture, organic matter content, transport
parameters) and pollutant properties (solubility, kow, WKoc, temperature, vapour
pressure, Henry and half-life in soil). Two layers of soil were considered (top and bottom
layer). The soil matrix is composed by four compartments: air, water, organic matter

and mineral matter.

The pollutant (p) mole balance differential equation for each soil compartment (j) is
given by the Equation 3.1.
9,

ViZip 7: =1, + Z(kafkp )_ Z(Dipfzp) (3.1)

Where Vj is compartment volume (m3 soil), Zj, is pollutant (p) fugacity capacity at the

same compartment (mol m3-Pa1), fi, is the pollutant (p) fugacity for the layer (i) (Pa).

Dy values represent the flow rates from layer k to layer i for pollutant p (mol- qp/Pa-h).

The fugacity of a contaminant p on each compartment i is proportional to the molar
concentration (M) and inversely proportional to the bulk Z value (Mackay, 2001,
Equation 3.2):

_ M
fio = 7 (3.2)

The concentration (C) on each compartment j is described by Equation 3.3:
Cyp = Zyp f, (3.3)

The environmental compartments are linked by intercompartmental transfer
processes. The processes considered in the model are depicted in Figure 3.1, and

described as follows:

Loss processes in the top soil layer (1): volatilization (V) (Divp) to the air above the top

soil compartment, leaching (L) to the second layer (D1ip), sorbed phase transport (due
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to bioturbation B, Di2gp) to the second layer, diffusion in pore air and pore water to the

second layer (Di2ap and Diowp) and biodegrading reactions (Dirp) (Equation 3.4).

df :
Vlle% = Iy + (DEIBp + Da1ap + Dzlwp)fZP +

+(Dwn + Di1p + Di2gp + Di2ap + Diawp + DlRp)flp (3.4)

Vdaﬁ.mn‘ %j?% :
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reaction
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Figure 3.1. Transfer processes considered in the different environmental compartments. Adapted

from Hughes et al. (2008).

Loss processes of the bottom layer (2), where the sorption (bioturbation, D21gp) and
diffusion to the first layer through air and water compartments (D214ap and Doiwp),

leaching (D2vp), and degrading reactions (D2rp) (Equation 3.5).

dfap ‘
VZZZ”T = Iy, + (an + Di2pp + D12ap + Dlzw-p)hp +
+(Dsz + Da1gp + D21ap + Daawp + DZRD)ﬁ?p (3.5)

The global chemical loss (Equation 3.6) from the entire soil system is due to the
chemical degradation in each layer (Dirp and Do2rp), volatilization from the top layer

(D1vp), and leaching from the lower layer (D21p) as described in Webster and Mackay
(2007).
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d_tp = - Z Dyjpfip — Z Dyjpfop = _flp(Dle + DlRp) - f2p(D2Lp + DZRp)

Vp (3.6)

A fugacity approach was used in order to estimate the mechanisms of volatilization,

diffusion, leaching, reaction, and bioturbation.

The model was completely developed within the MATLAB platform, taking into account
data exchange into MS Excel. The mathematical model formulation requires solving a
system of ordinary differential equations (ODESs). The time-depending variables are the
pollutant species molar concentration in each compartment. As in total, there are two
soil compartments and J compounds; the number of ODEs is 2J. In this sense, the
model is built to be able to accept any number of chemicals. The model is solved using
MATLAB’s solvers for initial value problems for ODEs. In this case, the algorithm that

performs better, in computational time terms, was ode23s.

All model parameters regarding soil characteristics, chemical component
physicochemical behavior and soil amendment features were stored in MS Excel for an
ease of handling. These parameters were read into MATLAB using the xIsread MATLAB
command. Model results such as temporal concentration profiles were sent back to MS

Excel by using the x/swrite MATLAB command.

This MS Excel-MATLAB connectivity allows testing the model different parameters and

performing parametric sensitivity analysis.

The model assumes that two soil layers may be differentiated. Each layer depth may be
changed. Model calculation assumes that plant absorption is negligible and that
transport values (D) are constant through the simulation time. These assumptions are

related to POPs expected fate characteristics.
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2.2 Case-study

The model was applied to two types of Catalan (NE of Spain) soils, considering annual
sewage sludge application. The first soil was characterized by having a sandy texture, a
slightly acid pH, and a poor organic matter and nutrient content, while the second one
had a sandy loam texture, a basic pH, and slightly higher organic matter content. The

soil characteristics are summarized in Table 3.1.

Table 3.1. Soil parameters

Soil Parameter Unit Sandy Sandy-loam
Organic matter content % 1.10 2.30
Bulk density kg m3 2425 2355
Molecular diffusivity in pore air m2h-1 1.80E-02 1.80E-02
Molecular diffusivity in pore water m?2h-1 1.80E-06 1.80E-06
Diffusion distance on layer 1 m 5.00E-03 5.00E-03
Diffusion distance on layer 2 m 4.50E-02 4.50E-02
Air boundary layer thickness m 4.75E-03 4.75E-03
Leaching rate m ht 2.08E-04  2.08E-04
Bioturbation velocity m h1 3.42E-07 3.42E-07
Layer 1 depth m 1.00E-02 1.00E-02
Layer 2 depth m 1.90E-01 1.90E-01

Several classes of chemicals may be found on sewage sludge (Eljarrat et al., 2003,
Katsoyiannis and Samara 2005, Harrison et al. 2006). Among them, 10 polutants from
3 groups of chemicals (PCDD/Fs, PCBs and PAHs) were selected. These were chosen
according to their hazard index (Nadal et al., 2008), which is based in turn on the
persistent, bioaccumulation and toxicity potentials of the pollutants. The chemical
parameters of the 10 POPs evaluated are detailed in Table 3.2. A 20-years simulation
was performed to evaluate the long-term accumulation of the contaminants. This
simulation considers that the soil is not contaminated (Co,=0). In addition, the field area
(1 hectare) was supposed to receive 1 mmol of each contaminant on each annual
amendment. It must be noted that these values do not correspond to a regular

amendment, since the pollutant concentration in sludge and the initial amount in soil
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may substantially differ. However, they were selected to compare contaminants

behaviour and also the differences between the two evaluated scenarios.

Table 3.2. Values of the 5 chemical parameters for the POPs evaluated (Mackay et al., 2000).

Chemical Chemical Name Mwa Henry logKoc® logKowe Half-life
group (gmol1) (Pa m3moll) in soil
(d)
PCDD/Fs 2,3,7,8-TCDD 322 1.640 6.14 7.70 708
OcDD 460 0.683 7.90 8.20 2329
2,3,4,7,8-PeCDF 340 0.505 5.59 6.50 708
OCDF 444 0.100 6.75 7.97 2292
PCBs PCB 28 258 26.968 4.84 5.64 1224
PCB 52 292 35.014 5.83 6.11 154d
PCB 101 326 21.860 6.02 7.04 2174
PAHs Acenaphthene 154 16.643 471 414 57
Benzo(b)fluoranthene 252 1.223 6.24 6.39 485
Fluorene 166 9.603 4.84 4.26 46

a MW: molecular weight, » Koc: organic carbon partition coefficient, ¢ kow: octanol-water partition
coefficient, 9 source: Ayris and Harrad 1999

3 Results and Discussion

For all the studied pollutants, the removal profiles showed a tendency of reaching
stability in terms of soil concentration through the simulation time (Figure 3.2). It could
also be observed that as the contamination increased, the removal rates also
increased, until reaching steady-state, when concentrations tend to remain constant
with a constant sewage sludge application. This is explained by the fact that the higher

concentrations the higher fugacity values, leading to a higher removal rate.

PAHs and PCBs showed a higher capacity of removal, for both scenarios evaluated. For

these pollutants, the accumulation in soil was not observed. The only exception was
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benzo(b)fluoranthene, that presented a higher accumulation level than other PAHs, but
much lower than PCDD/Fs.

Environmental profiles for 20 years model
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Figure 3.2. Temporal profile of the 10 POPs assessed for sandy soil.

In fact, PCDD/Fs were found to substantially accumulate in soils (Figure 3.2). As these
contaminants are very lipophylic and tend to adsorb on soil organic matter, this trend
was expected. The different degrees of accumulation are due to the different half-lives
of these contaminants on soil. While 2,3,7,8-TCDD and 2,3,4,7,8-PeCDF have a half -
life of two years approximately, OCDD and OCDF have a half-life of more than 6 years
(Mackay et al., 2000). These different values conducted to a lower accumulation for
2,3,7,8-TCDD and 2,3,4,7,8-PeCDF, reaching a value of approximately 3 mmols after 4
years of annual application, and tending to become stable at this value. OCDD and
OCDF need more time to become stable and reach stability on much higher values than
the low- chlorinated PCDD/Fs.

The evaluated PAHs showed diverse behaviours through the simulation time (Figure
3.3). While acenaphthene and fluorene presented high removal rates,
benzo(b)fluoranthene accumulated in the soil matrix, becoming stable on values
between 1.5 and 2.5 mmol. This is probably due to the fact that benzo(b)fluoranthene

has a more complex structure than the other evaluated PAHs, being more difficult to be
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degraded, and, consequently, presenting a higher half-life in soil. Similarly, high-

substituted PCBs presented lower removal values (Figure 3.4).
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Figure 3.3. Temporal profile of PAH concentration in sandy soil in a 20-year model

PCBs ——PCB101

~»—PCB 28
1.60E-03 ~—PCB52 ——

1.40E-03 1 11

4l .

wooros | I\ A ATV RVRVRYRVRYRVEYRVRVRVRTRYRYEY
NRRIARIATRATRATAN

ZOOEDA NN N X NN N NN Y NN Y N XX
0.00E+00

Molar concentration (moles)
[} [ = =
o o o N
o o o o
m m m m
o o o o
S Y w w

e
=
e
o
oo
e
oo
oot
=

0 2 4 6 8 10 12 14 16 18 20

Time (years)

Figure 3.4. Temporal profile of PCB concentration in sandy soil in a 20-year model

No significant differences (p>0.05) were found between the two soils evaluated (Table
3.3). By the end of the 20 years, the sandy loam soil showed slightly lower
concentrations for PAHs and PCB 101. The difference between the two scenarios for
these contaminants, for a simulation period of 20 years, ranged between 1 and 3%,

probably derived from differences in soils OM content.
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The contaminants with higher removal levels (PCB 28, PCB 52, acenaphthene and
fluorene) were found to be more sensitive to soil parameters (Table 3.3). This may be
explained by the fact that low half-life on soil leads to higher removal values, and the

POP removal values are related to soil organic matter content.

In order to compare the chemical parameters and the removal profiles, two indexes
were considered: a) accumulation rate - ratio between the final concentration and the
annual contaminant charge (1 mmol)-; and b) removal rate - rate between the initial
concentration (after amendment) and the final concentration (1 year after application).
For the removal rate, the first year value was chosen since the removal rate is

comparable only when contaminants have the same molar concentration (Table 3.4).

The statistic evaluation showed a high Pearson correlation (r = -0.85) between
contaminants half-life on soil and the removal rate. An even higher correlation (r >
0.99) was observed between the accumulation potential and half-life on soil. For all
other chemical parameters, only Kow had a high correlation (r = 0.93) with the

accumulation potential.

Table 3.3. Differences between the concentrations for the two evaluated soils types

Final concentration (moles) Difference @

Chemical Name Sandy soil Sandy-loam soil %

2,3,7,8-TCDD 2.32E-03 2.33E-03 0.26%
OocDD 7.72E-03 7.72E-03 0.01%
2,3,4,7,8-PeCDF 2.31E-03 2.32E-03 0.45%
OCDF 7.62E-03 7.62E-03 0.04%
PCB 28 1.36E-04 1.40E-04 3.10%
PCB 52 2.34E-04 2.39E-04 1.88%
PCB 101 4 52E-04 4.46E-04 -1.24%
Acenaphthene 1.18E-05 1.15E-05 -2.91%
Benzo(b)fluoranthene 1.46E-03 1.46E-03 -0.45%
Fluorene 4.05E-06 3.96E-06 -2.51%

“ The negative values indicate that the removal rate is higher on sandy-loam soil than on sandy soil.
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Table 3.4. Removal rate and accumulation potential of the assessed contaminants

Chemical Name 1st year  Accumulation
removal rate
rate

2,3,7,8-TCDD 30% 2.32

OCDD 10% 7.72

2,3,4,7,8-PeCDF 30% 2.31

OCDF 10% 7.62

PCB 28 88% 0.14

PCB 52 81% 0.23

PCB 101 69% 0.45

Acenaphthene 99% 0.01

Benzo(b)fluoranthene 41% 1.46

Fluorene 100% 0.00

4 Conclusions

The developed model allows predicting the behaviour of POPs in agricultural soils in the
course of large periods of time. In fact, the model could be successfully applied to
other groups of POPs, and even to different chemicals such as volatile compounds.
This high flexibility is useful for supporting decisions related to sewage sludge

management and its application on agricultural soils.

The model clearly showed the trends for each contaminant group, predicting a
maximum concentration level that could be reached through continuous sewage
sludge application. In consequence, the model results are useful to evaluate the
environmental impact of amending soils, since the data exchanged with MS Excel

platform can be easily connected to environmental risk models.

Regarding soil parameters, no significant difference was found between the two

evaluated scenarios. However, an extended evaluation, which takes into account soils
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with higher organic content, must be carried out to check soil parameters participation

on removal rates.

The statistical analysis showed that half-life in soil is the parameter having a key role.
As this chemical property generally presents high standard deviation values for many
chemicals, an uncertainty analysis needs to be performed for a better evaluation of the
results. In addition, a sensitivity analysis is hecessary to study the contribution of each

parameter and the reliability of the results.
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Chapter 4

Sensitivity analysis applied to a fugacity model to
evaluate long-term contamination in soils amended with
sewage sludge
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1 Introduction

Persistent organic pollutants (POPs) are toxic, bioaccumulative and persistent
chemicals with long-range transport capacity. These pollutants move through different
environmental compartments (e.g., soil, water, air). Within these fate processes, POP
concentration dynamically changes over time and leads to accumulation on the food
chain. As a final step, these contaminants may be transferred to the human diet. There
is evidence that sewage sludge can contain a wide range of organic compounds
(Eljarrat et al., 2003; Katsoyiannis and Samara, 2005; Harrison et al., 2006), which
can be transferred to sludge-amended agricultural soils. At present time, limit
concentrations for a series of persistent organic pollutants (POPs), such as
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polychlorinated
biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHSs), in sludge for use on
land have not been stablished, while they are only reported in the 3 draft of the

working document on sludge (CEC, 2000).

Environmental models are tools for predicting pollutants distribution on the different
media compartments (e.g., soil organic matter, soil mineral matter, soil pore water, soil
pore air). It is difficult to describe the fate of chemicals accurately, but the broad
features of chemical fate can be understood and predicted when providing sufficient
information on certain key chemical and environmental properties. These properties
are partitioning properties, which control how the chemical is distributed between
media, such as air and water, and reactive properties, which govern how fast the

chemical reacts or degrades (Mackay et al., 2001).

Among environmental models, fugacity-based models have been largely used to predict
the environmental distribution of POPs (Mackay and Fraser, 2000; Czub and
McLachlan, 2004b; Wania et al., 2006). Fugacity is a convenient variable to describe
mathematically the rates at which chemicals diffuse, or transport, between phases
(Mackay, 2001), since the transfer rates are proportional to the fugacity difference
between sources and destination compartments. Mackay proposes a classification of

fugacity-based environmental models in different levels of increasing complexity: Level
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| to Il models assume that the system is at steady-state, while Level IV considers

dynamic modelling.

A very common destination of sludge sewage is to fertilize agricultural soils. In Spain,
65% of the sewage sludge produced in the year 2005 was disposed on agricultural
fields. On the same period, in Catalonia, more than 160,000 tonnes of sludge were

disposed on agricultural soils (MMA, 2008).

Amended soils have variable rates of emissions, since the applications are not time-
continuous. However, the treatments are separated by large periods depending on the
soil fertilization requirements. In addition, the emission source is diffuse. In this case,
the most appropriate fugacity models are Level 1V, as they are based on unsteady-state
conditions and can manage these particularities. Moreover, these models are
appropriate for environmentally persistent chemicals (Arnot et al., 2008). An essential
point in environmental models is that chemicals partitioning and reactive properties
vary enormously in magnitude from chemical to chemical, i.e. by a factor of a million or

more, giving place to different chemical behaviours (Mackay et al., 2001).

As multimedia environmental models depend on several model input parameters to
produce reliable results, a thorough analysis regarding the model sensitivity to the
input parameter values deserves extra effort during their estimation. Sensitivity
analysis (SA) is the study of how the variation in the output of a model can be
apportioned, qualitatively or quantitatively, to different sources of variation and how
the model output depends on input information (Campolongo et al., 2000). As a

consequence, SA allows understanding the model insights.

The main objective of this chapter was to analyse the multimedia model described in
Chapter 3. In addition, the effect of the uncertainty present in the model parameters on

the prediction was studied.

2 Methodology

Various methods have been proposed to make uncertainty operational due to

parameter uncertainty, such as the use of analytical uncertainty propagation methods,
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calculations based on intervals, applied fuzzy logic computation, and stochastic

modelling describing parameters as uncertainty distributions (Huijbregts, 1998).

The use of analytical propagation methods suffers from complexity in algebra, leading
to an increase of the model complexity. The model has a local perspective, as it
provides information only on parameters sensitivity around the values which are
slightly varied. Moreover, it is not accurate if uncertainties are large, the model is not
smooth or important covariance terms are omitted. In this respect, Campolongo et al.
(2000) pointed out that error propagation methods (i.e., derivative methods) provide
only a local glimpse at model factors effect on model outputs. The use of sampling
methods that explore the full space of possible model parameters values is

recommended.

Any sampling methodology consists of three steps: (i) input variables scenario
generation, (ii) model evaluation, and (iii) model output analysis. Several metrics can
be calculated based on model results, such as standard statistics (mean, standard
deviations, and confidence intervals) or regression analysis metrics. Sampling
methodologies suffer from a severe problem, which rises from the lack of knowledge of
the amount of scenarios required to generate statistically reliable output model

distributions. In this sense, most methodologies adopt an iterative approach as follows:

i. To generate a certain number of scenarios which can be estimated based on

previous mean estimations (Law and Kelton, 1999).
ii.  Torunthe model for those scenarios.
iii.  To calculate output model distribution parameters and SA metrics.

iv.  To check that model output distributions compared to previous results are

within specified tolerances. If not, return to (i).

The former methodology can be easily implemented for the case of Monte Carlo

method where a new batch of scenarios can be easily generated without any

55



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

4 SA applied to a fugacity model to evaluate long-term contamination in soils amended with SS

requirement of being independent or dependent on prior generated scenarios, in

contrast to Latin Hypercube Sampling (LHS) (Kurowicka and Cooke, 2006).

2.1 Standardized regression coefficients

Regression metrics are based on a linear correlation resulting from N input variables (x)
and a given model output result (y). Standardization of input variables and output
results is performed by subtracting the mean value and normalizing by the standard
deviation (o). This standardization procedure allows for magnitude comparison
between variables, given that standardized variables have zero mean and a standard
deviation of one. Standardized Regression Coefficients (SRC or ) are obtained using
basic matrix inversion techniques (Chatterjee and Hadi, 1988). A value of any B close
to zero indicates that the output variable is not linearly correlated to that input variable.
The sign of B also indicates the relationship between input and output variables
(Equation 4.1).

Ny pux vi=1:N (4.1)

2.2 Partial correlation coefficients

Another commonly used metrics are Partial Correlation Coefficients (PCCs). These are
calculated by performing several regressions including or not the variable under study
(Equation 4.2). In this case, PCC calculates the contribution of each input variable on
the behaviour of the output variables. This can be obtained by performing two separate
regressions, one where all input variables are used (y2") and another one where this

specific input variable is ignored (ys*h) (Helton and Davis, 2000).

Z(yf-y?h)z‘ 2(yr-vf ”)2

PCC? =
()

(4.2)

PCCs have only positive values (range: 0-1). The values that are closer to one represent
more sensitive variables, variables for which the regression without them makes the

residuals larger.
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In the present study, a stochastic sampling approach was adopted. This means varying
input data (model parameters) according to given probability distributions. The model
was run for a given set of input values realizations (taken from the proposed probability
distribution functions - pdfs), and its output results are stored. This procedure is

repeated until the appropriate uncertainty ranges are obtained for the output variables.

In order to know which ones of the input variables mostly affect the model outputs, an
iterative methodology was applied. The methodology, described in Helton and Davis

(2000), consists on the following steps:
i.  To calculate single variables SRCs for all the model input variables.

ii. To select the variable which has the highest absolute value of SRC, and for

which the confidence interval does not contain zero.
iii.  To subtract the explained variability by that variable from the output variable.

iv.  To perform step (i) without the selected variables, until no more input variables
are available, or when all remaining variables show SRCs which contain zero in

their confidence interval.

The former procedure can help to rank model input variables impact on model output

results. Note that PCCs can be also used with different ranking results.

3 Model application
3.1 Overview of the study system

The developed case represents the geographical region of Catalonia (NE Spain), and it
is based on local landscape data and sewage sludge analysis. A single sewage sludge
application was performed at the beginning of the time period. The considered soil was
sandy, presenting low organic matter content (1.1%) and a slightly acid pH (6.8). After
the application, sewage sludge was ploughed in a depth of 20 cm. Two soil layers are
considered: the top layer has a depth of 1 cm while bottom layer has a depth of 19 cm.

Soil parameters are presented in Table 4.1.

57



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

4 SA applied to a fugacity model to evaluate long-term contamination in soils amended with SS

As there are several classes of POPs on sewage sludge (Eljarrat et al.,, 2003;
Katsoyiannis and Samara, 2005; Harrison et al., 2006), 10 different pollutants within
three groups of chemicals (PCDD/Fs, PCBs and PAHs) were selected. They were chosen
according to their hazard index (Nadal et al., 2008), which is based on the persistent,
bioaccumulation and toxicity potentials of the pollutants. The chemical parameters of
the 10 POPs evaluated are detailed in Table 4.2.

3.1 Sensitivity analysis

A Monte Carlo sampling was adopted. Scenarios were generated using the MATLAB
random uniform and normal number generator functions (unifrnd and normrnd,
respectively), the probability distribution function (pdf) for each parameter was selected
based on previous information. In order to select the appropriate pdf for each model

input parameter, the following criteria was used:

a. Literature survey of the parameter provides a single value: a uniform probability

distribution is assigned considering + 90% of the literature value.

b. Literature survey of the parameter provides five or less values: a uniform
distribution function considering the minimum and the maximum value of those

values is taken.

c. Literature survey of the parameter provides more than five values: a normal
distribution function considering the mean and standard deviation of the value

set is taken.

Given that normal distribution can cause negative parameter values if high standard
deviations are defined, the absolute value of these is taken for the model run.
Regarding uniform distributions the reason for such consideration is the complete lack
of knowledge of other potential distributions, this pdf is considered to be the least

informative and consequently the least biased.

In the case of soil parameters, all the selected distributions are uniform, with different

boundaries selected according to previously mentioned criteria. Tables 4.2 and 4.3
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summarize the pdfs parameters for the model input variables considered to be
uncertain, for soil and chemical parameters respectively. All remaining model variables

were considered constant.

As previously mentioned, this sensitivity analysis is done considering one single
amendment at the beginning of the first year, consequently and due to the ploughing
action, both soil layers initially have the same pollutant concentration. No uncertainty is
associated neither to the previously mentioned concentrations nor to the amendment
amount. The model was run for a time span of 20 years. Model outputs studied were

the soil chemical overall concentration and the removal rate.
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The removal rate at different time-spans (RemRategt) for each pollutant was calculated

as in Equation 4.3

Rem Rate,; = % % Vp,t (4.3)
PO

where My is the total mole amount of pollutant p at time t, while Mpo is the total mole

amount of p at the initial time.

Table 4.2. Parameter distributions for soils

Distribution parameters

Variable description (Name) Unit E::ifgn Lower Upper Source

Bound Bound
Mass fraction of OM in soil OC dimless Webster and Mackay
(OCowm) Uniforma  5.80E-02 1.10E+00 (2007)
Mass fraction of OC in soil solids in dimless Eljarrat et al. (2003)
layer 1 (OCss1) Uniformt  9.56E-03 2.86E-02
Mass fraction of OC in soil solids in dimless Eljarrat et al. (2003)
layer 2 (OCss2) Uniformt  9.56E-03 2.86E-02

Webster and Mackay

I, . 5
Molecular diffusivity in pore air (Ba) m2/h Uniforma  1.80E-03 3.42E-02 (2007)

Molecular diffusivity in pore water m2/h Webster and Mackay
(Bw) Uniforma  1.80E-07 3.42E-06  (2007)
Diffusion distance on top layer m2/h Webster and Mackay
(diff1) Uniforma 5.00E-04  9.50E-03  (2007)
Diffusion distance on bottom layer m2/h Webster and Mackay
(diff2) Uniform@ 4.50E-03  8.55E-02 (2007)
. . Webster and Mackay
Air boundary layer thickness (Ys) mm Uniforma  4.75E-04 9.03E.03 (2007)

. Webster and Mackay
Leaching rate (L) N Uniforma  2.08E05  3.96E-04  (2007)
Bioturbation velocity (Vs) m/h Uniforma  3.42E-08 6.50E-07 Eljarrat et al. (2003)

Distribution criteria:

a Literature survey of the parameter provides a single value: a uniform probability distribution is assigned
considering + 90% of the literature value.

b Literature survey of the parameter provides five or less than five values: a uniform distribution function
considering the minimum and the maximum value of those five values is taken.
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4 SA applied to a fugacity model to evaluate long-term contamination in soils amended with SS

4 Results and discussion

The number of scenarios run was varied and determined iteratively as proposed in
section 2. Ten thousand scenarios were generated, and the results are shown in Figure
4.1. Regression based coefficient of multiple determination R2 value, which provides a
measure of the extent to which the regression model can match the observed data,

was used to analyze the results.

Regression R2
o o
©

T

| | 1 1 1 | |
] 1000 2000 3000 4000 5000 6000 7000 G000 5000 10000

. . 5 2 ;
Figure 4.1. Regression’s R” dependence on number of scenarios

The model output results were obtained by applying each of the sampled scenarios to
the model described in Chapter 3. After approximately 3,000 scenarios the R2 value

remains around 0.78 (Figure 4.1), so this number of scenarios was selected.

Table 4.3 shows the average removal rates and average concentrations for each
pollutant for different time spans. In all cases, the initial amount of each pollutant was

fixed to be the same, and calculated after the amendment was done.

The calculation of SRCs and PCCs for the removal rate for different time spans was
performed for all pollutants. The model results for soil and chemical parameters, in a

time span of 5 years, are summarized in Tables 4.4 and 4.5, respectively.

Half life (HLsp) presented the highest PCCs and SRCs values, being the most important
factor. Other important variables were found to be mass fraction of organic carbon in
soil organic matter (OCom), mass fraction of organic carbon in soil solids in layer 2
(OCss2), leaching rate (L) and octanol-carbon partition coefficient (Koc) (in bold). The

sign of SRCs indicate the correlation between the inpit parameters and the final
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4 SA applied to a fugacity model to evaluate long-term contamination in soils amended with SS

concentrations. For positive SRCs higher values of those variables rendered higher final
concentrations. This was the case of pollutant half lives (HLsp), octanol-carbon partition
coefficient (Koc) and mass fraction of organic carbon in soil solids in layer 2 (OCss2). In
contrast, for negative SRCs, higher values of these variables rendered lower final
concentrations. This was the case of the mass fraction of organic carbon in soil organic
matter (OCom) and leaching rate (L). These overall trends are the expected behaviour

for such input parameter changes.

Table 4.3. Model estimation of mean pollutant removal rates (%) at different time intervals.

Time Benzo(b) Benzo

nteval SIS 2S48 ocop  ocoF  off EPR AP fuoan  ghi) o
considered thene perylene
T=Tmonth 3.1 32 05 09 165 127 260 53 50 374
t=lyear ~ 318 321 102 110 888 8L4 909  42.4 207 974
t=5years 831 835 415 440 100 100 100  86.9 855 100
t=10years 965 967 654 683 100 100 100  97.1 96.6 100
t=15years 99.4 991 784 808 100 100 100  99.2 99.0 100
t=20years 99.8 998 870 890 100 100 100  99.8 99.7 100
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4 SA applied to a fugacity model to evaluate long-term contamination in soils amended with SS

Concerning SRCs regressions, correlation R2 coefficients were found to be above 0.70,
and in some cases up to > 0.90 (Table 4.6). This is a quantitative proof that indicates
that most model input variables act linearly and higher order interaction effects are not
important. In this sense, it can be clearly stated that the pollutants behaviour depends
mainly on their chemical properties and not on soil parameters, as linear relationships
explain model output variability. Moreover the low values found for most input
variables show that the model results greatly depend on a small group of parameters,
rather than on the whole set of 15 variables. Afterwards, an iterative methodology has
been applied (Table 4.6).

Table 4.6. Standardized regression R’’s values for different pollutants

23,7, 234, ~ Benzo(b) Benzo
R2 8 78 0CDD OCDF ';C: ';‘323 Aﬁfg:e flioran-  (gh,)- Fluorene
values  TCDD PeCDF P thene  perylene

for

SRCs 0.973 0977 0.801 0.803 0.730 0.930 0.946  0.967 0.971 0.848

Table 4.7 presents the percentage of total output variance explained by the input
variables. It can be noted that most model output variability was explained by each
pollutant half life (variable HLs,. The remaining variability can be explained by mass
fraction of organic carbon in soil organic matter (OCom) and chemical pollutant’s
octanol-carbon partition coefficient (Koc), among others. The former variables are the
ones that will be typically selected in a multivariate analysis, for which significant
variables are those that individually explain at least more than (100%/(number of
variables) = 100%/15) 6.7% of the output variable variance. The mass fraction of
organic carbon in soil solids in layer 2 (OCss2) and leaching rate (L) seemed to be of

minor importance, as they both explained less than 3% of the total variance.
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5 Integrated fate, exposure and risk model

5 Conclusions

It has been shown that the use of SRCs and PCCs enables the study of how the input
parameter behaviour affects model output. The current procedure enables to focus
attention only on a few model input parameters for further studying, instead of the

original set.

The sensitivity analysis pointed out that the most influential variable in modelling POP
concentration in amended soils, using a Level IV model, was each pollutant half life
(HLsp). Moreover, other influential parameters were mass fraction of organic carbon in
soil organic matter (OCowm), mass fraction of organic carbon in soil solids in both layers
(OCss1, OCss2) and leaching rate (L). These findings result after applying a stepwise

regression methodology to the model with a single application amendment.

The former results indicate that any model enhancement should be aimed at
performing better modelling of those parameters. As the chemical half life is depended
on temperature, humidity, and solar radiation, these three factors could be introduced

separately.
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Chapter 5

Integrated fate, exposure and risk model regarding
sewage sludge application on agricultural soils
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5 Integrated fate, exposure and risk model

1 Introduction

Sewage sludge (SS) management is being currently an important problem in
wastewater engineering. Sewage sludge is the main residue of wastewater treatment
plants (WWTP). It comprises the sludge originated in treatment plants of domestic
wastewater that is occasionally mixed with industrial wastewater and/or run-off rain
water (Metcalf and Eddy, 2003). As a solution, the recycling of sludge for agricultural
purposes is an alternative to handle the increasing quantities of sludge produced in

recent years.

With appropriate use, the application of sewage sludge to agricultural fields has
benefits to soils and crops. This amending practice improves soil fertility (Fytili and
Zabaniotou, 2008), reducing the use of fertilizers, while it is a relatively inexpensive
solution. However, the presence of contaminants in sewage sludge may result in risks
to humans and ecosystems (Fytili and Zabaniotou, 2008; Smith, 2009). The transport
of pollutants between the environmental matrices may lead to soil contamination, as

well as indirect emissions to air and water.

The European legislation defines levels of heavy metals in sewage sludge and
agricultural soils intended to be amended (CEC, 1986). However, it is not concerned on
any other kind of impacts to humans and ecosystems, such as the human exposure to

organic contaminants through different routes.

Persistent organic pollutants (POPs) are toxic and persistent chemicals, characterized
by being subject to bioaccumulation potential and long-range transport capacity. These
contaminants are present at different concentrations in sewage sludge (Eljarrat et al.,
2003; Harrison et al., 2006; Katsoyiannis and Samara, 2005), and are transferred to
the soil matrix, as soils have a high capacity to act as reservoirs of organic pollutants
(Vives et al., 2008).

Environmental models are tools for predicting contaminants movement and
distribution between the different media, and to evaluate the risk for the human health

as well as the ecosystems, through exposure and risk assessment models. Among
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them, fugacity-based models are largely used tools to predict environmental
distribution of POPs (Czub and McLachlan, 2004b; Mackay and Fraser, 2000; Wania et
al., 2006). Fugacity is a convenient quantity for describing mathematically the rates at

which chemicals diffuse, or are transported between phases (Mackay, 2001).

In recent years, studies on transfer of pollutants to the food chain have been
considerable (Armitage and Gobas, 2007; Collins et al., 2006; Czub and McLachlan,
2004b; Franco et al., 2006, Kelly et al., 2007; Margni et al., 2004; Wania et al., 2006).
Among crop models, the most comprehensive are those which consider root uptake,
particle deposition and diffusion (plant-air and air-plant), as well as losses by growth
and metabolism (Legind and Trapp, 2009; McKone and Maddalena, 2007; Trapp and
Matthies, 1995).

The objective of the present chapter was to assess the human health risks due to long-
term sewage sludge application on agricultural soils. For that, four models were
integrated: a multimedia model to assess POP fate in soils, a plant model, a food chain
model, and an exposure and human health risks model. Uncertainty propagation and
sensitivity analysis were performed to evaluate the importance of the input

parameters.

2 Materials and methods

The integrated model was structured in four parts (Figure 5.1). The models are
connected by their fluxes (inputs and outputs). Each model generates an output
(concentration in the related matrix), which is used as an input of the next model. For
example, soil model generates the soil concentrations in the defined time span. The
calculated concentrations feed the plant, food chain and exposure and risk models,
considering the same time span. While uncertainty propagation was performed for all
the considered models, the sensitivity analysis was only performed for the last two
steps, as the main focus of this study was on risk analysis and the soil model has been

extensively evaluated in the previous chapter.
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Figure 5.1. Schematic representation of the model development.

2.1 Soil model

Although details of the soil model have been previously given in chapter 3, some
generalities are given in this section. In order to calculate the POP fate in the soil
matrix, some peculiarities of this practice must be considered. Soil amendment occurs
in determined periods of time, normally once or twice a year. Consequently, the
emission is not continuous through time, characterizing an unsteady-state condition.
Because of that, the rate of pollutants removal in soil was calculated through a

dynamic fate model (Mackay level IV).

The model input parameters were: POP concentration in sludge, application dose, soils
characteristics (density, texture, organic matter content, transport parameters), and
pollutant properties (Kow, Koc, Henry constant and half-life on soil). The soil matrix is

composed by four compartments: air, water, organic matter and mineral matter.
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5 Integrated fate, exposure and risk model

The mass balance differential equation for a compartment j is decribed by Equation 5.1
df,

ViZin 7; =1, + Z(kafkp >—Z(D,-pf,-p) (5.1)

Where Vj is the volume (m3) of the compartment j in layer i, Zjp is the fugacity capacity

(mol m3 Pal) in compartment i, fj, is the fugacity (Pa) of the contaminant p on layer i, t

is the time step (h), Iy is the input rate (mol h'1), Dy represent the input transfers (mol

Pa1h1) and Djfjp is the total output (mol h1).

The fugacity f of a contaminant p on each layer i is proportional to the contaminants
molar concentration (Mp) and inversely proportional to the bulk value Zr, (Equation 5.2,
according to Mackay, 2001).

M

f, = P (5.2)
I/i XZTp

The molar concentration (Mjpp) of the contaminant p on each compartment j (mol m-3) is

described by Equation 5.3:
M, =Z;, % f, (5.3)

The global chemical loss from the entire soil system is due to degradation in each layer,

volatilization from the top layer, and leaching from the lower layer.

Within the soil model, POP physicochemical parameters and soil parameters were
inserted as uncertain inputs. The result of this model was the distribution of the
concentration of each contaminant in the soil matrix for the selected time span. This

value fed the subsequent models (plant, food chain, and exposure and risk models).

2.2 Plant model

Two types of plants were considered: lettuce and pasture (grass). The contaminants
fate from soil to plants was calculated considering three main routes: deposition,
diffusion, and root transfer. Root transfer was calculated based on the concentrations

of each contaminant in the soil matrix through time. For deposition and diffusion,
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equilibrium between soil and air was considered. The concentration in gas and particle
was approximated by the chemicals octanol-air coefficient and organic matter (OM)
fraction in the particle free to exchange chemical with the atmosphere, as described by
Harner et al. (2000). The plant model is based on Legind and Trapp (2009). The molar
concentration in leaf (MLp, on mol m-3) is defined as (Equation 5.4):

Udep x AL X Cpurt,p

O, xTSCFxC; ,+ A4, xgxCy,  +

M,, = il 2 (5.4)
7 A xg +kxV,
L

LA

Where Q. is the transpiration stream on leaves (m3 d1), TSCF is the transpiration
stream concentration factor (m3 m=3), Cs, is the concentration of the chemical p in soil
(mol m=3), AL is the leaf area (m?), g is the conductance for diffusive transfer between
leaves and air (m d?1), Cgasp is the concentration of the chemical p in the gas phase
(mol m3), vgep is the deposition velocity of particles on leaves (m d1), Cparp is the
concentration of the chemical p in particle phase (mol m3), Kia is the partition
coefficient between leaves and air (unitless), k is the first order degradation rate (d?1)
and V. is the area equivalent volume of above ground plant tissues (m3). The

concentration in leaves (C.p in mg kg1 dw) is defined by Equation 5.5.

10° xM, ,x MW,
p(l_uw,L)

C =

L.p

(5.5)

Where MW, is the molecular weight of the chemical p (g mol1), p is the leaf density (kg
m-3), vw, is the volume fraction of water on leaves (unitless). A detailed description of
the model is available from Legind and Trapp (2009). The model parameters were
taken from Trapp and Matthies (1995).

For the plant model, soil concentration was considered as the only uncertain input. As
a result, the concentrations in grass and lettuce were also represented as a
distribution. The concentration distribution in grass fed the food chain model, while the

concentration in lettuce fed the exposure and risk model.
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2.3 Food chain model

The concentration of POPs in cattle meat and milk, considering that pasture fields were
amended with sewage sludge, was estimated by applying a food chain model. The
parameters for calculating the levels were considered to be different for dairy cattle
(milk) and beef cattle (beef). The concentrations in beef and milk were calculated
based on the models described by Kumar et al. (2009), which is adapted from USEPA
(1998). The input parameters of the food chain model are shown in Table 5.1. These
parameters were taken from the literature, with the exception of the fraction of food
intake by the animal from the polluted area (Flcattie), for which USEPA (1998) indicates
the use of a default value of 1. However, it was assumed that the amendment could be
performed in a smaller area, as the portions of grain, silage and other feeds are not
defined. Therefore, we considered that pasture (grass) represents more than a half of
the cattle’s diet. In addition, for the calculation of the biotransfer factor (Ba) in beef and
milk, it was taken into account that log kow is truncated in a value of 6.9, as indicated
by the USEPA (1998).

Table 5.1. Input parameters for the food chain model.

Parameters Symbol Units Value * Observation
Qpmilk kg day? Uniform (2.6, 11) Derived from data of seven
Quantity of plant types of grains, two types of
eaten by the . forage and two types of
animal Qpbeer kg day* Uniform (0.47, 8.8) silage, for beef and dairy
cattle (USEPA 1997)
i . (1 - 18% of dry matter
. 1
Qsmilk kg day Uniform (0.1367, 2.64) intake) USEPA (1997)
Soil co_nsumptlon (1 - 18% of dry matter
rate (animal) )
QSbeef kg day? Uniform (0.13, 1.17) intake)
USEPA (1997)
rr:agéltc;ré food froﬁf The consumption of food
& Fleatue unitless Uniform (0.50, 1.00) from amended area was

the amended area

assumed to be 50 - 100%
(cattle)

* The numbers in parenthesis indicate the minimum and maximum values of the distribution.
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2.4 Human exposure and health risk model

In order to evaluate the risks of amending soils with sewage sludge, 2 scenarios were
defined. The first scenario considered farmers (occupational) exposure through diet,
soil ingestion and particle inhalation. The second scenario contemplated exclusively
non-occupational exposure through food consumption. Calculations were performed for
adults. For that, only the ingestion of food from areas amended with sewage sludge

was considered. The exposure data selected for the evaluation are shown in Table 5.2.

The exposure duration was defined as the same as the simulation time. Different
values regarding the fraction of ingested food produced in the contaminated area were
chosen depending on each scenario. It was considered that the percentage of local
products in the diet of occupationally exposed populations ranged between 40% and
80%, while non-occupationally exposed population presented a lower proportion of
food ingested from the area (between 10% and 30%). The exposure and risk model
was based on Kumar et al. (2009) and USEPA (1998, 2009a).

2.5 Uncertainty and sensitivity analysis

For all the models, the variability of the parameters was taken into account. A 30-years
simulation was executed, considering accumulation in both soil and the food chain. The
uncertainty analysis was performed through the Monte Carlo method, with 5,000
iterations. The number of iterations was defined according to the coefficients of
correlation (R2). Finally, the sensitivity analysis was performed through the calculation
of the standardized regression coefficients, B (Campolongo et al., 2000) for each
uncertain input. The B values are effective for linear or quasi-linear models (R2>0.7)
and for prioritization purposes (Saltelli et al., 2008). 3 values were calculated with the
software Analytica (Lumina, 2008). The use of this software allowed the integration of
models and the analysis of the uncertainty. Also, it made easier the calculation of 8

values through the use of a toolbox called “Sensitivity Analysis Library”.
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Table 5.2. Input parameters for the human exposure model.

Parameters Symbol Units Value Reference

Soil ingestion rate CRs mg dayl Triangular (0.1, 25, 50)a Lagoy (1987)
Consumption rate of 4 b "

vegetables CRuveg g day Lognormal (99 £ 80) Arija et al. (1996)
Consumption rate of milk CRmil g day? Lognormal (226 + 177) Arija et al. (1996)

Consumption rate of beef CRubeer g day? Lognormal (180 + 84)

Gastrointestinal absorption

factor AFlg unitless  Triangular (0.4, 0.6, 1.0)
Body weight BW kg Lognormal (67.52 + 12.22)
Exposure frequency EF day yrt Triangular (180, 345, 365)
Exposure time ET h day? 8

Exposure duration ED years 30

Average lifetime AT years Lognormal (75 £ 5)

Fraction of food produced
in the amended area Flhuman unitless Uniform (0.4, 0.8)¢
(occupational)

Fraction of food produced
in the amended area (non-  Flhuman unitless Uniform (0.1, 0.3)
occupational)

Arija et al. (1996)

Nessel et al. (1991)

Arija et al. (1996)
Smith (1994)
USEPA (2009a)
Unpublished data
Frey (1993)

Unpublished data

Unpublished data

Note: The number in the parenthesis indicate

a The lower, mode and upper limit of a triangular distribution

b The mean and standard deviation of the lognormal distribution
¢ The minimum and maximum values of the uniform distribution

2.6 Case-study

The above described models were applied to a case-study: a Catalan (NE of Spain)
sandy soil (slightly acid soil) with an organic matter content of 1.1% receiving 30 tons
of sewage sludge (dw) per hectare, once a year. The selection of only one type of soil
was based on a previous study (Passuello et al., 2009), where no significant

differences were found between the removal rates for different types of soils.

The model was applied to 2 types of crops: lettuce and cattle fields. The food chain
model considered two varieties of cattle (beef and dairy) that are exposed through

ingestion of crops and soil.
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Four organic pollutants were selected: 2,3,7,8-TCDD, PCB 180, and 2 polycyclic
aromatic hydrocarbons (PAHs): benzo(a)pyrene and dibenzo(a,h)anthracene. These
contaminants were chosen according to their hazard index (Nadal et al., 2008) as well
as the results of the previous chapters. The evaluated POPs were expected to present

the highest human health risks of each chemical group.

The concentration of these contaminants in sewage sludge was taken from internal
reports of the current research project. The results of this characterization were

statistically treated and the mean concentration values were applied (Table 5.3).

Table 5.3. POP concentration in sewage sludge samples.

Chemical 2,3,7,8TCDD Benzo(a)pyrene Dibenzo(a,h)anthracene PCB 180
Mean level

7.51E-07 8.5E-02 2.0E-02 6.6E-02
(mg kg dw)

As the objective of the present study was to determine the human health risks related
to soil amendment, the initial soil concentrations were adjusted to zero and external
sources were not taken into account, simplifying the model and reducing the
computational effort of the calculation. The concentration in soil was calculated on a
daily basis. The mean soil concentration for each year was used to estimate grass
concentrations and soil ingestion. For lettuce concentration, it was considered that
crops were harvested 70 days after sludge amendment. Non-cancer risk was
calculated by comparing the exposure with the oral reference dose (RfD,), while the
cancer risk was established by multiplying the exposure and the oral slope factor (SFo).
Regarding inhalation, the cancer risk was derived by multiplying the exposure and the
Inhalation Unit Risk (IUR), while non-carcinogenic risk was calculated by comparing the
exposure through inhalation and the inhalation reference concentration (RfC). Risk

parameters are summarized in Table 5.4.

81



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

5 Integrated fate, exposure and risk model

Table 5.4. Parameters for assessing cancer and non-cancer risks (USEPA, 2008, 2009b).

Cancer risk Non-cancer risk

SFo IUR RfDo RfCi
2,3,7,8TCDD 1.30E+05 38 1.00E-09 4E-08
Benzo(a)pyrene 7.3 1.1E-3
Dibenz(a,h)anthracene 7.3 1.2E-3
PCB 180 1.3 3.8E-04

Slope Factor Oral (SFo) in kg day mg31, Oral Reference Dose (RfDo) in mg kgt day?, Inhalation Toxicity
Value (IUR) in m3 ug?, Inhalation Reference Concentration (RfCi) in mg m-3.

3 Results and discussion
3.1 Soil model

The trends of the soil concentration of the selected contaminants for a period of 30
years are shown in Figure 5.2. The evaluated PAHs and PCB showed a nearly constant
concentration through time and reached steady-state within the first years of sludge
application. In addition, the uncertainty of the results for these pollutants did not show
important changes through time. In contrast, 2,3,7,8-TCDD tended to accumulate in
soils, because the time PCDD/Fs need to reach steady-state is higher (Passuello et al.,
2009). By the end of the 30 years evaluation period, a tendency of reaching a
stationary value was observed for all the contaminants. In comparison with data of the
same region (Nadal et al., 2009a), PAH levels were approximately 10 times lower than
those found for unpolluted soils, while the concentrations of chlorinated compounds
(PCB 180 and 2,3,7,8-TCDD) were similar to those found by the same authors (Nadal
et al., 2009a). Nevertheless, it should be noted that this comparison is only illustrative,

as the present study did not consider the contamination from external sources.
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Figure 5.2. POP concentration in soil (mg kg dw) along the simulation time. Upper and lower box
boundaries indicate the 75" and percentile the 25", respectively. The line within the box marks the
median. Whiskers (error bars) above and below the box indicate the 90" and 10" percentiles, in this

order. Points above and below the whiskers are outliers.

3.2 Plant model

Table 5.5 presents estimated POP levels in grass and lettuce. The concentrations in
both types of plants were similar. As all the evaluated POPs have a high soil-air
partition coefficient (Ksa), they tend to volatilize in tiny amounts. Among those, PCB 180

has the highest Ksa, tending to a lower volatilization and becoming attached to
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particles. In fact, for this contaminant, 72% of the inputs in plants came from particle
deposition. In turn, 2,3,7,8-TCDD has the lowest Ksa among the assessed
contaminants. Therefore, this chemical presented a higher volatilization level and a
lower tendency to become attached to air particles. Diffusion plant-air for this
contaminant represented 90% of the input fluxes. For the evaluated contaminants, root

transfer was found to be the least contributing process (less than 1%).

The plant concentration profiles showed the same tendency than that observed in soil
(Figure 5.2). This fact was expected as in the selected plant model (Equations 5.4 and
5.5) the concentration in plant (C.p) is related to the concentration in soil (Csp) and air

(Cpart,p @nd Cgas,p). In addition, both Cparp and Cgasp Were estimated according to Csp.

3.3 Food chain model

Table 5.5 shows the calculated values for concentration in meat and milk. Soil
ingestion was found to be the most important route in meat and milk contamination,
representing more than 99% of intake for cattle. Consequently, the uncertainty values

were mainly related to uncertain concentrations in soil.

3.4 Exposure and risk model

The human exposure to 4 POPs through different pathways is presented in Table 5.6,

while the associated cancer and non-cancer risks are shown in Table 5.7.
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5 Integrated fate, exposure and risk model

In the evaluated scenarios, the hazard quotient (HQ) for 2,3,7,8-TCDD, the only
pollutant for which non-cancer reference dosis has been provided, was below the
threshold value, set at 1. The highest HQ mean value correspond to food ingestion for
farmers (1.72-102). Likewise, the highest cancer risk values were found for the
ingestion pathway, mainly due to diet. The mean oral cancer risk values for ingestion
ranged between 9.66-108 and 6.86-107 for the occupational scenario, and between
3.15108 and 2.26:107 for the non-occupational scenario. Cancer risk due to inhalation
was lower than that derived from the ingestion of pollutants, ranging between
7.331012 and 1.14-10° (occupational scenario only). Nevertheless, none of the POPs
presented risk values above the threshold (range: 106-104). Therefore, it can be
asserted that the current concentrations of the POPs here evaluated in sewage sludge
used for agricultural soil-amending do not mean an important increase in human

health risks for both occupationally and non-occupationally exposed populations.

However, POP concentration in sewage sludge may vary in several orders of magnitude.
Therefore, not only the application dose, but also the contaminants concentration in
sewage sludge and soils, should be taken into account in a comprehensive evaluation.
In addition, these facts should be considered in the legislation regarding application of
sewage sludge to agricultural soils. The 31 draft on the working document on sludge
(CEC, 2000) defines maximum recommended levels for total PAHs, total PCBs and
PCDD/Fs. Compared to the present study, the levels defined by the draft are several
orders of magnitude higher than those presented here. Nevertheless, as these are total
levels, soil amendment could represent important risks to human health, considering
the presence of mixtures of congeners. Because of that, these levels should be
investigated in more depth, taking into account the physical-chemical and toxicological
properties of each pollutant. As indicated by Schowanek et al. (2004), the need to
include certain compounds groups and establish limit values is still a subject under
debate, as inside each POP group there are congeners with varied persistence and

toxicity.

The uncertainty in the results was less than one order of magnitude. The upper

boundary levels (90t percentile) were below the threshold values in most cases. Only
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for 2,3,7,8-TCDD, oral cancer risk for occupational population was slightly above 10,
but still below the acceptable threshold ranges. This means that, for the present case-
study, even considering that the analysis inputs may vary, the accomplished levels of

risk are acceptable.

3.5 Sensitivity analysis

A global sensitivity analysis was performed for 2,3,7,8-TCDD, which is the chemical
with the highest risk level and presenting the highest variability in the results. The
parameters evaluated in the sensitivity analysis were concentration in air (gas and
particle phases), soil and plants, and exposure parameters. Scenarios were generated
by a Monte-Carlo simulation, with 5,000 iterations. High coefficients of correlation (R2)
were found for the three performed evaluations, indicating that most model input

variables act linearly and that higher order interaction effects are not important.

The sensitivity analysis results are shown in Table 5.8. For ingestion values in the
occupational scenario, the sensitivity results (R2=0.78) showed that the main variability
in the results was related to the ingestion rate of milk (CRmik) and meat (CRpeer). This is
due to the fact that the ingestion of meat and milk were found to be the most
important pathways in the exposure through diet. The ingestion of meat meant
between 57% and 59% of the dietary exposure values, while the ingestion of milk
represented between 40% and 42% for all the evaluated scenarios. In consequence,
the ingestion of vegetables and the direct ingestion of soil were found as pathways of
minor importance. The amount of soil ingested by cattle (Qsmik and QsSneer) are also of
pronounced importance This is due to the fact that soil ingestion is the most important
pathway for the 2 types of cattle, representing more than 95% of the total ingestion of
contaminant. The same tendencies were observed for cancer risk due to ingestion in
the non-occupational scenario (R2=0.75). For inhalation (R2=0.70), the complexity of
the exposure paths was lower and the variability in the results was mainly explained by

the exposure frequency (EF), followed by the pollutant concentration in the gas phase.
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The sensitivity analysis results showed that, for the performed risk analysis, the
variability in the results is mainly explained by the variability of the exposure
parameters. More accurate results could be obtained with a better knowledge of these
parameters. This is a complicated issue as dietary habits significantly change

according to the studied area.

The sensitivity analysis also showed the importance of the ingestion rate of soil by
cattle. These results suggest that the application of sewage sludge on agricultural soils
represents much lower risk values than the amendment of pasture fields. Probably, the
substitution of the spreading of sewage sludge by its injection in lower layers could
prevent most of the risks related to the ingestion of contaminated soil by cattle. This
practice could also prevent occupational exposure through inhalation. Therefore,
regulatory efforts should contemplate the peculiarities of each amending site and the
types of sludge application to prevent risks to human health, and allow better

management practices.

4 Conclusions

In this chapter, the application of sewage sludge on agricultural soils has been shown
to be a practice with non-significant human health risks, on the basis of the evaluated
conditions. Food ingestion has been proved to be an important exposure route,
beingmainly affected by the calculated concentrations in meat and milk. In order to
improve the precision of the results, future studies should consider a better estimation
of some exposure parameters, with a special emphasis on the dietary pathway.
Moreover, the study of other types of soil amendment, such as injection of sludge,
should be included. Finally, the insertion of external sources could improve the

precision of the results.
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The application of environmental models to predict the fate of POPs in soils amended
with sewage sludge allowed evaluating the long-term contamination of these soils. The
calculations were performed considering a large time span (between 20 and 30 years).
It was proved that all contaminants reach steady-state during this period, and that the
time it takes to reach these constant levels is related to each contaminant half life in

soil.

The calculation of transport between phases was based on fugacity models. The use of
these models provided a good approximation to the reality, with the use of a limited
number of differential equations (one for each environmental compartment). It also
allowed the calculation of all relevant transport processes, such as volatilization,

diffusion and leaching,.

Chapter 3 presents a study that evaluated the behaviour of the contaminants and the
influence of the soil matrix. For that, virtual contamination levels were applied to two
different soils. This work clearly pointed out different trends of accumulation in the soil
matrix according to each pollutant group. Most of PAHs and PCBs rapidly degraded,
with the exception of benzo(b)fluoranthene. In contrast, PCDD/Fs have been proven to
be highly accumulative in soils, with the different accumulation degrees also related to

soil half life.

In contrast, no significant differences were found between soil types. However,
contaminants with higher removal rates showed a tendency to be more sensitive to soil
parameters. This point needed further research as the two evaluated soils are
representative of the region of Catalonia, but differences in soils characteristics are

expected when the model is extrapolated to other regions.

Chapter 4 was developed based on these results. A sensitivity analysis was performed
to quantify and elucidate the influence of input variables and parameters in model

predictions.

To perform the sensitivity analysis, the parameters were varied in a wide range through

Monte Carlo simulation. In this way, the generated scenarios covered a great amount
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of soil and contaminant characteristics, and their related uncertainty. The results of
this study confirmed that half life in soil is the most important parameter of the model.
In consequence, any model enhancement depends on a more accurate estimation of

this variable.

A variable importance within soil parameters, such as organic carbon fraction, was
found. Only for PCB 28, the leaching rate seemed to have some importance in the
results. Besides soil half life, the only chemical parameter that presented some
importance was Koc, especially for 2,3,4,7,8-PeCDF and PCBs. The high R2 values
proved that the model acts mainly linearly and higher other interaction effects are not

important.

Finally, Chapter 5 presented the integration of probabilistic multimedia models (fate,
exposure and risk) for the case of sewage sludge amendment on agricultural soils. Four
contaminants were selected for the models integration. The study considered current
levels of these contaminants in sludge, as well as common application practices, for a

time span of 30 years.

The calculated environmental concentrations were similar to those found in the
literature. For cancer and non-cancer risk, the likelihood of reaching threshold values is
extremely low. In consequence, the application of sewage sludge on agricultural soils
does not mean a risk to human health, if pollutants levels in sludge remain. Air

inhalation was noted to be an occupational exposure route of minor importance.

The sensitivity analysis showed that exposure parameters were responsible for most of
the variability in the results. In this regard, more realistic results could be obtained with
more precise information regarding population dietary habits. The amount of soil
ingested by cattle is also of pronounced importance. In consequence, a more accurate
soil model could give more accurate results. Again, the use of appropriate half lives in

soil is crucial to improve the obtained results.

Finally, it is important to highlight that models are an approximation of the reality, and

they have some limitations. The representation of the complexity of environmental
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systems in a changing world is a difficult task. Due to this fact, some issues are crucial
for better modelling practices. First, models objectives must be properly defined. Then,
the developed models must be evaluated, tested and checked. Finally, models must be
transparent and their assumptions clearly stated. The environmental models reported
in this thesis have been developed considering all these factors. However, the field of
model development and evaluation still have some challenges to be solved, such as
the representation of highly complex systems and the improvement of uncertainty
management techniques. The use of good modelling practices in this work will ease

future improvements, when necessary.
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Chapter 6

A spatial multicriteria decision analysis to manage
sewage sludge application on agricultural soils
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1 Introduction

Due to environmental and economic costs, the management of an increasing
production of residues (e.g., sewage sludge) is a current issue of great interest. In
recent years, an increased production of this residue has been experimented in a

series of countries.

Nowadays, the main criteria for sewage sludge management are legislation and
economic costs. Metal levels in sewage sludge and agricultural soils are defined in the
European legislation (CEC, 1986). However, other issues such as potential impacts to
humans and ecosystem, including human exposure to organic contaminants through
different pathways are not addressed. Another point of concern is that amending soils
with sewage sludge may lead to surface water and groundwater contamination, as a
result of pollutants movement through the soil matrix. Besides that, economic issues
such as the managing cost (function of the amount of sludge produced and the
treatment process) and the transport cost (according to the distance between the
wastewater treatment plants and the agricultural field) must be also taken into

account.

The purpose of this chapter is to present a Spatial Multicriteria Decision Analysis
(SMCA) to define the optimal allocation for amending agricultural soils with sewage
sludge. For that, the problem of disposing sewage sludge is presented and novel
decision support methodologies are described. SMCA allows assessing the impacts
and the benefits of the different disposal alternatives. It involves a set of geographically
defined alternatives (events) from which a choice of one or more alternatives is made

with respect to a given set of evaluation criteria.

2 Sewage sludge management

Sewage sludge is the main residue of Wastewater Treatment Plants (WWTP). It includes
the sludge originated in treatment plants of domestic wastewater that is occasionally
mixed with industrial wastewater and/or run-off rain water. Sewage sludge properties

depend on wastewater pollution load, and technical characteristics of the treatment
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plant. Due to water treatment, the pollution contained in water is concentrated and
also some chemicals are transformed during the treatment process (Katsoyiannis and
Samara, 2005). Some of these compounds, such as organic matter and nutrients, may
be usefully reused. However, sewage sludge also presents some pollutants, as heavy
metals (Aubain et al., 2001; Metcalf and Eddy, 2003), Persistent Organic Pollutants
(POPs) (Eljarrat et al., 2003; Harrison et al., 2006) and pathogens (Aubain et al., 2001;
Metcalf and Eddy, 2003). Recent studies also point out the presence of
pharmaceuticals in this residue (Radjenovic et al., 2009) as a consequence of the
extensive use of these substances by the population. For this reason, sewage sludge

must be properly disposed to avoid risks to humans and ecosystems.

During the last few decades, the increase of sludge production, as a consequence of
industrial development, population increase and amplification of treatment services,
has become an environmental problem for several countries. Once treated, sludge can
be recycled or disposed using one of the following 3 routes: application on agriculture,
incineration (combustion) or landfilling. The valorisation of this residue as an
alternative energetic source in cement plants is nowadays a recycling route of
increasing interest. Other disposal routes are land reclamation, as well as other
combustion technologies including wet oxidation, pyrolysis and gasification (Fytili and
Zabaniotou, 2008). Each of these routes has different economical costs and
environmental impacts. The selection of an option on a local basis reflects local or
national, cultural, historical, geographical, legal, political and economic circumstances
(Fytili and Zabaniotou, 2008).

Among these routes, soil amendment with sewage sludge is the preferred alternative.
However, studies to elucidate the benefits of this practice to the population are still
needed. Governments are pressured by the population because of the risks related to
food safety that this practice may represent. Therefore, existing regulations and further

controls to minimize human exposure and derived risks must be elaborated.

Regarding the use on agricultural soils, stakeholders may have different opinions.

Farmers are motivated by the low cost that represent the use of sewage sludge as a
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fertilizer. However, as food industries have specific quality requirements, farmers need
some guarantees related to sludge quality to prevent a reduction in their market share.
Landowners are concerned about a possible decrease in land value. On the other
hand, environmental agencies are interested in the disposal of this residue with a low
economical cost, but assuring that this practice does not represent a threat for the
population. In most cases, administrators have implemented policies to regulate
sewage sludge application on soils, which is considered the best environmental and
economic option (Aubain et al., 2001, 2002). However, the population still needs more

information concerning the risks and benefits related to this management practice.

With appropriate use, the application of sewage sludge on agricultural fields has
benefits to soils and crops. This amending practice improves soil fertility, reduces the
use of chemical fertilizers, and it is a relatively inexpensive solution. It also improves
the soil structure by the addition of Organic Matter (OM) to the soil matrix and nutrients
recirculation through soil (Schowanek et al., 2004). Other benefit of sludge application

is the reduction of the potential for surface runoff and water erosion.

OM degradation increases the soil content in compounds of agricultural value (such as
N), which are slowlier released than in the case of mineral fertilizers, making them
available to crop for a longer period. When compared to other types of fertilizer, such
as urban compost and animal manure, sewage sludge has higher OM concentration,
especially the composted sludge. Furthermore, the OM added to soil through
composted sludge is more stable than for other types of sludge. In this case, organic
matter mineralizes slowlier, and nutrients are released at a slower pace, reducing the

potential risk of nitrogen leaching to groundwater.

Nitrogen is mostly found under organic form in sludge. The value of this residue as a
fertilizer is determined by the capacity of organic N to be mineralized. The nitrogen
availability is influenced by the type of sludge, temperature, humidity, pH and soil
texture, as well as the application conditions (Aubain et al., 2001). The content of N in
sludge may vary depending on the sludge treatment type, operational and storage
conditions (Mantovi et al., 2005).
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Although the application of sewage sludge on soils represents a number of benefits to
soil structure, the presence of contaminants in sewage sludge may result in risks to
humans and ecosystems. This contaminant movement among environmental
compartments may lead to soil contamination, and indirect emissions to air and water.
Various pollutants are present in sludge, being heavy metals and persistent organic

pollutants (POPs) two of the chemical groups of most concern.

The presence of heavy metals in soil has been reported in the literature (Fytili &
Zabaniotou, 2008; Nadal et al., 2004a, 2007). These elements are naturally present in
different concentrations in background soils, due to local geological characteristics of
the field. They may also originate from anthropogenic sources such as fertilizers,

animal manure, sludge application, or atmospheric deposition.

Regarding sludge application, these chemicals are distributed between different soil
media, tending to accumulate in the upper layers of the soil, attached to organic or
mineral particles. Among soil parameters, pH is the most important factor in metals
mobility and bioavailability. Heavy metals runoff may lead to surface water

contamination.

POPs have been found in soils contaminated by different sources (Nadal et al., 2004b,
2007, 2009a; Wyrzykowska et al., 2007). POPs are toxic and persistent chemicals,
characterized by their bioaccumulation potential and long-range transport capacity.
These pollutants move through different environmental compartments. Within these
fate processes, POP concentration dynamically changes over time and leads to
accumulation in the food chain. As a final step, these contaminants may be transferred
to human beings. The most important factors in POP mobility and degradation in soil
are their half-life in soil and octanol-water (Kow) partition coefficient (Passuello et al.,
2009). In addition, soil OM content and octanol-carbon (Koc) partition coefficient are

expected to influence also POP fate on soils.

As a result of amending soils with sewage sludge, humans are exposed to heavy metals

and POPs through ingestion of soil, plant and meat, particle and air inhalation
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(Passuello et al., 2010). The exposure to these contaminants may therefore lead to

human health risks.

The most relevant legislation concerning sludge application on soils is the Council
Directive 86/278/EEC (CEC, 1986), which establishes a limit for concentrations of
heavy metals in soils and sludge. Among the European Community members, six of
them (Greece, Ireland, Italy, Luxembourg, Portugal and Spain) have implemented limit
values similar to the Directive, while eight countries (Belgium, Denmark, Finland, the
Netherlands, Sweden, Estonia, Latvia and Poland) have applied more restrictive limit
values. Moreover, some regulations include threshold values for pathogens (France,
Italy and Luxembourg) and organic compounds (Austria, Belgium, Denmark, France,

Germany and Sweden), which are not included in the Directive.

The European Community is aware of the necessity of including organic contaminants
in regulations. So far, the 3 draft of the working document in sludge (CEC, 2000)
defines threshold values for concentrations of organic compounds in sludge for use on
land. This draft also establishes limit values for concentration of heavy metals in soil
and sewage sludge, which are more restrictive than those previously defined by the
Council Directive (CEC, 1986). The Council Directive 91/676/EEC (CEC, 1991a),
related to the protection of waters against pollution caused by nitrates from agricultural
sources, is also of concern, as this legislation requires identification by Member States
of Nitrates Vulnerable Zones. Very few regulations specifically address the use of
sludge in routes other than the recycling in agriculture (use in silviculture, green areas
and in land reclamation). Only the use of sludge on forest soil is mentioned by some

national regulation.

Regarding economic price, sewage sludge management represents internal and
external costs and benefits (Aubain et al., 2002). Internal costs comprise of:
investment, transport, management, storage and application costs. In turn, internal
benefits represent the profits obtained due to the substitution of a commercial
fertilizer. S6derholm and Sundqvist (2003) defined externality as ‘an unpriced benefit

or cost directly bestowed or imposed upon one agent by the actions of another agent.’
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In this sense, the external costs and benefits include social, environmental and human

health impacts.

The benefit of substituting a regular fertilizer by sewage sludge is relatively easy to
estimate, taking into account field and crop characteristics. In addition, some
methodologies, such as that developed by Koo and O’'Connell (2006) to estimate the
agricultural productivity depending on the type of crop and land use alternatives, may
be applied. This agronomic model is based on nitrogen response curves and the crops’
price. The yield (in t ha year?) is a function of nitrogen application (kg N hal year?),

and the price is estimated by the crops market value (€ t1).

The transport and application costs vary according to the solids content of sludge and
the type of crop. Transport costs are also related to the distance between the
agricultural field and the WWTP. For this reason, for WWTP situated in large cities
without agricultural fields in the vicinities, this practice may be too expensive and other
alternatives should also be studied. Other parameters of interest are the amount of
sludge produced and the nitrogen content of sludge, which is related to the application

dose.

The external cost and benefits are normally more complicated to measure than the
internal costs and benefits, as they involve social and environmental costs, for which
no market prices apply. Besides, as there is a lack of an established methodology to
determine these risks in monetary value, the results may present a high subjectivity.
Instead of that, the use of other types of evaluation, such as Multicriteria Decision

Analysis (MCDA), is highly recommended.

3 Multicriteria Decision Analysis

Sewage sludge management is a complex decision problem, due to the different
objectives of the involved stakeholders. There are social aspects involved, such as food
safety and related human health risks. Moreover, the management must also be
economically viable. The most suitable agricultural areas should be selected based on

all the previously cited issues.
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To define the suitability of each agricultural area to receive sewage sludge, three main
attributes or criteria must be considered: economic, social and environmental. These
criteria comprise several subcriteria of this managing practice. For example, the
economic criterion must take into account transport, storage and application costs. The
environmental criterion evaluates soil contamination aspects, including soil and
landscape parameters. These subcriteria may not be directly integrated, as they are not
measured on a common basis, and some of them are incommensurate. Due to this

fact, a MCDA must be developed to solve this problem.

A criterion is a tool constructed for evaluating and comparing potential actions
according to a point of view which must be (as far as it is possible) well defined. This
evaluation must contemplate, for each action, all the pertinent effects or attributes
linked to the considered opinions (Roy, 2005). The use of MCDA allows dealing with a
broad spectrum of points of view, through the construction of a criteria family that
preserves the original meaning of the corresponding evaluation. Also, MCDA eases the
debate between stakeholders, thanks to its clear structure, facilitating the evaluation
of the rules (weights and performing-scoring scales) on the decision process. This is a
key fact if we consider that the analysis results depend on weights and utility scales
together.

The methodology is based on the hypothesis of a rational and consistent decision
maker (Bridges et al., 2004), and it implies the existence of both value functions and
suitable aggregation operators (Critto el al., 2006). As a consequence, a key point in
MCDA is the criteria selection, which is performed by experts. The number of criteria
must be sufficient to consider all the relevant issues of the problem, and minimal
enough to avoid redundancy. Also, the criteria attributes must be decomposable to

simplify the process.

There are a number of MCDA procedures reported in the literature. The selection of the
best procedure for each case-study is still a subjective issue. The most used methods
are: (i) outranking methods, such as ELECTRE (Figueira et al., 2005), PROMETHEE
(Brans and Mareschal, 2005); and (ii) Multiatribute Utility Theory (MAUT) methods,
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such as weight summation methods (Torra and Narukawa, 2007) and Analytic
Hierarchy Process (AHP) (Saaty, 1980; Ramanathan, 2001; Saaty, 2005).

3.1 Geographical Information Systems and Multicriteria Decision Analysis

Sewage sludge management is based on several attributes. Many of these are related
to the landscape properties and the location of each agricultural site. For example,
pollution in rivers due to metals runoff is correlated with rainfall, terrain slope and
proximity to open waters. All these parameters may be evaluated in a more global way
with the use of Geographic Information Systems (GIS). The use of GIS for decision
making allows evaluating and grouping a large amount of spatial data. In consequence,
modellers may consider a large number of feasible alternatives to be evaluated on the

basis of multiple criteria (Malczewski, 1999).

In recent years, GIS have emerged as a very important tool for land use suitability
analysis. GIS can recognize, correlate and analyse the spatial relationship between
mapped phenomena, thereby enabling managers to link different sources of
information, perform sophisticated analysis, visualise trends, project outcomes and
strategise long-term planning goals (Sumathi et al., 2008; Behzadian et al., 2010). Due
to these characteristics, GIS have been largely employed to solve spatial decision
problems. These may be defined as those problems in which the decision implies the
selection among several potential alternatives that are associated with some specific
geographical locations. Spatial Multicriteria Decision Analysis (SMCA) refers to the
application of MCDA to manage spatial problems. According to Malczewski (2004), two
considerations are of critical importance for SMCA: (i) the GIS capabilities of data
acquisition, storage, retrieval, manipulation, and analysis; and (ii) the models
capabilities for combining the geographical data and the decision maker preferences

into unidimensional values of alternative decisions.

As in any multicriteria decision model, several operators may be applied to solve spatial
decision problems. Boroushaki and Malczewski (2008) proposed the integration of GIS
in an extension of the Analytic Hierarchy Process (AHP) using the quantifier-guided

Ordered Weighted Averaging (OWA) procedure. Chakhar and Mousseau (2008)
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suggested a framework to facilitate the incorporation and use of outranking methods in
GIS. Geneletti (2007) proposed a methodology based on commonly available data to
assess the nature conservation value of agricultural landscapes, and to generate
cartographic results to be used as decision variables in planning. Cases of SMCA by
using Internet and webmapping techniques have been described (von Haaren and
Warren-Kretzschmar, 2006). Agriculture is one of the major application areas of SMCA
(Malczewski, 2006). In recent studies, Ceballos-Silva and Lopez-Blanco (2003) applied
SMCA to identify suitable areas for the production of maize and potato crops. In turn,
Morari et al. (2004) applied SMCA for selecting criteria of best management practices

in agricultural sites.

4 Spatial Multicriteria Decision Analysis implementation

As stated before, there are several MCDA methods reported in the literature that can
be applied as part of the SMCA. The revision of all the existing methods is not the
scope of this work, so we have selected three methodologies that fit well with the
decision problem presented. The first part of this section explains briefly the weighted
summation methods and the AHP, which are the most used methods for SMCA
(Malczewski, 2006). Then, fuzzy methods are introduced. These methods have
emerged in the last few years to deal with uncertainty in environmental management.
Although the number of publications regarding the application of this method is still
limited, an increasing tendency is expected due to the possibility of dealing with

uncertainty in environmental modelling.

4.1 Weighted Summation Methods

Weight summation methods are the most simple and applied methods in SMCA. For
each alternative and criterion, a score is computed. This score is defined as the
weighted sum of its evaluations. Among the existing weighted summation methods, the
ordered weighted averaging (OWA) operator comprises the weights of relative criterion
importance and order weights. The OWA operator was introduced by Yager (1988) and
provides a parameterized family of aggregation operators that includes the arithmetic

mean, the maximum and the minimum.

111



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

6 A spatial multicriteria decision analysis

Another method that has been applied to the GIS platform is the Logic Scoring of
Preference (LSP). LSP method is based on mathematical models that use Generalized
Conjunction/Disjunction (GCD) and other continuous preference logic functions
(Dujmovic, 2007). LSP operators take into consideration the different levels in the
hierarchy of criteria and user weights and constraints over those criteria. The
aggregation of partial preferences is based on GCD logic that is used for modelling

simultaneity and replaceability (Dujmovic and Larsen, 2007).

These approaches are GIS-implemented using algebraic operations and cartographic
modelling. The relative simplicity of these methods makes them easily understandable
by decision-makers. Despite this, sometimes these methods are applied without a full
understanding of the assumptions underlying this approach. Steele et al. (2009)
pointed out that the numerical criteria weights must reflect the relative importance of
the criteria. For that, the weights must consider the way in which the performance
scoring scales for the criteria have been calibrated. This means that besides a good
weighting election, the decision maker must be aware of the importance of the scoring

scales to avoid an overvaluation of some criteria.

4.2 Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) (Saaty, 1980) is a method for analyzing complex
decision problems under multiple criteria. The AHP is a theory of relative measurement
on absolute scales of both tangible and intangible criteria. This theory is based on both
judgment of expert people and existing measurements needed to make a decision
(Saaty, 2005). The management options for a particular decision problem are

characterized by their attributes with respect to a set of detailed criteria.

The AHP procedure involves three major steps: (i) development of the attributes
hierarchy, (ii) pairwise comparison of the hierarchical structure attributes, and (iii)
construction of an overall priority rating (Boroushaki and Malczewski, 2008). According
to Malczewski (2004), AHP can be used in two different ways in a GIS environment. The

first approach consists on deriving weights associated with an attribute map layer. The
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second approach uses the AHP principle to aggregate the attributes of all hierarchy

levels.

A drawback of the AHP method is the use of redundant judgments for checking
consistency, which can exponentially increase the number of judgments to be elicited
from decision makers (Ramanathan, 2001). For example, to develop the pairwise
comparison matrix of 6 criteria, 15 judgments are needed. For the same analysis, if we
have N alternatives, the number of judgments would be 15:N. For this reason, AHP is
habitually used to compare a small number of alternatives concerning the overall goal
(Wang et al., 2009), as the decision makers effort may be too large in more complex

problems.

Despite the widespread use of AHP, some researchers question the theoretical
functions of the method (Malczewski, 2004). The implementation of this approach also
requires a complex data elicitation process (Kumar et al., 2007). Another problematic
issue of this method is the rank reversal problem. Several studies state that the
ranking of alternatives may be altered by the addition of another alternative
(Ramanathan, 2001). Lootsma (1999) found that the alternatives ranking was
different when using AHP with ordinal (ranking) and cardinal (scores) information.
However, Saaty (2005) stated that the ranking is preserved any time another
alternative is created or removed from the analysis, if an ideal alternative is created

(ideal/reference point methods).

4.3 Fuzzy knowledge-based models

Fuzzy knowledge-based models have been largely applied in environmental modelling
in recent years (Ocampo-Duque, 2008). These methods are based on a natural
language that is intuitive for most of the decision makers, as they use rules in the form
IF...AND...THEN. For instance, “IF” vegetation cover is low “AND” rainfall is high, “THEN”
the possibility of erosion is high. This method has been developed for modelling
complex systems in uncertain and imprecise environments (Ross, 2004), and it has

contributed to the challenge of interpretation and translation of natural language
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specifications into formal mathematical expressions (Boroushaki and Malczewski,
2008).

As in any decision making method, the development of a fuzzy knowledge-based model
requires the determination of model structure, criteria, subcriteria and connections
between them. Once the rules are selected, a fuzzy inference method is used to
process this knowledge and compute output values. The input values can be
numerical, linguistic or fuzzy sets. This is an advantage, as it allows dealing with

uncertain information.

Fuzzy systems have been recently employed to support decisions in environmental
management. Ocampo-Duque et al. (2007) applied a hybrid approach, based on fuzzy
inference systems and artificial neural networks to classify the ecological status of
surface waters. The combined application of fuzzy systems and GIS has not received
the same attention as the weighting summation approaches. However, some
interesting works have emerged recently. Reshmidevi et al. (2009) presented a GIS-
integrated fuzzy rule-based inference system to evaluate land suitability in agricultural
watersheds. Pathak et al. (2008) applied a fuzzy optimization method in a GIS
environment to evaluate groundwater vulnerability to pollution. Chang et al. (2008)
integrated a fuzzy multicriteria decision-making tool in a GIS platform to define the best
area to locate a landfill in a fast-growing urban region and to define a fund distribution
for a municipal incinerator using a mixed approach, integrating GIS and fuzzy AHP
(Chang et al.,, 2009). The method proved to be an effective way to describe the
environmental impacts in the context of decision analysis as well as to identify the

associated weights for fund distribution.

5 General Framework

In this section, the guidelines to develop a SMCA are presented. An introductory
example is given to illustrate method application and improve the understanding of the
tool. For a correct model application, this example should be extended to fit the

decision objectives for each specific case.
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The decision making process has three main parts (Figure 6.1): evaluation, elaboration
and integration. In the evaluation phase, the decision problem is defined and
recognized. The decision makers must explore the available legislation, current
management practices and tendencies related to the decision problem. The criteria are
also defined in this step. In the elaboration phase, the selected criteria are translated
into preferences, and the SMCA methodology to be applied is defined. Finally, in the
integration phase, the previously selected data is modelled, the results are evaluated

and a sensitivity analysis is performed.

[ Problem definition ]

l

Criteria definition

Evaluation

M

[ Criteria selection ]—>[ Rules definition ]

] [
1@

Elaboration

Criteria maps ] [ Criteria weights

[ Implementation ]

( Analysis of the
\ results

Integraticn

[ Recommendations ]

Figure 6.1. Framework for SMCA
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5.1 Evaluation Phase

Sewage sludge management is a complex decision problem that involves the opinion of
different groups of stakeholders. This particular SMCA is developed based on the
stakeholders’ pressures and opinions, as well as the type of information and
knowledge that can be acquired. The SMCA proposed here takes into account
environmental, social and economic criteria. Environmental criterion comprises soil
characteristics and landscape properties of the agricultural area. The social criterion is
represented by population characteristics while the economic criterion considers

sludge production and WWTP characteristics.

Recognizing the problem also means selecting the most appropriate criteria maps to
perform the evaluation. To select the most appropriated SMCA tool, the decision maker
needs to consider all the problem characteristics and constraints, and to analyse the

available information.

The use of SMCA for sludge management has the objective of defining the optimal
allocation for this residue in agricultural areas, satisfying environmental, economic and
social criteria. Each criterion is divided in subcriteria to perform the evaluation. For
example, the environmental criterion has the subcriteria ‘risks of contaminating water’
and ‘risks of contaminating soils’. The ‘risks of contaminating soil’ comprise soil
attributes (such as pH and OM content) and sewage sludge attributes (contamination
levels, type of treatment, etc). The environmental criterion also includes the possible

alterations in soil biodiversity and productivity.

Amending soils with sewage sludge may lead to crop contamination. Many of the
contaminants that are found in sludge are persistent, may accumulate in the food
chain and are potentially harmful to humans. This is an environmental aspect of the

problem. A criteria hierarchy for this problem is proposed in Table 6.1.

Table 6.1 presents a brief list of criteria that may be considered in such an evaluation.
Depending on the agricultural site, more criteria could be added or some of the

proposed criteria could be excluded. The selected maps must be treated to evaluate
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the selected criteria. For example, the performance of the sub criterion “Groundwater
(GW) contamination” is related to the attributes: soil classification, terrain slope,
aquifer depth, aquifer recharge, temperature and rainfall. For instance, a coarse soil
(sand) has a higher risk of GW contamination than a fine soil (clay). Geographical areas
with high slope and high rainfall are likely to transport pollutants by run-off, tending to

contaminate surface waters instead of GW.

Table 6.1. Criteria hierarchy of the proposed problem

Criteria Subcriteria

Environmental Soil Contamination
Surface Water Contamination

Groundwater Contamination

Human Health Human Environmental Exposure

Dietary Exposure

Economic Transport Costs
Storage Costs

Application Costs

In general terms, administrations have good mapped information related to agricultural
areas. The terrain characteristics, as slope, landscape temperature, soil classification,
and crop type are relatively easy to find in public databases. Nevertheless, sometimes
these information sources are not as detailed as it would be necessary to assure a
good decision making. Another problem of data mining is the need of specific
environmental data, as much as levels of micropollutants (heavy metals, POPs, etc.).
Some of the data may be found at a continental level, whereas some data may be
found in a more regional level. The selected data should have, as far as possible, the
same accuracy level. Finally, the procedures for selecting the attributes should be

based on the desirable properties of these attributes (Malczewski, 1999).
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5.2 Elaboration phase

After selecting the attributes, the decision makers must define the weights and the
preference scale of each attribute. This step is called the elaboration phase. The
models selection must consider the existence of interrelations between the selected
criteria. The preference scales are characterized depending on available maps and
data quality. To the best of our knowledge, there is no established method to define the

preference scales.

To better understand the problem elaboration, let's consider the previously cited
subcriterion “risks of contaminating soils”. For this criterion, the following hierarchy is

suggested (Table 6.2).

Table 6.2. Example of Criteria Hierarchy and Maps Selection of the Proposed Problem

Criterion Sub criterion Parameters (maps)

Soil Contamination Effects on Soil Structure Soil Parameters: OM, pH, Texture,
Pollutants Concentration

The method used in maps aggregation is determined by the available information and
must reflect the decision makers’ preferences. For example, when the available data is
deterministic, a weight summation method may be applied. However, if the inputs are
probabilistic or the decision maker wants to insert uncertainty in the evaluations, a

method capable of dealing with uncertainty must be selected.

To perform the evaluation, each input map must be translated on a ‘preference map’.
This means that for each attribute map, the decision makers must define utility values.
For example, it is desirable to have a basic soil to apply sewage sludge because the
metals availability is lower in this type of soil. As a consequence, the decision makers
define that a pH of 8 or higher has a high utility for sewage sludge application. In
contrast, a pH that is lower than 6 has the worst utility for this attribute (see Figure
6.2). The preference scale values between 6 and 8 are linearly represented. Utility

values are between zero and one. For each pixel, the sampled pH values are translated
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to a utility value, generating the preference map. This procedure must be performed for
each input map. A simple way of defining criteria weights and preference scales is
performing series of interviews with the stakeholders, managers, experts from the

environmental agency and research centres.

7 =1 7 05 710 /05
56783 pH 6 7 g 00,05 710
Utility graph pH map pH utility map

Figure 6.2. Building Utility Maps

Once all the utility maps have been created, these maps are integrated using the

selected method. Figure 6.3 shows the maps hierarchy in this particular example.
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Figure 6.3. Chart of the Integrated System

5.3 Integration Phase

Having elaborated the decision problem, the models are implemented. The acquired
knowledge is structured and the results are presented in a way that experts can easily
understand and contribute with their opinions. In our example, the integration is
performed in two steps (Figure 6.3). Firstly, all the attributes related to soil

characteristics are integrated in a map called ‘Soil’. At the same level, landscape
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characteristics are integrated in a map called ‘Landscape’. The integration procedure
considers the aggregator and the weights previously defined. Then, the two generated
maps are integrated in a map called ‘Soil Contamination’. This map reflects the
suitability of the studied areas to receive sewage sludge as an amendment,
considering the ‘Soil Contamination’ subcriterion. This step is repeated for all the

defined attributes.

In this part, it is also important to clearly show the model assumptions and the
restrictions on the application of the decision system. This practice allows validating
the model by confronting the results with the stakeholders’ experience. In this way, the
rules, utilities scales and weights may be refined, adjusted, corrected or extended.
Besides, the model stability must be checked. A good system evaluation passes
through a Sensitivity analysis (SA). A SA evaluates how the uncertainty in the output of
a model can be apportioned to different sources of uncertainty in the model input. In
general, global SA methods provide better information as they evaluate globally all the
input parameters, in contrast with local or one-factor-at-a-time methods (Saltelli,
2005).

Another way of evaluating the models is through a robustness analysis, which studies
the stability of the ranking with respect to the most important elements in the objective
and subjective data. Robustness analysis evaluates how the changes in model inputs

and structure may lead to changes in the alternatives ranking.

All these technigues may also deal with uncertainty management. Uncertainty is
inherently present in all methods that try to reproduce real-life systems, and is normally
related to lack of information, subjective information (human judgment) and partial
knowledge about the system. The previously cited fuzzy logic based models are a major

approach to represent uncertainty in MCDA.

6 Conclusions

This chapter describes the main issues of sewage sludge management, considering its

application on agricultural soils. A brief example of SMCA implementation, through an
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easily understandable system, is also provided. In the case of sewage sludge
management, the method may clearly point out the best areas to amend with sewage
sludge. Defining which method and which criteria must be selected is still a subjective
issue. In many cases, models selection depend more on experts experience than on
stakeholders expectations. This is a problematic issue as the decision makers find
hard to validate systems with high complexity. That is the reason why the performance
of a SA is so important. In the field area of SMCA, this point needs further efforts in

order to improve spatial decision making.

Another problem in SMCA is coupling spatial information with human reasoning. People
in general do not readily understand some geographical concepts, especially when
dealing with uncertain information as temporal series on a map. Systems that lead with

uncertainty, could improve people’s capacity in understanding this type of problem.

Finally, the design of a decision support tool must consider the final user. Data
treatment and system representation depends on the use of this tool. If the system is
designed for external use, it must have a friendly interface, allowing the final user to

easily change the key parameters.
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Chapter 7

Development of the spatial decision making tool



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

7 Development of the spatial decision making tool

1 Introduction

In recent years, geographic information systems (GIS) have been extensively applied in
several environmental fields such as vulnerability assessment (Kattaa et al., 2010),
human health (Nadal et al.,, 2006, Poggio and Vrscaj, 2009) and ecological risks
determination (Schriever and Liess, 2007). Another area of increased use of GIS

platform is environmental decision support systems (Passuello et al., 2011).

Spatial multicriteria decision analysis (SMCA) refers to the application of MCDA tools in
a GIS platform to solve spatial decision problems, whose decision implies the selection
among several potential alternatives that are associated with geographical locations.
Two considerations are important to solve spatial decision problems: (i) GIS capabilities
of data acquisition, storage, retrieval, manipulation and analysis, and (ii) models
capabilities of combining the geographical data and the decision maker’s preferences

into unidimensional values of alternative decisions (Malczewski, 2004).

Several examples of SMCA application in environmental management are reported in
the literature. Agriculture is one of the major application areas of SMCA (Malczewski,
2006). For instance, Ceballos-Silva and Lopez-Blanco (2003) applied SMCA to identify
suitable areas for the production of maize and potato crops. Morari et al. (2004)
applied SMCA for selecting criteria of best management practices in agricultural sites.
However, to the best of our knowledge, the management of sewage sludge on

agricultural soils has not yet been studied through spatial analysis.

In addition, there is a lack of SMCA studies that deal with the variability and uncertainty
inherent in environmental models. Sensitivity analysis (SA) is crucial in this type of
models, due to the high subjectivity related to the selection of criteria and model rules.
Among the existing methods, global sensitivity analysis (GSA) has been applied
successfully in spatial decision making. For instance, Gomez-Delgado and Tarantola
(2006) applied GSA to a case-study to define the best location for a hazardous waste
landfill site. In turn, Crosetto and Tarantola (2001) applied GSA to a hydrologic model

to provide real-time flood forecasting.
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The exploratory method is another method successfully applied in spatial decision
making. Store and Kangas (2001) used the exploratory method to validate their model
and to identify the habitat-suitability maps for one forest specie. Moffett et al. (2006)
applied the same method in a model that defined priority areas for biodiversity
conservation. Valente and Vettorazzi (2009) made a comparison between three
different sensitivity analysis methods: Monte Carlo simulation, the exploratory method
and the AHP-OWA module, and concluded that the exploratory method is a good blend

to perform sensitivity analysis in multicriteria evaluation.

In this chapter, the development of a spatial multicriteria decision model to indicate
the best areas to amend with sewage sludge in Catalonia (NE of Spain) is proposed.
Results evaluation tools were applied to provide a better understanding of the model.
The model evaluation was performed through two different methods: the global

sensitivity analysis and the exploratory method.

2 Materials and methods

Complex spatial decision problems are typically ill-defined (Feick and Hall, 2004). For
this reason, a clear definition of the framework for the assessment of the decision
problem must be performed at the beginning of the evaluation. Figure 7.1 shows the
main steps of the analysis. First, the problem must be precisely characterized and the
objectives determined. The next point is the selection of the alternatives and criteria
definition. In this step, the type of data needed for the study is specified and the maps
are elaborated or treated. Then, the alternatives and criteria are crossed and the
decision rules and the criteria weights are elaborated and applied. At the end of the
analysis, the results are evaluated and the model is adjusted when necessary. In this
chapter, we propose the application of two methods for model evaluation: the global

sensitivity analysis and the exploratory method.

Decision making deals with multiple groups with non-complementary and often
conflicting objectives, therefore clearness is essential during the decision making
process. Sensitivity analysis (SA) procedures are of great help on models evaluation

and calibration. SA can help to reduce uncertainty in how a MCDA method operates
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and to determine the stability of its outputs by illustrating the impact of introducing
changes to specific input parameters (Crosetto et al., 2000). In the following point, we

briefly explain the tools selected for this study.

[ Problem definition ]

]
T

¥

[ Alternatives }— Criteria

Ie

Alternatives

\
\\)

NN

Criteria
AN

Decision rules

Criteria weights

[ Results ]

I

[ Global Sensitivity Analysis ]

|

[ Exploratory Method ]

Figure 7.1. Framework for SMCA.

2.1 Sensitivity Analysis

Due to the high complexity of the environmental systems, environmental decision
making is a complicated issue. In addition, there is large number of actors or
stakeholders that are involved in the decision problem, and a large number of potential
management options. These factors in combination may lead to a high subjectivity in

the decision process.
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Good modelling practice requests that the modeller provides an evaluation of the
confidence of the model, which can be achieved by assessing the uncertainties
associated with the outcome (response) of the model itself (Crosetto et al., 2000). The
application of sensitivity analysis tools in decision support systems allows evaluating
and checking model appropriateness to the problem. SA results are useful for the

experts to better understand the model outcomes.

Several methods to perform sensitivity analysis have been described in the literature
(Saltelli et al., 2004). However, the application of these methods in spatial decision
making is still limited. In this chapter, the application of two methods is proposed.
Firstly, the global sensitivity analysis (GSA) was applied to identify the most sensitive
input parameters of the model. Then, considering the generated ranking of the most
sensitive maps, the exploratory method was employed to determine the error related to
the extraction of these maps from the analysis. While GSA considered the variability of
the whole region, the exploratory method assessed the error apportioned in each of the

evaluated pixels.

2.1.1Global Sensitivity Analysis

Global sensitivity analysis (GSA) methods study how the uncertainty in the output of a
model can be apportioned to different sources of uncertainty in the model input
(Campolongo et al., 2000). Contrarily to local approaches, GSA methods consider the
full range of uncertainty of the inputs, which are varied simultaneously (Lilburne and
Tarantola, 2009). The method also allows the user to quantify the importance of

groups of inputs.

GSA is a variance-based method that has the capability to compute sensitivity indices
regardless of the linearity or monotonicity, or other generic assumptions on the
underlying model (Lilburne and Tarantola, 2009). Depending on the adopted setting,
GSA techniques provide first-order and/or higher-order sensitivity measures, including
total effects (Saltelli et al.,, 2004). First-order sensitivity measures are considered

suitable for linear models. Higher-order sensitivity indices, responsible for interaction
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effects among input factors, are usually not estimated because of their high

computational cost (Gomez-Delgado and Tarantola, 2006).

Among GSA techniques, standardized regression coefficients (3 values) may be applied
when the inputs are independent. This method is sensitive to all input distributions,
and provides a decomposition of the output variance according to the input factors.
Campolongo et al. (2000) stated that estimators such as the standardized regression
coefficients have a limit of being as good as the regression on which they are based.
Because of that, the model coefficient of determination (R2) should always be
determined to give an indication of the model behaviour (linearity, monoticity). In this
work, standardized regression coefficients were calculated by means of the sensitivity

analysis library of the software Analytica (Lumina, 2008).

2.2 Exploratory Method

Exploratory modelling attempts to capture major theoretical uncertainties in a set of
model runs that investigate the implications of different parameterizations to explore
the magnitude of possible changes across the model (Pennington, 2007). Within the
method, different scenarios are performed. In this study, the scenarios were selected
based on the results of the previous step (GSA), where the most important maps were
defined. Each scenario corresponds to the alteration of the weights of one input map.
The corresponding weight of this map is set to zero, and the other weights are

proportionally redistributed in each level (Valente and Vettorazzi, 2009).

Pennington (2007) stated that the goal of this evaluation is not predicting a real
system, but improving the understanding of how specific changes impact the results of
the model. The generation of scenarios may be a laborious work, especially when the
number of inputs is high. In this case, the previous application of GSA will allow
evaluating the most important parameters, and specific scenarios may be performed in

this step.

In contrast to GSA, the exploratory method evaluates the changes in each pixel of the

territory. This method allows quantifying the number of pixels that have changed values
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in their outputs when the weights are changed. The results give several scenarios that
consist of modified suitability maps. These scenarios can be compared with the original
suitability map to examine the modifications in the suitability areas classes, enabling

the assessment of the number of pixels that have changed classes.

In addition, the root mean square error (RMSE) may be performed. RMSE is a very
common GIS validation method that is performed in interpolation techniques
evaluation (Lu and Wong, 2008, Bater and Coops, 2009) in order to determine the
error propagation through spatial multi-criteria decision analysis (Malczewski, 1999;
Gomez-Delgado and Barredo, 2005; Fernandez and Lutz, 2010). The RMSE also allows
estimating the percent of error (PE) in each scenario compared to the original suitability

map, through the following equations (Lu and Wong, 2008):

| & (7.1)
RMSE = \/Z(Si -S.)’
N5
PE(%) = LSfxloo
/NS, (7.2)

Where RMSE is the mean of the squared difference between the true value (Si, the
suitability of the original map) and the measured value (S;, the suitability of the
scenario map); N is the number of evaluated pixels and PE (%) is the proportion of
RMSE of each scenario compared to the average of original suitability. RMSE and PE
represent an improvement in results analysis, to evaluate the error apportioned by

changed criteria weights.

3 Case-study
3.1 Evaluation Phase

The described SMCA method was applied to a case-study in Catalonia (NE of Spain).
The region is characterized by a diverse morphology, being mostly mountainous on the
north (Pyrenees) and flat at the centre and the coast (Figure 7.2). The region is also

characterized by the presence of the littoral mountain system, between the central
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depression and the coast. Also, the Ebro River catchment and its delta are important

systems in the south of Catalonia.

The agricultural areas are mainly situated in the central depression, in the Ebro River
catchment and in some coastal areas, while the population is concentrated in the

coastal areas.
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Figure 7.2. Location map of Catalonia.

The definition of the most suitable agricultural sites for sewage sludge application is a
complex issue that involves considering a large set of aspects or criteria. Criteria
selection was based on literature data, legislation and experts’ opinion. The latter
refers to the estimation of potential impacts or alterations in the environmental

matrices based on an understanding of the properties of the pollutants in sewage
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sludge, soil characteristics and landscape parameters. Considering these factors, two

groups of criteria were defined: human exposure and environmental (Table 7.1).

Table 7.1. Criteria tree for suitability analysis

Criterion Sub criterion Maps

Environmental Soil Texture, pH, Carbonates, Organic Matter, Metals
(Contamination)

Surface Water Distance to Waterbodies, Slope, Temperature,
Rainfall
Groundwater GW Vulnerability
Exposure (Human Direct Distance to Urban Areas
health)
Indirect Crop Type

The exposure criterion was mainly related to human exposure to pollutants and their
likelihood of producing damage to human health. The exposure criterion had two

subcriteria:
e Distance to urban areas, as sludge may generate important bad odours.
e Crop types, as they may accumulate differently pollutants.

The environmental criterion expresses the likelihood of contaminating soils, surface
water and groundwater, when soils are amended with SS. The following soil and

landscape parameters were considered:

e Texture: Soil texture was classified according to the European Soil Database
(European Communities, 2006). In this regard, a soil with high clay content was

considered to have a better structure than a sandy soil.

e Organic matter (OM) content: It is well known that organic matter provides a
better soil structure. In addition, organic matter degradation increases the soil

content in compounds of agricultural value (such as N), which are slowlier
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released than in the case of mineral fertilizers, making them available for a

longer period to crop.

pH: It is the most important factor in metals mobility and bioavailability in soil.

Carbonates content: The presence of carbonates decreases metals mobility in

soil.

Metal concentration: These elements are naturally present in different
concentrations in background soils, although they may be also originated from
anthropogenic sources such as fertilizers, animal manure, sludge application, or
atmospheric deposition. Soils with lower metals content were preferred for SS

amendment.

Temperature: The mean annual temperature was considered. Zones with higher
temperatures have a higher rate of organic contaminants degradation, reducing

also the potential of contaminating water bodies.

Precipitation: Mean annual rainfall values were considered, as precipitation is
one of the most important factors of contaminants movement through surface

runoff.

Slope: Higher slope values lead to higher rates of surface runoff.

Hydrology: Fields far from water bodies were considered more suitable for

sewage sludge amendment.

Groundwater: The vulnerability map elaborated by the local environmental
agency (ACA, 2005), in accordance with the Nitrate Directive (EC, 2010), was
employed in this study.

It must be noted that, to simplify the model, the economic criterion is not presented in

this case-study. The values of the economic criterion are related to the spatial position

and the sewage sludge production of each WWTP. As a consequence, an economic
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evaluation should be performed for each WWTP. In a future step, the results of this
case-study should be combined with the sewage sludge production of each WWTP to

perform a global evaluation.

3.2 Elaboration Phase

Based on the defined criteria, several maps were selected (Table 7.1). All the selected
maps were provided by the administration. The utility of each map was defined and the
utility maps were elaborated. Among the selected maps, three have discrete attributes:
Crop Type, Soil Texture and GW Vulnerability. To characterize the utility of maps with
continuous attributes, two types of function were employed (Figure 7.3). The
preference value (P) is a function of the input value (d). For each criterion, g is a
threshold of indifference and p is a threshold of strict preference (Brans and
Mareschal, 2005). In those cases where criteria are preferred to be maximized (e.g., in
the organic matter map), the top (P1) preference function was applied. For criteria to be
minimized (e.g., contaminants concentration in soil), the preference function is

reversed and the bottom function of Figure 7.3 is applied (P2).

Py
P
0 dsq
d-g
P(d)= g<dsp
Pimd
1 d>p
d
P
1 dsp
d-g
P(d=1 — p<dsq
P-qg
0 d>gq

Figure 7.3. Types of generalized criteria. Adapted from Brans and Mareschal (2005).
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The utility values presented in Table 7.2 were defined based on experts’ opinion. Table

7.3 presents the values for the maps that discrete attributes apply.

Table 7.2. Utility values for continuous attributes

Function

Map Unit Type q p
Distance to urban areas km P1 0 2
Rainfall mm yri P2 1000 400
Mean Temperature (Year) oC P1 5 17
Organic matter % dw P1 1

pH UpH P1 5
Carbonates %CaCOs3 P1 5 20
Metals concentration in soil mg kg1t P2 M* 0
Slope % P2 15 8
Distance to waterbodies m P1 0 500

* M is the maximum level defined by the legislation (MAPA, 1990), and it is dependant on each specific
element.

Table 7.3. Utility values for discrete attributes

Crop type Preference \C/;LYYnerab. Preference Soil Texture Preference

Cereal 1.00 No aquifer 1.00 Very Fine 1.00

Fruit 0.90 Low 0.90 Fine 0.80

Cabbage 0.60 Medium 0.60 Medium Fine 0.60

Pasture 0.30 High 0.20 Medium 0.40
Coarse 0.20

Each of the cited criteria was defined as a raster map of standardized values between
0 and 1, where higher values represent more suitable areas. The model was integrated
in IDRISI (Clark Labs, 2001) and the raster grid definition was 200 x 200 m. This scale
was found to be adequate for the studied region. The total number of evaluated pixels
was of approximately 260.000. The normalized input maps are shown in Figure 7.4. All

the input factors were assumed to be independent of each other.
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Figure 7.4. Normalized input maps of the evaluation (continues).
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Figure 7.4. Normalized input maps of the evaluation (continued).
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3.1 Integration

As previously described, there are several methods for implementing a SMCA. The LSP
method was selected because of the easiness for treating the available data and the
possibility of considering simultaneity and replaceability. The use of AHP was rejected

due to the large amount of criteria and the complexity of the case-study.

LSP method is based on mathematical models that use Generalized
Conjunction/Disjunction (GCD) and other continuous preference logic functions
(Dujmovic, 2007), taking into consideration the different levels in the hierarchy of
criteria, weights and constraints, over those criteria. Three LSP aggregators were
selected for the present case-study: partial disjunction (DA), arithmetic mean (A) and

partial conjunction (CA).

The DA aggregator translates the replaceability of the criteria (partial disjunction), and
a high value in only one input leads to a high output value. For instance, a good soil
structure is translated by a high organic matter value or by an appropriate texture
(complementarity). A soil with a poor texture (sandy, sandy loam soil), that has been
amended for several years, may have a high OM content and, in consequence, a good
structure. In contrast, the CA aggregator represents a partial conjunction between the
factors. This means that both inputs must be high to result in a high output
(simultaneity). For example, a good score in “slope” and “hydrology” is needed to get a
good score in the “relief” map. In other words, to avoid surface water contamination a
low terrain slope is needed but also the distance to waterbodies must be sufficiently
high. For the A aggregator, weighted arithmetic mean is applied. The model rules

(aggregators and weights) are shown in the Figure 7.5.

Most of of the employed aggregators were “CA”, representing a partial conjunction
between the factors (Figure 7.5). This means that both inputs must be high to result in

a high output (simultaneity).

The model was integrated based on the previously described steps, considering only

the areas with agricultural land use of Catalonia.
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Figure 7.5. Schematic representation of the model implementation. The values (numbers) indicate
the weights of each map (in %) and the letters in the circles the aggregator: partial disjunction
(DA), arithmetic mean (A), partial conjunction (CA).

4 Results and discussion

The integrated model, based on the previously described methodology, was applied to
the Catalan agricultural areas. For this evaluation, four suitability classes were defined
(Figure 7.6). The areas with values above 0.7 (medium to very high scale) were
considered suitable for receiving sewage sludge. It should be noted that these areas
represent more than 680,000 hectares, being sufficient for managing the amount of
sludge produced in Catalonia. The suitable areas are mainly located in the central
depression (center-west) and in the Ebro River catchment (south). The central
depression was found to be the best area for sewage sludge amendment in Catalonia.
In fact, this region represents the most important agricultural area of Catalonia

nowadays.
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4.1 Global Sensitivity Analysis

To evaluate the importance of the input maps, a global sensitivity analysis (GSA)
(Campolongo et al., 2000) was performed. The analysis took into account the variability
of the results in the whole studied region, based on the maps histograms. According to
Campolongo et al. (2000), standardized regression coefficients (B) are an alternative to
the variance-based methods that are only effective for linear or quasi-linear models
(coefficient of correlation R2>0.70). The [ values were calculated with the software
Analytica (Lumina, 2008).

Legend:

- Low

|:| Medium

T B High
B Ve high

50 km |:| Constraints

Figure 7.6. Spatial representation of the suitability of Catalan agricultural areas. Suitability
classes: low (< 0.7), medium (0.7-0.8), high (0.8-0.9), very high (0.9-1.0).
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Monte Carlo sampling was performed for 5,000 iterations and high correlation values
(R2=0.80) were obtained, indicating that the model acts linearly and higher order

effects are not important. SA indexes are shown in Table 7.4.

Table 7.4. Global sensitivity analysis results.

Map B value S value
Groundwater 0.48 23%
Distance urban areas 0.43 19%
Metals 0.33 11%
Crop type 0.30 9%
Slope 0.28 8%

The Groundwater map explained 23% of the variability of the results, while the map
Distance to urban areas explained 19% of results variability (Table 7.4). Other maps of
pronounced importance were Metals, Crop type and Slope. Most of the variability of the
results was explained by 5 input maps, being the other maps of relative low importance
(<8%). Due to this fact, for the application of the exploratory method, only the 5 maps

with the highest importance were considered.

4.2 Exploratory method

The exploratory method was performed to evaluate the variation in a suitability map
results when different changes are introduced. For that, 5 scenarios were created.
These scenarios corresponded to the elimination of each of the most important input
maps in model evaluation, and the redistribution of weights. One scenario was created
for each of the most sensitive maps defined in the previous step (Table 7.4). The
resulting suitability maps were reclassified into the four previously defined suitability
classes (defined in Figure 7.5). Then, the maps were compared to the original
suitability maps. Figure 7.6 shows the differences in suitability classes for each
scenario. The pixels with increased classes presented a better score in the scenario
map than in the original map (suitability). In contrast, the pixels with decreased classes

had a lower score in the scenario map than in the original map.
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Of the five evaluated scenarios, Scenarios 1, 2 and 3 presented the highest number of
pixels with changed classes. This may be due to the fact that these three scenarios are

related to the maps with a high hierarchy in the model implementation (Figure 7.4).

Scenario 1 (without Groundwater map) presented a similar quantity of pixels that
increased and decreased their values, probably because vulnerable areas had
increased while non-vulnerable areas had decreased suitability values. Scenario 2
(without Distance urban areas map) presented the higher number of pixels with
increased suitability, while Scenario 4 (without Crop type map) had the higher number
of pixels with decreased values. These two last scenarios corresponded to two input
maps that are connected in the model structure and had a disjunctive aggregator that
establish a compensative relationship (Figure 7.4). As the map Distance to urban areas
values are lower than the Crop type map, the extraction of the Distance to urban areas

map leaded to higher social scores and vice versa.

Scenarios 3 (without Metals map) and 5 (without Slope map) presented the lower
variation on suitability results, and in general had increased values when compared to
the original evaluation. This fact is a consequence of the application of a conjunctive
aggregator that tends to obtain the lower score between the aggregated maps. The

increased pixels corresponded to low values for the eliminated map.

To enhance the spatial evaluation, the root mean square error (RMSE) was calculated.
The application of the RMSE method allowed the evaluation of the exact error

apportioned due to the elimination of each map.

The results of RMSE and percent errors are shown in Table 7.5. Scenario 4 (without
Crop type map) presented the highest error percentage. This means that the
elimination of the Crop type map would lead to the higher error in the output. In fact,
this agrees with the results presented in Figure 7.6 that show a pronounced decrease
in the output values when this map was not considered. The other scenarios were
responsible for between 6 and 10% of the final map error. The results of this
evaluation will be useful for model improvement and model validation in a more

representative area.
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Scenario 1: Groundwater Scenario 2: Distance urban areas

Scenario 3: Metals Scenario 4: Crop type

Legend:

- Decrease 2 classes
- Decrease 1 class
D Not change

|:| Increase 1 class
- Increase 2 classes
- Increase 3 classes
- Constraints

Scenario 5: Slope

Figure 7.6. Spatial representation of the differences between pixels classes for each scenario. Each

map caption indicates the maps extracted from the evaluation.
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Table 7.5. Root Mean Square Error and percent error results

Scenario Eliminated map RMSE  Percent Error
SA1 Groundwater 0.055 7.5%

SA2 Distance urban areas 0.071  9.7%

SA3 Metals 0.045 6.1%

SA4 Crop type 0.182 24.9%

SA5 Slope 0.063 8.7%

5 Conclusions

In this chapter, a Spatial Multicriteria Model was developed to support decisions
regarding the application of sewage sludge on agricultural soils. The case-study results

point out that the suitable areas are sufficient for the management of this residue.

Different tools for results evaluation were applied. These tools showed different trends
for the two performed evaluations. This fact was expected as GSA evaluates the
histograms of the whole region, while the exploratory method assesses the variations

in each pixel.

Groundwater map was found to be responsible for most of the variability in the results
(GSA). Groundwater contamination is mainly related with the points that showed low
and very low scores in the central depression. These points correspond to zones above
aquifers that are highly vulnerable to nitrate contamination. GW contamination map
also influenced the low scores obtained close to the Ebro River Delta. However, the
error apportioned by the elimination of this map was of 7.5%. This is explained by the
fact that this map acted as a restriction in the vulnerable areas. These areas were not
representative of the total agricultural areas and, in consequence, a low error was

apportioned by the elimination of this map.

Crop type was found to be another important factor of the evaluation. Indeed, this
result was expected as in the evaluation of the suitability of agricultural fields the crop

type should be one of the most important factors of the evaluation. Most of the suitable
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areas corresponded to fruit and cereal fields, while cabbage and cattle fields
corresponded to areas with low and very low suitability values. The elimination of this
map represented the higher RMSE. However, this map is responsible for only 9% of the
variability in the results. This may be explained by the fact that most of the agricultural
areas correspond to fruit and cereal fields, which were assumed to be the most
suitable crop types in model development. Because of that, the variability of this map
in the region was low, leading to low [ values, but the values apportioned by this map

were high (Figure 8.3), leading to a high RMSE.

It has been demonstrated that the application of tools for results evaluation enhance
the models understanding in environmental decision support systems. These tools may
be applied to evaluate different spatial models and give an improved understanding of
the frameworks. In addition, the results obtained may be useful for the elaboration and
the development of future studies in a regional scale, considering a more accurate
map resolution and model simplification, when necessary. Also, a simplified version of
the model could be applied for integrating economic and environmental costs to

manage a defined sewage sludge.
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Chapter 8

Application of Bayesian networks to land suitability
classification
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1 Introduction

In recent years total production of sewage sludge (SS) in many countries has increased
due to improved rates of sewage treatment and demographic changes. Managing an
increased production of sewage sludge (SS) has become an issue of great interest. As
for any residue, the reuse or recycling of SS is preferred to its disposal. Thus, amending
soils with SS is a preferred route in several European countries, due to its fertility
benefits to soil and increased crop production. SS has an appropriate content of
composts of agronomic value, such as nitrogen, phosphorous and organic matter. The
use of treated SS as an organic fertilizer improves soil structure and acts as a buffer to
soil contamination due to slower release of nutrient compounds from the stabilized

sludge than from mineral fertilizers (Passuello et al., 2011).

However, the amendment of soils with SS has some associated risks, due to the
presence of contaminants in the sludge matrix, such as heavy metals (Aubain et al.,
2001; Metcalf and Eddy, 2003) and Persistent Organic Pollutants (POPs) (Eljarrat et al.,
2003; Harrison et al., 2006). These contaminants may be transferred from soil to crops
and enter the human food chain. While farmers’ interests are the increase in
productivity and the profits obtained from the practice, authorities must assure that
amendment is performed in proper health and environmental safety and with low
impact to the community. Also, the evaluation of the availability of areas to apply
sewage sludge is essential because while SS production increases, the availability of

land is limited.

To define the suitability of the agricultural areas is a complex task that involves several
issues. Soil suitability should have a qualitative classification, instead of being
represented by a single number. However, soil parameters are measured numerically,
through concentrations for instance. Also, some parameters, such as crop type, are
discrete and no value applies to those cases. The integration of the parameters of
interest is a complicated task due to the fact that these parameters are incomparable

and sometimes incommensurate.
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In addition, the lack of knowledge on the representation of natural systems is of
concern and a high uncertainty is associated to model development. In this case, the
modeller must define which processes and objectives consider, facilitating
interdisciplinary communication and applying different sources of knowledge. Bayesian
networks (BNs) can explicitly deal with uncertainty (van Kouwen et al., 2008). This
method is able to integrate knowledge from different disciplines, aggregating system
complexity to the level that is appropriate, representing and communicating

uncertainties.

BNs have been successfully applied on land management and land use policy. Cain et
al. (2003) investigated whether Bayesian networks, together with approaches to help
people use them, could provide the generic framework to develop a DSS for agricultural
system management. BNs were perceived to help the planning process as they allowed
policy makers to develop complex systems from a multi-disciplinary perspective.
Ticehurst et al. (2011) compared BNs with conventional statistical analysis to explore
the usefulness of BNs for the analysis of social data sets in a case-study of natural
resources management. The authors found that BNs results were more easily
interpreted and communicated then traditional statistical outputs. Also, Bacon et al.
(2002) performed a two stage model of land use change. BNs were applied to explore
the relations between personal satisfaction and the costs for the landholders to change
their land use. The authors argued that BNs are a powerful and robust method to

bridge the gap between stakeholders and experts.

BNs are able to capture the described factors through influence diagrams that describe
causal relationships between input parameters and indicators of risk levels. The
probability theory underlying BNs provides a consistent calculus for uncertainty
inference, and so a BN-based integrated model can be a useful tool to analyse the
implications of uncertainties for future decisions (Lerner et al., in press). Due to all the
described reasons, BNs was selected as a tool for developing a soil classification

model.
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There is no application of BNs for land suitability classification found in the scientific
literature. This analysis, coupled with GIS, gives insights for policy makers and farmers
on the best management options for the studied area. In this chapter, the application
of BN in land suitability classification, in order to define the best agricultural areas to
amend with sewage sludge is described. A case-study of sewage sludge application in
agricultural land in North-Eastern part of Spain (Catalonia) has been used to describe

model’s application.

2 Materials and Methods
2.1 Method description

A Bayesian network is a decision analysis framework, based on Bayesian probability
theory, which allows the integration of scientific and experiential knowledge, and the
uncertainty associated with this knowledge (Castelletti and Soncini-Sessa, 2007). The
approach involves describing a system in terms of variables and linkages, or
relationships between variables, at a level appropriate to the decision making. This is
achieved through representing linkages as conditional probability tables and
propagating probabilities through the network to give the likelihood of variable
outcomes (Murphy, 2001). Therefore, the approach ensures that the treatment of risks
and uncertainties is an intrinsic part of the decision-making processes (Borsuk et al.,
2004). The Bayesian network is flexible and interactive, and hence if a previously
developed network does not fit a user conceptual understanding of the system, it can
be adapted quickly and simply to the cognitive understanding of the user.
Mathematically speaking, Bayesian networks are the Directed Acyclic Graph (DAG)
where nodes represent variables, arcs between nodes represent probabilistic
dependencies. A graph is called directed if the graph links have directions. A directed
graph is acyclic if the graph contains no directed cycles. Bayesian Probability Networks
provide a representation of multivariate probability distribution over a set of variables
in an uncertain domain. Each node in the directed acyclic graph represents a random
variable. These variables are conditionally dependent only on their parent nodes. Each

node has a probability distribution associated with it, which represents probabilities
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given its parents states. A conditional probability table (CPT) is commonly used to store

this information for each variable node.

2.2 Case-study

Catalonia (NE of Spain) is characterized by a diverse morphology, being mostly
mountainous in the north (Pyrenees) and flat at the centre and the coast (Figure 8.1).
Catalan agricultural areas are mainly situated in the central depression, in the Ebro
river catchment and in some coastal areas, while the population is concentrated in the
coastal areas. Catalonia has a population of more than 7.5 million habitants and an
annual SS production of 140,000 tonnes dw. Between those, approximately 115,000
tonnes are disposed in agricultural fields. Catalonia agricultural areas sum more than 1
million hectares. More than 85% of this area is covered by fruit and cereal fields (ACA,
2008; IDESCAT, 2010).

Fig 8.1. Location map of Catalonia
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In this region, SS management in agricultural land is performed based on the best
possible economic profit and legislation purposes. The local legislation regarding SS
amendment on agricultural soils defines maximum levels of metals (Cd, Cr, Cu, Hg, Ni,
Pb, Zn) in SS and soils, with the objective of assuring that safe levels of these
contaminants are maintained into food (MAPA, 1990). In addition, areas that are
vulnerable to groundwater contamination as a consequence of the pollution caused by
nitrates from agricultural sources are defined for Catalonia, as established by the
European Directive 91/676/CEE (CEC, 1991b). The economic costs of applying SS to
land depend on the location of the field and the treatment plant. To simplify the model,
the economic criterion was not assessed in this study, as an economic evaluation
should be performed for each WWTP. In the future, the results of this case-study shall

be combined with data from each WWTP to perform a global evaluation.

One important problem of the management nowadays is public opposition, as the
population is concerned about surface water and groundwater contamination, soil and
food quality and odours (Goven and Langer, 2009). Several of these factors are related
to local characteristics of the land. It has been proved that the fate of organic
compounds in plants depends on crop type (cereal, fruit...) and vegetal part (root,
leave...) (Legind and Trapp, 2009). For example, pollutants transference to seeds in
cereal fields is much lower than in the case of cabbage and pasture fields. Also, the
contaminants in pasture fields are transferred to meat and milk, being biomagnified.
The likelihood of contaminating waters is linked to the characteristics of the terrain, as
slope, and rainfall. In consequence, some agricultural fields may be more suitable for
receiving SS than others. As the production of SS is increasing and the availability of
land is limited, the use of land classification tools is essential to assure that this

practice is performed in safe levels during the following years.

2.3 Model development

The BN model was developed to classify the suitability of different agricultural areas to

amend with sewage sludge. The model was intended to represent causal relationships
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between the terrain characteristics and the identified problems related to the

amending practice.

Several workshops were organized with stakeholders and environmental experts with
the objective of identifying the main problems related to practice, investigating the
related impacts according to different soil and landscape characteristics. The main
problem identified by the stakeholders is the accomplishment of the legislation,
especially regarding the areas affected with groundwater contamination. The possibility
of contaminating the human food chain, due to the contamination of crops and water,
was pointed by some stakeholders. In contrast, an experts group gave a broader and
deeper evaluation of the problem. This group was formed by chemists, ecologists,
environmental scientists, engineers, geographers and experts in soil science. The
group found two main criteria for this problem: an exposure criterion, related to the
direct human exposure of the contaminants present in sewage sludge, and an
environmental criterion, related to the protection of soil and water bodies. The defined
group of criteria considers both the problems identified by stakeholders and experts,
assessing all the soil and landscape characteristics that are relevant to protect the
environment, accomplishing the levels established by the local, national and European

legislation. The criteria are described in the Tables 8.1 and 8.2.

In a previous study, Passuello et al. (2011) evaluated the same problem through the
application of the LSP method in GIS. LSP method is based on mathematical models
that use Generalized Conjunction/Disjunction (GCD) and other continuous preference
logic functions (Dujmovic, 2007), taking into consideration the different levels in the
hierarchy of criteria, weights and constraints over those criteria. This method allows
considering if criteria are complementary or replaceable. However, this method does

not allow assessing the uncertainty related to any decision process.
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8 Application of Bayesian networks to land suitability classification

In order to better represent knowledge uncertainty, BNs were selected to evaluate this
problem. While LSP calculation gives an exact value for each pixel, BNs considers the
uncertainty of the system parameters. In consequence, BNs results allows more
confident decisions in the sense that it captures the uncertainty that is present in the
decision model, such as when trying to translate classes into values. This is an
interesting point as many stakeholders prefer working with classified data such as soil

type or nutrient levels, etc.

Table 8.2. Description of the states for metals concentration in soil (mg kg™ dw)

Metal Acid soil Basic soil

Cadmium <0.1, 0.1-0.2, 0.2-0.3, >0.3 <0.3, 0.3-0.6, 0.6-0.9, >0.9
Copper <5, 5-10, 10-15, >15 <21,21-42,42-63, >63
Nickel <3, 3-6, 6-9, >9 <11.2,11.2-22.4,22.4-33.6, >33.6
Lead <15, 15-30, 30-45, >45 <30, 30-60, 60-90, >90

Zinc <15, 15-30, 30-45, >45 <45, 45-90, 90-135, >135
Mercury <0.1, 0.1-0.2,0.2-0.3,>0.3 <0.15, 0.15-0.30, 0.30-0.45, >0.45
Chromium <10, 10-20, 20-30, >30 <15, 15-30, 30-45, >45

The framework applied to this study is shown in Figure 8.2. First, all the input maps are
classified, according to the levels defined in Tables 8.1 and 8.2. Then, the model is
integrated and the probability of each suitability result is presented in maps. This is a
key point of this evaluation as each pixel has a corresponding probability of reaching

each of the classes.

The BN (Figure 8.3) was developed intending to maintain the relationships presented

at Passuello et al. (2011) between the selected criteria.

The diagram presents the parents (causes) on the left, and the children
(consequences) on the right side. This diagram should be interpreted according to
these hierarchical relationships. For example, higher temperatures are responsible for
higher rates of contaminants degradation, being more suitable than lower

temperatures. In addition, surface runoff rates are lower when lower precipitation
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8 Application of Bayesian networks to land suitability classification

levels are observed. These two factors combined with other factors (slope, hydrology)

may prevent rivers contamination in the studied area.

Input map / 67 / 78 / 97

Classification / i / H /

M
/ L / M / VH
T T T
T T T

Integration : '

Suitability / T=TE]
T 1 1

distribution

Figure 8.2. Framework for suitability classification for the BN model.
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8 Application of Bayesian networks to land suitability classification

Figure 8.3. Land classification BN showing the structure and states. The BN was populated with
data from the study area.

To translate the LSP rules into CPTs, three steps were followed:
(i) Classify each input value according to the previously defined ranges;
(ii) Run the LSP method for all the combinations of these ranges;

(iii) Calculate the outputs probability which is used to populate CPTs. One
example of a CPT is given in Table 8.3.
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8 Application of Bayesian networks to land suitability classification

Table 8.3. CPT for the node "Soil structure”

Parent classes Child classes
Soil_texture Soil_OM Low Medium High Very high

Very fine Low 0.00 0.00 0.87 0.13
Medium 0.00 0.00 0.00 1.00
High 0.00 0.00 0.00 1.00
Very high 0.00 0.00 0.00 1.00
Fine Low 0.00 1.00 0.00 0.00
Medium  0.00 0.91 0.09 0.00
High 0.00 0.00 1.00 0.00
Very high 0.00 0.00 1.00 0.00
Medium fine Low 1.00 0.00 0.00 0.00
Medium 0.91 0.09 0.00 0.00
High 0.00 1.00 0.00 0.00
Very high 0.00 0.55 0.45 0.00
Medium Low 1.00 0.00 0.00 0.00
Medium 1.00 0.00 0.00 0.00
High 0.64 0.36 0.00 0.00
Very high 0.00 0.91 0.09 0.00
Coarse Low 1.00 0.00 0.00 0.00
Medium 1.00 0.00 0.00 0.00
High 0.82 0.18 0.00 0.00

Very high 0.00 1.00 0.00 0.00

In this case, the LSP aggregator is a DA, which means that criteria act complementary.
The higher suitability classes are given for the very fine soil and the higher OM
contents. For example, if the soil texture is “medium fine”, there is a high probability of
a low suitability if OM is “low” (1.00, or 100% of the cases) or “medium” (0.91). In
contrast, for the same soil texture, a very high OM content could lead to a “medium”
(0.55) or “high” (0.45) suitability. Note that the values in each line must sum 1 to

represent all the possible probabilities.
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8 Application of Bayesian networks to land suitability classification

3 Results and discussion

The suitability evaluation was performed for an area of more that 2.4x106 ha,
generating a great amount of results. The understanding of these results is improved
when we evaluate the different types of information given by the model. For that, we
first present the general trends regarding soil suitability for receiving sewage sludge,
which are represented in this case by the most probable (MP) class for each evaluated

area (Figure 8.4).

Legend

Most probable land
suitability classes

- Low

[ | Medium
[ | High
B Very high
I:l Constraints

Figure 8.4. Most probable land suitability classes
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8 Application of Bayesian networks to land suitability classification

The southern and extreme northern parts of the central depression as well as the
upper part of the Ebro River catchment are the most suitable ones. These areas
present High and Very high MP classes, indicating that are highly suitable for receiving

sewage sludge as an organic amendment.

The majority of the areas present a Low suitability as the MP value. This may be due to
the fact that the model is highly restrictive, as shows Figure 8.3. However, a broader
understanding of the likelihood of these areas to have each classification is needed.
The probability maps illustrate the likelihood of reaching each class for each zone. They
give a better understanding of the classification and the uncertainty related to each

class. The results are shown in Figure 8.5.

{:. 5 - \f,/-/ ) Legend "ﬁﬁ . )«"_/- ) Legend

3 / High - / Very High
{ b ) | R il " [ K

R g & o R g A g 2
\_‘»\/f(;/ — \_/g/ —

(c) (d)

Figure 8.5. Probability maps defining the likelihood of the different suitability ranges for (a) Low,
(b) Medium, (c) High and (d) Very high suitability classes.
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8 Application of Bayesian networks to land suitability classification

The probability maps (Figure 8.5) present different trends when compared to the MP
map (Figure 8.4). This fact was expected, as the information in the MP map is

incomplete because it does not consider the model’s uncertainty.

The central depression, for instance, presents different probability values, depending
on the zone. The fields in dark red on Figure 8.5a indicate a suitability lower than the
adjacent regions. Figure 8.5b shows that many of the central areas could be classified
as medium suitability (dark orange areas). The maps presented on Figure 8.5¢ and
8.5d confirm that the most suitable areas are the southern and extreme northern parts
of the central depression and the upper part of the Ebro river catchment, being the first

ones more suitable than the last one.

The comparison of the maps in Figure 8.5 indicates a high uncertainty related to the
classification in most of the areas, especially for those with Low and Medium classes.
To better evaluate the uncertainty related to land classification, the CPT of each point
should be assessed. To present the CPTs of all the evaluated data is not possible due
to the great amount of data evaluated and generated by the model. Instead, we
selected a subset of the results that we believe should be discussed to improve results
understanding. The description of each evaluated case and its geographical position
are shown in Table 8.5 and Figure 8.6, respectively. The CPTs are presented in Figures
8.7 and 8.8.

end
X Evaluated points

Most probable land
suitability classes

.
h Medium
[ High
- Very high
Mm I_] Constraints

Figure 8.6. Geographical position of the 4 selected cases.
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8 Application of Bayesian networks to land suitability classification

Table 8.5. Cases description

Case Description
number
1 NE part of Catalonia, Low suitability, low uncertainty. Cereal field, acid soil, high GW

vulnerability, close to cities.

2 Southern part of the central depression, High to Very high suitability, high uncertainty. Fruit
field, basic soil, no vulnerable area, far from cities.

3 Central part of the central depression, Low suitability, medium uncertainty. Cereal field,
basic soil, area with medium GW vulnerability, close to cities.

4 Northern part of the central depression, High suitability, medium uncertainty. Cereal field,
basic soil, no vulnerability, close to cities.

Suitability Exposure Environmental
1 1 1
0,8 0,8 0,8 1
0,6 0,6 0,6
1 0,4 0,4 — - 0,4
0,2 0.2 — 024
0 . . . . 0 T T T 1 0+ T T T 1
Low Medium High  Veryhigh Low Medium High Very high Low Medium High Very high
1 1 1
0,8 0,8 0,8
0.6 0,6 0,6
2 04— 0,4 04 1
0 T T o

T 0 T T T

Low Medium High Very high

Low Medium High  Veryhigh Low Medium High  Veryhigh
1 1 1
0,8 0,8 0,8
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Figure 8.7. CPTs, represented as distributions, for the nodes Suitability, Social and Environmental,

for the 4 selected cases.
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Figure 8.8. CPTs, represented as distributions, for the nodes Soil, Surface water and Groundwater,

for the 4 selected cases.

Cases 1 and 3 presented a Low MP value. However, case 3 has a higher uncertainty
associated. While case 1 is probably Low (Pow= 0.89), case 3 is likely to be Low (PLow=
0.57), but could also present Medium (Pwedium= 0.32) or High (Phighn= 0.11) classes.
Case 1 lower uncertainty is mainly related to the classification obtained for the

Environmental node, as both cases have similar results for the Social node.

Cases 2 and 4 also have the same MP class (High). Case 4 also presented a high
uncertainty for Suitability, being probably High (Puigh= 0.55), but possibly Medium
(Pmedium= 0.31) and unlikely Low (PLow= 0.13). These results reflect the likelihood of
being High for the Social (Phigh= 0.47) and Environmental (Phigh= 0.60) nodes.

In contrast, area 2 presented an even higher uncertainty for the node Suitability, being
High (Phigh= 0.51) or Very high (Pver nigh= 0.48). In this case, the Low classification did

not occur, indicating a good suitability level. These results are related to a good
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8 Application of Bayesian networks to land suitability classification

classification for the Social node (Very high) combined with a high uncertainty for the
Environmental node. Figure 8.8 shows the results for the parents of the Environmental
node. For case 2, both Soil and Surface water nodes present highly uncertain values,
fact that justifies the uncertainty on the child. The Very high classification obtained for
the Social node on case 2 was expected as this area present the higher distance to

cities.

There is an observed tendency for lower probabilities in the Environmental node (Figure
8.7) if any of the parent nodes (Figure 8.8) has a Low classification. This is a
consequence of the method employed to construct the CPT for the Environmental
node, which tends to consider the worst possible classification. Also, uncertainty

increases when disparate values are observer for the parents (case 2).

4 Conclusions

Sewage sludge management on agricultural soils is an issue of great concern due to
population increase and limited availability of area. Land classification allows more
confident decisions due to the differentiation of the areas inside the region. The

classification is a tool for better management practices, to ensure future sustainability.

The use of BN techniques for land classification presents several advantages when
compared to other integration techniques. The most important ones are the ability of
dealing with the uncertainty related to model development and the capacity of
integrating incomparable and sometimes incommensurate data. The complexity of the
system can be represented without the need to integrate processes at different scales,
but only at the separate scale of behaviour recognition for each process (Ticehurst et
al., 2007).

The probability maps gave an improved perception of systems uncertainty, clearly
indicating the areas with more likelihood of reaching any of the defined classes. The
geographical representation combined with the evaluation of the CPTs improves the

understanding of model uncertainty and may be useful for further evaluations on
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specific agricultural areas. The assessment of the CPTs allows identifying the sources

of uncertainty in the model, being coherent with model development.

BN evaluation with experts is also important. This can be done via a structured review
of the model. For the suitability model, a review of the results was conducted with
experts. Overall, the model received positive feedback. The model was regarded as
being a reasonable representation of a complex environment, but the need for routine

updating was emphasized.
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Discussion Part Il

The developed Spatial Multicriteria Decision models allowed identifying the best areas
to amend with sewage sludge within the studied region of Catalonia (Spain). As
previously described, the region has an agricultural area of more than 1 million
hectares and an annual SS production of 140,000 tonnes dry weight. Chapter 6

presented a spatial evaluation framework based on the LSP method.

According to the evaluation described in Chapter 7, the suitable areas represent more
than 680,000 hectares, being sufficient for managing the amount of sludge produced
in Catalonia. The most important agricultural area of Catalonia is located at the central
depression. This area was proven to be the best one to amend with sewage sludge,
due to its soil and landscape characteristics. The Ebro River catchment area was
observed to be also important. In contrast, some areas are considered not suitable for
amending with sewage sludge. For these areas, more studies should be performed to

define the best types of fertilizer.

Chapter 7 also presented a detailed evaluation of this model. Global sensitivity analysis
confirmed that groundwater vulnerability is one important criterion of the analysis. In
fact, the points with high groundwater vulnerability were mainly located in areas with
low suitability. This criterion explained 23% of the results variability. The distance from
the field to urban areas presented also a pronounced importance, explaining 19% of
results variability. Metals, crop type and slope were also notably important. These
results agreed with the expectations of the stakeholders. In fact, the model has been

extensively calibrated in order to achieve these results.

The exploratory evaluation measured the error associated to the exclusion of each
map. It was found that the exclusion of crop type map would lead to the higher error on
model results, with almost 25% of the pixels having wrong outputs. This result was
expected as in the evaluation of the suitability of agricultural fields the crop type should
be one of the most important factors of the evaluation. Most of the suitable areas
correspond to fruit and cereal fields, while cabbage and cattle fields correspond to
areas with low and very low suitability values. The other evaluated scenarios also

presented important proportion of error in the outputs (between 6.1 and 9.7%).

169



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

Discussion Part Il

The results of this work are strongly valid to give insights related to the developed
spatial model, as they represent an evaluation of the input data. In fact, the results
were presented to the stakeholders and most of them agreed with the given outputs.
However, the use of multicriteria tools, especially the LSP method, presented an
important drawback. Unfortunately, this tool does not incorporate the uncertainty
related to model development. Due to this fact, a Bayesian network (BN) was
constructed to represent and communicate the uncertainties related to model

development.

Chapter 8 provided the results of the application of BNs to the same case-study. The
results obtained were highly correlated to those presented on Chapters 6 and 7. The
representation of the uncertainty in the model results allowed a better understanding
of the results, as it gived the probability of reaching each suitability class. In
consequence, more confident decisions could be made as the likelihood of reaching

each value is explicitly defined.

One clear example is the central depression area. While the first study presented
clearly defined classed with some strong changes between classes in a low distance,
BN results provides a broader evaluation of each pixel, clearly pointing out the
uncertainty related to each class. The use of CPTs was also proved to help the decision

maker to understand the sources of uncertainty for each evaluated pixel.

Future improvements of the models presented in Chapters 6 to 8 might consider
changing the evaluation scale, i.e., working in a larger and more detailed scale. In this
case, more accurate data could be provided. Moreover, the development of an open
tool to present the results to stakeholders could provide more insights related to their

understanding of the system.
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9 Conclusions

In this thesis, the problem of managing sewage sludge on agricultural soils was

assessed. The evaluation was performed based on environmental modelling and

decision support tools.

The first part of the thesis gives a broad evaluation of the fate, transport, exposure and

human health risks of contamination due to the presence of persistent organic

pollutants (POPs) in the sludge matrix.

The fate of POPs in the soil matrix was calculated based on fugacity models. The
results have proven that the levels reached through a 30 years evaluation are
much lower than those reported in the literature for natural soils in the same
region, indicating that the atmospheric deposition of these contaminants is a
source much more important than the organic amendment. The same tendency
was observed in the plant models, i.e., particle deposition and diffusion air-plant
are the most important routes, and root transfer plays a minor role in plant

uptake of pollutants.

Regarding the transfer to the cattle, the ingestion of soil was proved to be the
most important exposure pathway. In order to reduce cattle exposure, other

application types, such as sludge injection, should be considered.

Concerning human health exposure, the ingestion of milk and meat were found
to be the most important routes. Again, the change on the application type
could reduce the concentration in the food chain. It must be highlighted that the
application of sludge on cattle fields is banned on several countries. In these
cases, the exposure values would be much lower than those reported in this

thesis.

The reported values for cancer and non-cancer risks were below the threshold
defined by the local environmental agency, leading to the conclusion that the
use of biosolids as an organic amendment does not mean any health risks for
the population, if the conditions described in this thesis are respected. That is, if

the maximum levels of contaminants in sludge, application dose and type, as
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9 Conclusions

well as the limits defined by the national and European legislation, are

regarded.

Half life in soil, consumption rates of meat and milk, and the amount of soil
ingested by cattle are the most sensitive parameters of the environmental
models, as shown by the sensitivity analysis results. Model enhancement shall

consider a better estimation of these parameters.

The decision support tools presented in the second part of the thesis determined the

best areas to amend with sewage sludge. In fact, the BNs and SMCA decision support

tools presented the trends for the areas that are more suitable to receive sewage

sludge, considering a list of 12 environmental and human health criteria.

174

The results of model application to Catalonia indicate that the southern area of
the central depression is the best one to amend with sewage sludge. This area

presented High and Very High suitability classes in both developed tools.

Crop type and groundwater vulnerability are the most important parameters in
the land classification problem. Distance to urban areas, metal concentration in

soil and slope presented also a marked importance.

The use of decision support tools provided a systematic and intuitive approach
to guide the decision making process, considering the best available knowledge,
and integrating information provided by different sources. The tools present a
structured analysis of the decision process, guided by stakeholders concerns,
providing related information, suitable tools to address problems and

encouraging discussion of the possible solutions.

The integration of decision models in GIS eased data gathering, handling and
results representation. This type of representation is useful for the decision
makers to visualise the quantity and location of suitable agricultural fields, and

define how to distribute the amount of sludge produced.
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e The application of Bayesian networks allowed a better understanding of the
uncertainty related to model development. The output maps of the analysis
represent not only the general trends but also the probability of reaching any of
the classes. A high uncertainty was found for most of the areas. A model
improvement would reduce the uncertainty related to some points. This could
be performed through the development of more workshops and/or elaborating
questionnaires to the stakeholders, trying to translate in a more precise way

their expectations.

e Some studies in a larger scale could be performed for the most problematic
areas, with low suitability values and high related uncertainty. These studies
would allow administrators to perform decisions based on the regional

production of sludge and its specific characteristics.

As any environmental problem, the management of sewage sludge on agricultural
soils evolves a broad number of aspects, such as food safety and health risks.
These aspects, combined with the maintenance of soil quality in agricultural areas,
lead to different expectancies by the evolved parts. In addition, these issues do not
have a common scale to be compared and they are very hard to predict.
Consequently, the development of environmental tools for the management of this
residue is crucial to maintain safe environmental levels, considering the

engagement of the different stakeholders.

Finally, the developed tools for the management of sewage sludge on agricultural
soils were proven to successfully tackle this problem. These methodologies are able
to represent a new paradigm, where all the stakeholders are involved, and expert
knowledge is inserted. Given the urgent need of better environmental management
practices, not only for agricultural soils but in other strategic fields, these tools

represent a key issue to reach an improved sustainability.

175



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

ACA (Agencia Catalana de [I'Aigua), 2005. Caracteritzaci6 de masses d’aigua.
Departament de Medi Ambient i Habitatge de la Generalitat de Catalunya Barcelona,

Spain.

ACA (Agéncia Catalana de I'Aigua), 2008. Dades de producci6 i gestio de fangs del any
2007. Departament de Medi Ambient i Habitatge de la Generalitat de Catalunya

Barcelona, Spain.

Amajirionwu, M., Connaughton, N., McCann, B., Moles, R., Bartlett, J., O'Regan, B.,
2008. Indicators for managing biosolids in Ireland. Journal of Environmental
Management 88, 1361-1372.

Aragonés-Beltran, P., Pastor-Ferrando, J.P., Garcia-Garcia, F., Pascual-Agullo, A., 2010.
An analytic network process approach for siting a municipal solid waste plant in the
Metropolitan Area of Valencia (Spain), Journal of Environmental Management 91,
1071-1086.

Arija, V., Salas Salvador, J., Fernandez-Ballart, J., Cuco, G., Marti-Henneberg, C., 1996.
Consumption, alimentary habits and nutritional state of the population of Reus, Spain
(IX) the evolution of food consumption, the participation in energy and nutrient intake
and the relationship with socioeconomic and cultural level from 1983 to 1993.
Consumo, habitos alimentarios y estado nutricional de la poblacion de Reus (IX).
Evolucion del consumo de alimentos, de su participacion en la ingestion de energia y
nutrientes y de su relacion con el nivel socioeconémico y cultural entre 1983 y 1993.
Medicina Clinica 106, 174-179.

Armitage, J.M., Gobas, F.A.P.C., 2007. A terrestrial food-chain bioaccumulation model
for POPs. Environmental Science & Technology 41, 4019-4025.

Arnot, J.A., Mackay, D., 2008. Policies for chemical hazard and risk priority setting: Can
persistence, bioaccumulation, toxicity, and quantity information be combined?
Environmental Science & Technology 42, 4648-4654.

179



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Arnot, J.A., Mackay, D., Bonnell, M., 2008. Estimating metabolic biotransformation

rates in fish from laboratory data. Environmental Toxicology & Chemistry 27, 341-351.

Asante-Duah, K., 1998. Risk assessment in environmental management: a guide for

managing chemical contamination problems. Wiley-Blackwell New York, USA.

Ascough IlI, J.C., Maier, H.R., Ravalico, J.K., Strudley, M.W., 2008. Future research
challenges for incorporation of uncertainty in environmental and ecological decision-
making. Ecological Modelling 219, 383-399.

Aubain, P., Gazzo, A., Le Moux, J., Mugnier, E., 2001. Disposal and recycling routes for
sewage sludge. Part 3 - Scientific and technical report. Office for Official Publications

of the European Communities, Luxembourg, p. 133.

Aubain, P., Gazzo, A., Le Moux, J., Mugnier, E., 2002. Disposal and recycling routes for
sewage sludge. Part 4 - Economic report. Office for Official Publications of the

European Communities, Luxembourg, p. 121.

Ayris, S., Harrad, S., 1999. The fate and persistence of polychlorinated biphenyls in soil.
Journal of Environmental Monitoring 1, 395-401.

Bacon, P.J., Cain, J.D., Howard, D.C., 2002. Belief network models of land manager

decisions and land use change, Journal of Environmenta Management 65, 1-23.

Bater, C.W., Coops, N.C., 2009. Evaluating error associated with lidar-derived DEM
interpolation. Computers & Geosciences 35, 289-300.

Behzadian, M., Kazemzadeh, R.B., Albadvi, A., Aghdasi, M., 2010. PROMETHEE: A
comprehensive literature review on methodologies and applications. European Journal
of Operational Research 200, 198-215.

Billoir, E., Delignette-Muller, M.L., Péry, A.R.R., Charles, S., 2008. A Bayesian approach
to analyzing ecotoxicological data. Environmental Science & Technology 42, 8978-
8984.

180



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Boroushaki, S., Malczewski, J., 2008. Implementing an extension of the analytical
hierarchy process using ordered weighted averaging operators with fuzzy quantifiers in
ArcGIS. Computers & Geosciences 34, 399-410.

Borsuk, M.E., Stow, C.A., Reckhow, K.H., 2004. A Bayesian network of eutrophication
models for synthesis, prediction, and uncertainty analysis, Ecological Modelling 173,
219-239.

Brans, J.P., Mareschal, B., 2005. PROMETHEE methods., in: Figueira, J., Greco, S.,
Ehrgott, M. (Ed.), Multiple criteria decision analysis: State of the art surveys. Springer
Science + Business Media, New York, USA, pp. 163-196.

Bridges, T., Kiker, G., Cura, J., Apul, D., Linkov, I., 2004. Towards using comparative risk
assessment to manage contaminated sites, in: Levner, E., Linkov, I., Proth, J.M. (Eds.),

Strategic management of marine ecosystems. Kluwer, Amsterdam, Nederlands.

Browne, D., O'Regan, B., Moles, R., 2010. Use of multi-criteria decision analysis to
explore alternative domestic energy and electricity policy scenarios in an Irish city-
region. Energy 35, 518-528.

Bui, T., 2000. Decision support systems for sustainable development. An overview, in:
Kersten, G.E., Mikolajuk, Z., Yeh, A.G.O. (Eds.), Decision support systems for

sustainable development. Kluwer Academic Publishers, New York, USA.

Cain, J., 2001. Planning improvements in natural resources management. Guidelines
for using Bayesian networks to support the planning and management of development

programmes in the water sector and beyond, 132 p.

Cain, J.D., Jinapala, K., Makin, I.LW., Somaratna, P.G., Ariyaratna, B.R., Perera, L.R.,
2003. Participatory decision support for agricultural management. A case study from
Sri Lanka. Agricultural Systems 76, 457-482.

181



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Campolongo, F., Saltelli, A., Sorensen, T., Tarantola, S., 2000. Hitchhiker’'s guide to
sensitivity analysis, in: Saltelli, A., Chan, K., Scott, E.M., (Ed.), Sensitivity analysis. John
Wiley & Sons Ltd, Chichester, UK, pp. 15-47.

Castelletti, A., Soncini-Sessa, R., 2007. Bayesian Networks and participatory modelling

in water resource management, Environmental Modelling & Software 22, 1075-1088.

Ceballos-Silva, A., Lépez-Blanco, J., 2003. Delineation of suitable areas for crops using
a Multi-Criteria Evaluation approach and land use/cover mapping: a case study in
Central Mexico. Agricultural Systems 77, 117-136.

CEC (Council of the European Communities), 1986. Implementation of Council
Directive 86/278/EEC of 12 June 1986 on the protection of the environment, and in

particularof the soil, when sewage sludge is used in agriculture.

CEC (Council of the European Communities), 1991a. Implementation of Council
Directive 91/271/EEC of 21 May 1991 concerning urban waste water treatment as
amended by Commission Directive 98/15/EC of 27 February 1998. Summary of the
measures implemented by the member states and assessment of the information

received pursuant to Article 17 and 13 of the Directive.

CEC (Council of the European Communities), 1991b. Council Directive 91/676/EEC of
12 December 1991 concerning the protection of waters against pollution caused by

nitrates from agricultural sources.

CEC (Council of the European Communities), 2000. Working document on sludge. 3d

draft. Brussels, Belgium, p. 19.

Chakhar, S., Mousseau, V., 2008. GIS-based multicriteria spatial modeling generic
framework. International Journal of Geographical Information Science 22, 1159 -
1196.

Chambers, B.J., Nicholson, F.A., Aitken, M., Cartmell, E., Rowlands, C., 2003. Benefits
of biosolids to soil quality and fertility. Water and Environment Journal 17, 162-167.

182



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Chang, N.-B., Parvathinathan, G., Breeden, J.B., 2008. Combining GIS with fuzzy
multicriteria decision-making for landfill siting in a fast-growing urban region. Journal of

Environmental Management 87, 139-153.

Chang, N.B., Chang, Y.H., Chen, H.W., 2009. Fair fund distribution for a municipal
incinerator using GIS-based fuzzy analytic hierarchy process. Journal of Environmental
Management 90, 441-454.

Chatterjee, S., Hadi, A.S, 1988. Sensitivity analysis in linear regression. Wiley series in
probability and mathematical statistics, applied probability and statistics. John Wiley &
Sons: New York, USA.

Clark Labs, 2001. IDRISI Andes Clark University, Worcester, USA.

Collins, C., Fryer, M., Grosso, A., 2006. Plant Uptake of Non-lonic Organic Chemicals.
Environmental Science & Technology 40, 45-52.

Crane, M., Gross, M., Matthiessen, P., Ankley, G.T., Axford, S., Bjerregaard, P., Brown,
R., Chapman, P., Dorgeloh, M., Galay-Burgos, M., Green, J., Hazlerigg, C., Janssen, J.,
Lorenzen, K., Parrott, J., Rufli, H., Schéfers, C., Seki, M., Stolzenberg, H.C., Van Der
Hoeven, N., Vethaak, D., Winfield, 1.J., Zok, S., Wheeler, J., 2010. Multi-criteria decision
analysis of test endpoints for detecting the effects of endocrine active substances in
fish full life cycle tests. Integrated Environmental Assessment and Management 6,
378-389.

Critto, A., Cantarella, L., Carlon, C., Giove, S., Petruzzelli, G., Marcomini, A., 2006.
Decision support oriented selection of remediation technologies to rehabilitate
contaminated sites. Integrated environmental assessment and management 2, 273-
285.

Crosetto, M., Tarantola, S., Saltelli, A., 2000. Sensitivity and uncertainty analysis in

spatial modelling based on GIS. Agriculture, Ecosystems & Environment 81, 71-79.

183



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Crosetto, M., Tarantola, S., 2001. Uncertainty and sensitivity analysis: tools for GIS-
based model implementation. International Journal of Geographical Information
Science 15, 415 -437.

Czub, G., McLachlan, M.S., 2004a. Bioaccumulation Potential of Persistent Organic

Chemicals in Humans. Environmental Science & Technology 38, 2406-2412.

Czub, G., McLachlan, M.S., 2004b. A food chain model to predict the levels of lipophilic
organic contaminants in humans. Environmental Toxicology & Chemistry, 23 2356-
2366.

Dujmovic, J.J., 2007. Continuous preference logic for system evaluation. IEEE

Transactions on Fuzzy Systems 15, 1082-1099.

Dujmovic, J.J., Nagashima, H., 2006. LSP method and its use for evaluation of Java

IDEs. International Journal of Approximate Reasoning 41, 3-22.

Dujmovic, J.J., Larsen, H.L., 2007. Generalized conjunction/disjunction. International

Journal of Approximate Reasoning 46, 423-446.

Eljarrat, E., Caixach, J., Rivera, J., 2003. A comparison of TEQ contributions from
PCDDs, PCDFs and dioxin-like PCBs in sewage sludges from Catalonia, Spain.
Chemosphere 51, 595-601.

Eljarrat, E., Marsh, G., Labandeira, A., Barceld, D., 2008. Effect of sewage sludges
contaminated with polybrominated diphenylethers on agricultural soils. Chemosphere
71, 1079-1086.

EC (European Comission), 2010. Report from the comission to the Council and the
European Parliament. On implementation of Council Directive 91/676/EEC concerning
the protection of waters against pollution caused by nitrates from agricultural sources

based on Member State reports for the period 2004-2007. Brussels, Belgium, p. 12.

EuDASM (European Digital Archive on Soil Maps of the World), 2008. Soil maps of

Europe. European Commission, Joint Research Centre, Ispra, Italy.

184



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

European Communities, 2006. European Soil Database. Joint Research Centre.

Institute for Environment and Sustainability Ispra, Italy.

Fealy, R.M., Buckley, C., Mechan, S., Melland, A., Mellander, P.E., Shortle, G., Wall, D.,
Jordan, P., 2010. The lIrish agricultural catchments programme: Catchment selection

using spatial multi-criteria decision analysis, Soil Use and Management 26, 225-236.

Feick, R.D., Hall, G.B., 2004. A method for examining the spatial dimension of multi-
criteria weight sensitivity. International Journal of Geographical Information Science 18,
815-840.

Fernandez, D.S., Lutz, M.A., 2010. Urban flood hazard zoning in Tucuman Province,
Argentina, using GIS and multicriteria decision analysis. Engineering Geology 111, 90-
98.

Figueira, J., Mousseau, V., Roy, B., 2005. ELECTRE methods, in: Figueira, J., Greco, S.,
Ehrgott, M. (Ed.), Multiple criteria decision analysis: State of the art surveys. Springer
Science + Business Media, New York, USA, pp. 133-162.

Franco, A., Schuhmacher, M., Roca, E., Domingo, J.L., 2006. Application of cattle
manure as fertilizer in pastureland: Estimating the incremental risk due to metal
accumulation employing a multicompartment model. Environment International 32,
724-732.

Frey, H.C., 1993. Separating variability and uncertainty in exposure assessment:
motivation and method. 86t Annual Meeting of Air Waste Management Association,
Pittsburgh, USA.

Fytili, D., Zabaniotou, A., 2008. Utilization of sewage sludge in EU application of old and

new methods--A review. Renewable and Sustainable Energy Reviews 12, 116-140.

Geneletti, D., 2007. An approach based on spatial multicriteria analysis to map the
nature conservation value of agricultural land. Journal of Environmental Management

83, 228-235.

185



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Giove, S., Brancia, A., Satterstrom, F.K., Linkov, I., 2009. Decision support systems and
environment: Role of MCDA, Decision support systems for risk-based management of

contaminated sites, pp. 1-21.

Gomez-Delgado, M., Barredo, J.I., 2005. Sistemas de Informacion Geografica y
evaluacion multicriterio en la ordenacion del territorio. Ra-Ma, Pracuellos de Jarama,

Spain.

Gomez-Delgado, M., Tarantola, S., 2006. GLOBAL sensitivity analysis, GIS and multi-
criteria evaluation for a sustainable planning of a hazardous waste disposal site in

Spain. International Journal of Geographical Information Science 20, 449 - 466.

Goven, J., Langer, E.R., 2009. The potential of public engagement in sustainable waste
management: Designing the future for biosolids in New Zealand. Journal of
Environmental Management 90, 921-930.

Harner, T., Green, N.J.L., Jones, K.C., 2000. Measurements of octanol-air partition
coefficients for PCDD/Fs: A tool in assessing air-soil equilibrium status. Environmental
Science & Technology 34, 3109-3114.

Harrison, E.Z., Oakes, S.R., Hysell, M., Hay, A., 2006. Organic chemicals in sewage
sludges. Science of the Total Environment 367, 481-497.

Helton, J.C., Davis, F.J., 2000. Sampling-based methods. In: Saltelli, A., Chan, K., Scott,
E.M., (Eds), Sensitivity analysis, John Wiley & Sons Ltd: Chichester, UK.

Holzkaemper, A., Kumar, V., Surridge, B., Paetzold, A., Lerner, D., 2009. Macro-
Ecological Model (MEM) scoping and feasibility study: Final report. The University of
Sheffield, Sheffield, UK, p. 21.

Hughes, L., Webster, E., Mackay, D., Armitage, J., Gobas, F., 2005. Modelling the fate of
substances in sludge-amended soils. Canadian Environmental Modelling Network,

Peterborough, Canada.

186



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Hughes, L., Webster, E., Mackay, D., 2008. An evaluative screening level model of the
fate of organic chemicals in sludge-amended soils including organic matter
degradation. Soil and Sediment Contamination 17, 564-585.

Huijbregts, M., 1998. Application of uncertainty and variability in LCA. Part |: A general
framework for the analysis of uncertainty and variability in life cycle assessment.

International Journal of Life Cycle Assessment 3. 273-280.

IDESCAT (Institut d’Estadistica de Catalunya), 2010. Padré municipal d'habitants. Xifres

Oficials. Recomptes Metodologia Catalunya. Série temporal. Barcelona, Spain.

Jones, R.J.A., Hiederer, R., Rusco, E., Loveland, P.J., Montanarella, L., 2004. The map of
organic carbon in topsoils in Europe, Version 1.2, September 2003: Explanation of
Special Publication Ispra 2004 No.72 (S.P.1.04.72). Office for Official Publications of

the European Communities, Luxembourg, p. 26.

Katsoyiannis, A., Samara, C., 2005. Persistent organic pollutants (POPs) in the
conventional activated sludge treatment process: fate and mass balance.
Environmental Research 97, 245-257.

Kattaa, B., Al-Fares, W., Al Charideh, A.R., 2010. Groundwater vulnerability assessment
for the Banyas Catchment of the Syrian coastal area using GIS and the RISKE method.

Journal of Environmental Management 91, 1103-1110.

Kelly, B.C., Ikonomou, M.G., Blair, J.D., Morin, A.E., Gobas, F.A.P.C., 2007. Food web-

specific biomagnification of persistent organic pollutants. Science 317, 236-239.

Kersten, G.E., 2000. Decision making and decision support, in: Kersten, G.E.,
Mikolajuk, Z., Yeh, A.G.0. (Eds.), Decision support systems for sustainable

development. Kluwer Academic Publishers, New York, USA.

Koo, B.K., O'Connell, P.E., 2006. An integrated modelling and multicriteria analysis
approach to managing nitrate diffuse pollution: 2. A case study for a chalk catchment

in England. Science of the Total Environment 358, 1-20.

187



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Kumar, V., Lerner, D., Nirajan, M., 2007. Macro-Ecological Model: Technical review.
University of Sheffield, Sheffield, UK.

Kumar, V., Mari, M., Schuhmacher, M., Domingo, J.L., 2009. Partitioning total variance
in risk assessment: Application to a municipal solid waste incinerator. Environmental
Modelling & Software 24, 247-261.

Kurowicka, D., Cooke, R., 2006. Uncertainty analysis with high dimensional

dependence modelling. John Wiley & Sons Ltd, Chichester, UK.

LaGoy, P.K., 1987. Estimated soil ingestion rates for use in risk assessment. Risk
Analysis 7, 355-359.

Law, A., Kelton, W.D., 1999. Output data analysis for a single system. In: Law, A.,
Kelton, W.D., Simulation Modeling and Analysis 3 edition. McGraw-Hill: Boston, USA.

Legind, C.N., Trapp, S., 2009. Modeling the exposure of children and adults via diet to
chemicals in the environment with crop-specific models, Environmental Pollution 157,
778-785.

Lerner, D.N., Kumar, V., Holzkdamper, A., Surridge, B.W.J., Harris, B., in press.
Challenges in developing an integrated catchment management model, Water and
Environment Journal. DOI: 10.1111/j.1747-6593.2010.00229.x.

Li, J., Rahman, M.H., Thring, R.W., 2010. A fuzzy multi-criteria decision analysis
approach for the management of petroleum-contaminated sites. International Journal
of Environment and Pollution 42, 220-239.

Lilburne, L., Tarantola, S., 2009. Sensitivity analysis of spatial models. International

Journal of Geographical Information Science 23, 151 - 168.

Lootsma, F.A., 1999. Multi-criteria decision analysis via ratio and difference judgement.

Kluwer, Dordrecht, Nederlands.

188



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Lu, G.Y.,, Wong, D.W. 2008. An adaptive inverse-distance weighting spatial
interpolation technique. Computers & Geosciences 34, 1044-1055.

Lumina, 2008. Analytica Educational Professional, 4.1.2.4 ed. Lumina Decision

Systems, Inc., Los Gatos, USA.

Mackay, D., 2001. Multimedia environmental models: The fugacity approach, 2nd ed.

Trent University, Ontario, Canada.

Mackay, D., Fraser, A., 2000. Bioaccumulation of persistent organic chemicals:

mechanisms and models. Environmental Pollution 110, 375-391.

Mackay, D., Shiu, W.Y.,, Ma, K.C., 2000. Physical-chemical properties and
environmental fate handbook on CD-ROM. Boca Raton, USA: CRC Press.

Mackay, D., Webster, E., Cousins, l., Cahill, T., Foster, K., Gouin, T., 2001. An
introduction to multimedia models. Trent University, Peterborough, Ontario, Canada, p.
30.

Malczewski, J., 1999. GIS and multicriteria decision analysis. John Wiley & Sons, New
York, USA.

Malczewski, J., 2004. GIS-based land-use suitability analysis: a critical overview.

Progress in Planning 62, 3-65.

Malczewski, J., 2006. GIS-based multicriteria decision analysis: a survey of the

literature. International Journal of Geographical Information Science 20, 703 - 726.

Mantovi, P., Baldoni, G., Toderi, G., 2005. Reuse of liquid, dewatered, and composted
sewage sludge on agricultural land: effects of long-term application on soil and crop.
Water Research 39, 289-296.

MAPA (Ministerio de Agricultura, Pesca y Alimentacion de Espana), 1990. Real Decreto
1310, por el que se regula la utilizacion de los lodos de depuracion en el sector
agrario. BOE 262 de 1 de noviembre de 1990.

189



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

MAPA (Ministerio de Agricultura, Pesca y Alimentacién de Espana), 2008. Sistema de
Informacion Geografica de Datos Agrarios (SIGA). Subdireccion General de Cultivos
Herbaceos e Industriales adscrita a la Direccion General de Recursos Agricolas y

Ganaderos. Ministerio de Medio Ambiente y Medio Rural y Marino, Madrid, Spain.

Marcot, B.G., Holthausen, R.S., Raphael, M.G., Rowland, M.M., Wisdom, M.J., 2001.
Using Bayesian belief networks to evaluate fish and wildlife population viability under
land management alternatives from an environmental impact statement. Forest

Ecology and Management 153, 29-42.

Margni, M., Pennington, D.W., Amman, C., Jolliet, 0., 2004. Evaluating
multimedia/multipathway model intake fraction estimates using POP emission and

monitoring data. Environmental Pollution 128, 263-277.

Mclintosh, B.S., Giupponi, C., Voinov, A.A., Smith, C., Matthews, K.B., Monticino, M.,
Kolkman, M.J., Crossman, N., van Ittersum, M., Haase, D., Haase, A., Mysiak, J., Groot,
J.C.J.,, Sieber, S., Verweij, P., Quinn, N., Waeger, P., Gaber, N., Hepting, D., Scholten, H.,
Sulis, A., van Delden, H., Gaddis, E., Assaf, H., 2008. Bridging the gaps between design
and use: developing tools to support environmental management and policy, in: A.J.
Jakeman, A., AA.V., Rizzoli, E., Chen, S.H. (Eds.), Environmental modelling, software

and decision support. Elsevier, Amsterdan, Nederlands, pp. 33-48.

McKone, T.E., Maddalena, R.L., 2007. Plant uptake of organic pollutants from soil:
Bioconcentration estimates based on models and experiments. Environmental

Toxicology & Chemistry 26, 2494-2504.

Metcalf & Eddy, I., 2003. Wastewater engineering: treatment and reuse. McGraw-Hill,
New York, USA.

MMA (Ministerio de Medio Ambiente y Medio Rural y Marino de Espana), 2008.
Borrador del Plan Nacional Integrado de Residuos 2007 - 2015, Madrid, Spain.

190



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Moffett, A., Dyer, J.S., Sarkar, S., 2006. Integrating biodiversity representation with
multiple criteria in North-Central Namibia using non-dominated alternatives and a

modified analytic hierarchy process. Biological Conservation 129, 181-191.

Morari, F., Lugato, E., Borin, M., 2004. An integrated non-point source model-GIS
system for selecting criteria of best management practices in the Po Valley, North Italy.

Agriculture, Ecosystems & Environment 102, 247-262.

Murphy, K.P., 1998. A brief introduction to graphical models and Bayesian

networks.The University of British Columbia, Vancouver, Canada.

Nadal, M., Schuhmacher, M., Domingo, J.L., 2004a. Metal pollution of soils and
vegetation in an area with petrochemical industry. Science of the Total Environment
321, 59-69.

Nadal, M., Schuhmacher, M., Domingo, J.L., 2004b. Levels of PAHs in soil and

vegetation samples from Tarragona County, Spain. Environmental Pollution 132, 1-11.

Nadal, M., Kumar, V., Schuhmacher, M., Domingo, J.L., 2006. Definition and GIS-based
characterization of an integral risk index applied to a chemical/petrochemical area.
Chemosphere 64, 1526-1535.

Nadal, M., Schuhmacher, M., Domingo, J.L., 2007. Levels of metals, PCBs, PCNs and
PAHs in soils of a highly industrialized chemical/petrochemical area: Temporal trend.
Chemosphere 66, 267-276.

Nadal, M., Kumar, V., Schuhmacher, M., Domingo, J.L., 2008. Applicability of a
neuroprobabilistic integral risk index for the environmental management of polluted

areas: a case study. Risk Analysis 28 271-286.

Nadal, M., Mari, M., Schuhmacher, M., Domingo, J.L., 2009a. Multi-compartmental
environmental surveillance of a petrochemical area: Levels of micropollutants.

Environment International 35, 227-235.

191



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Nadal, M., Inza, I., Schuhmacher, M., Figueras, M.J., Domingo, J.L., 2009b. Health risks
of the occupational exposure to microbiological and chemical pollutants in a municipal
waste organic fraction treatment plant. International Journal of Hygiene and
Environmental Health 212, 661-669.

Nessel, S.C., Butler, J.P., Post, G.B., Held, J.L., Gochfeld, M., Gallo, M.A., 1991.
Evaluation of the relative contribution of exposure routes in heath risk assessment of
dioxin emissions from municipal waste incinerator. Journal of Exposure Analysis and

Environmental Epidemiology 1, 283-307.

Ocampo-Duque, W., 2008. On the development of decision-making systems based on
fuzzy models to assess water quality in rivers, School of Chemical, Environmental and

Process Engineering. "Rovira i Virgili" University, Tarragona, p. 160.

Ocampo-Duque, W., Schuhmacher, M., Domingo, J.L., 2007. A neural-fuzzy approach to

classify the ecological status in surface waters. Environmental Pollution 148, 634-641.

Passuello, A., Bojarski, A., Schuhmacher, M., Jiménez, L., Nadal, M., 2009. Evaluating
long-term contamination in soils amended with sewage sludge, in: Athanasiadis, I.N.,
Mitkas, P.A., Rizzoli, A.E., Gomez, J.M. (Eds.), Information technologies in environmental

engineering. Springer-Verlag, Berlin, Germany, pp. 465-477.

Passuello, A., Mari, M., Nadal, M., Schuhmacher, M., Domingo, J.L., 2010. POP
accumulation in the food chain: Integrated risk model for sewage sludge application in

agricultural soils. Environment International 36, 577-583.

Passuello, A., Schuhmacher, M., Mari, M., Cadiach, O., Nadal, M., 2011. A spatial
multicriteria decision analysis (SMCA) to manage sewage sludge application on
agricultural soils, in: Olej, V. (Ed.), Environmental modeling for sustainable regional

development: System approaches and advanced methods. IGI Global, Hershey, USA.

Paterson, B., Isaacs, M., Hara, M., Jarre, A., Moloney, C.L., 2010. Transdisciplinary co-
operation for an ecosystem approach to fisheries: A case study from the South African
sardine fishery, Marine Policy 34, 782-794.

192



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Pathak, D.R., Hiratsuka, A., Awata, I., Chen, L., 2008. GIS based fuzzy optimization
method to groundwater vulnerability evaluation. Bioinformatics and Biomedical
Engineering, 2008. ICBBE 2008. The 2nd International Conference, pp. 2716 - 2719.

Pennington, D.D., 2007. Exploratory modeling of forest disturbance scenarios in central

Oregon using computational experiments in GIS. Ecological Informatics 2, 387-403.

Poggio, L., Vrscaj, B., 2009. A GIS-based human health risk assessment for urban
green space planning--An example from Grugliasco (ltaly). Science of the Total
Environment 407, 5961-5970.

Pollino, C.A., Woodberry, 0., Nicholson, A., Korb, K., Hart, B.T., 2007. Parameterisation
and evaluation of a Bayesian network for use in an ecological risk assessment,
Environmental Modelling & Software 22, 1140-1152.

Porta Casanellas, J., Lopez-Acevedo, M., Roquero de Laburu, C., 2003. Edafologia para

la agricultura y medio ambiente. Mundi-Prensa Madrid, Spain.

Press, S.J., 2005. Applied multivariate analysis: using Bayesian and frequentist

methods of inference. Dover Publications, Inc., Mineola, USA.

Radjenovic, J., Petrovic, M., Barceld, D., 2009. Fate and distribution of pharmaceuticals
in wastewater and sewage sludge of the conventional activated sludge (CAS) and

advanced membrane bioreactor (MBR) treatment. Water Research 43, 831-841.

Ramanathan, R., 2001. A note on the use of the analytic hierarchy process for

environmental impact assessment. Journal of Environmental Management 63, 27-35.

Reshmidevi, T.V., Eldho, T.Il, Jana, R., 2009. A GIS-integrated fuzzy rule-based
inference system for land suitability evaluation in agricultural watersheds. Agricultural
Systems 101, 101-109.

Ross, T.J., 2004. Fuzzy logic with engineering applications. John Wiley and Sons,
Chichester, UK.

193



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Roy, B., 2005. Paradigms and challenges, in: Figueira, J., Greco, S., Ehrgott, M. (Eds.),
Multiple criteria decision analysis: State of the art surveys. Springer Science + Business
Media, New York, USA, pp. 3 - 26.

Saaty, T.L., 1980. The analytic hierarchy process: Planning, priority setting, resource

allocation. McGraw-Hill International, New York, USA.

Saaty, T.L., 2005. The analytic hierarchy and analytic network processes for the
measurement of intangible criteria and for decision-making, in: Figueira, J., Greco, S.,
Ehrgott, M. (Ed.), Multiple criteria decision analysis: State of the art surveys. Springer
Science + Business Media, New York, USA, pp. 345-407.

Saltelli, A., 2002. Sensitivity analysis for importance assessment. Risk Analysis 22,
579-590.

Saltelli, A., 2005. Global sensitivity analysis: An introduction, in: Hanson, K.M., Hemez,
F.M. (Eds.), 4t International Conference on Sensitivity Analysis of Model Output (SAMO
2004). Los Alamos National Laboratory, Santa Fe, USA, pp. 27-43.

Saltelli, A., Tarantola, S., Campolongo, F., Ratto, M., 2004. Sensitivity analysis in
practice. Wiley, New York, USA.

Saltelli, A., Ratto, M., Andres, T., Campolongo, F., Cariboni, J., Gatelli, D., Saisana, M.,
Tarantola, S., 2008. Global sensitivity analysis: The primer, 1st ed. John Wiley & Sons
Ltd, Chichester, UK.

Sanchez-Marré, M., Gibert, K., Sojda, R.S., Steyer, J.P., Struss, P., Rodriguez-Roda, I.,
Comas, J., Brilhante, V., Roehl, E.A., 2008. Intelligent environmental decision support
systems, in: A.J. Jakeman, A., A.A.V., Rizzoli, E., Chen, S.H. (Eds.), Environmental
modelling, software and decision support. Elsevier, Amsterdan, Nederlands, pp. 119-
144,

Schriever, C.A., Liess, M., 2007. Mapping ecological risk of agricultural pesticide runoff.
Science of the Total Environment 384, 264-279.

194



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Schowanek, D., Carr, R., David, H., Douben, P., Hall, J., Kirchmann, H., Patria, L., Sequi,
P., Smith, S., Webb, S., 2004. A risk-based methodology for deriving quality standards
for organic contaminants in sewage sludge for use in agriculture-Conceptual

Framework. Regulatory Toxicology and Pharmacology 40, 227-251.

Schuhmacher, M., Meneses, M., Xifro, A., Domingo, J.L., 2001. The use of Monte-Carlo
simulation techniques for risk assessment: study of a municipal waste incinerator.
Chemosphere 43, 787-799.

Skidmore, A., 2002. Environmental modelling with GIS and remote sensing. Taylor &

Francis, London, UK.

Smith, R.L., 1994. Use of Monte Carlo simulation for human exposure assessment at a
superfund site. Risk Analysis 14, 433-439.

Smith, S.R., 2009. Organic contaminants in sewage sludge (biosolids) and their
significance for agricultural recycling. Philosophical Transactions of the Royal Society A:

Mathematical, Physical and Engineering Sciences 367, 4005-4041.

Soderholm, P., Sundqvist, T., 2003. Pricing environmental externalities in the power
sector: Ethical limits and implications for social choice. Ecological Economics 46, 333-
350.

Sorvari, J., Seppala, J., 2010. A decision support tool to prioritize risk management

options for contaminated sites, Science of the Total Environment 408, 1786-1799.

Steele, K., Carmel, Y., Cross, J., Wilcox, C., 2009. Uses and misuses of multicriteria

decision analysis (MCDA) in environmental decision making. Risk Analysis 29, 26-33.

Store, R., Kangas, J., 2001. Integrating spatial multi-criteria evaluation and expert
knowledge for GIS-based habitat suitability modelling. Landscape and Urban Planning
55, 79-93.

Sumathi, V.R., Natesan, U., Sarkar, C., 2008. GIS-based approach for optimized siting
of municipal solid waste landfill. Waste Management 28, 2146-2160.

195



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Ticehurst, J.L., Newham, L.T.H., Rissik, D., Letcher, R.A., Jakeman, A.J., 2007. A
Bayesian network approach for assessing the sustainability of coastal lakes in New
South Wales, Australia, Environmental Modelling & Software 22, 1129-1139.

Ticehurst, J.L., Curtis, A., Merritt, W.S., 2011. Using Bayesian networks to complement
conventional analyses to explore landholder management of native vegetation,
Environmental Modelling & Software 26, 52-65.

Torra, V., Narukawa, Y., 2007. Modeling decisions: Information fusion and aggregation

operators. Springer, Berlin, Germany.

Trapp, S., Matthies, M., 1995. Generic one-compartment model for uptake of organic

chemicals by foliar vegetation. Environmental Science & Technology 29, 2333-2338.

USEPA, 1989. Risk assessment guidance for superfund Volume I: Human health
evaluation manual. Office of Emergency and Remedial Response. U.S. Environmental

Protection Agency. Washington, USA, p. 17.

USEPA, 1997. Parameter guidance document. Environmental Protection Agency,

National Center for Environmental Assessment, Cincinnati, USA.

USEPA, 1998. Methodology for assessing health risks associated with multiple
pathways of exposure to combustor emissions. U.S. Environmental Protection Agency,

National Center for Environmental Assessment, Cincinnati, USA.

USEPA, 2001. Risk assessment guidance for superfund: Volume lll - Part A, Process for
conducting probabilistic risk assessment. Office of Emergency and Remedial

Response. U.S. Environmental Protection Agency. Washington, USA.

USEPA, 2008. Preliminary remediation goals. Screening levels for chemical
contaminants. U.S. Environmental Protection Agency, National Centre for

Environmental Assessment, Cincinnati, USA.

USEPA, 2009a. Risk assessment guidance for superfund Volume I: Human health

evaluation manual (Part F, Supplemental guidance for inhalation risk assessment). U.S.

196



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Environmental Protection Agency, National Centre for Environmental Assessment,
Cincinnati, USA.

USEPA, 2009b. Preliminary remediation goals. Screening levels for chemical
contaminants. U.S. Environmental Protection Agency, National Centre for

Environmental Assessment, Cincinnati, USA.

Valente, R.O.A., Vettorazzi, C.A., 2009. Comparison between sensibility analysis
methods, used in the decision-making process through the multicriteria evaluation.

Scientia Forestalis/Forest Sciences, 197-211.

van Kouwen, F., Schot, P.P., Wassen, M.J., 2008. A framework for linking advanced
simulation models with interactive cognitive maps, Environmental Modelling &
Software 23, 1133-1144.

Vincke, P., 1992. Multi-criteria decision aid. John Wiley and Sons, Chinchester, UK.

Vives, I., Muller, A., Umlauf, G., Christoph, E.H., Mariani, G., Skejo, H., Cenci, R.M., Sena,
F., Beone, G.M., 2008. Levels of PCDD/Fs and trace elements in superficial soils of

Pavia Province (ltaly). Environment International 34, 994-1000.

Von Haaren, C., Warren-Kretzschmar, B., 2006. The interactive landscape plan: Use
and benefits of new technologies in landscape planning and discussion of the
interactive landscape plan in Koenigslutter am Elm, Germany. Landscape Research 31,
83 - 105.

Wang, G., Qin, L., Li, G., Chen, L., 2009. Landfill site selection using spatial information
technologies and AHP: A case study in Beijing, China. Journal of Environmental
Management 90, 2414-2421.

Wania, F., Breivik, K., Persson, N.J., McLachlan, M.S., 2006. CoZMo-POP 2 - A fugacity-
based dynamic multi-compartmental mass balance model of the fate of persistent
organic pollutants. Environmental Modelling & Software 21, 868-884.

197



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

References

Webster, E., Mackay, D., 2007. Modelling the Fate of Contaminants Introduced into
Agricultural Soils from Biosolids. Canadian Environmental Modelling Centre. Trent

University. Peterborough, Canada.

Wild, S.R., Jones, K.C., 1992. Organic chemicals entering agricultural soils in sewage
sludges: screening for their potential to transfer to crop plants and livestock. The
Science of the Total Environment 119, 85-119.

Wyrzykowska, B., Hanari, N., Orlikowska, A., Bochentin, |., Rostkowski, P., Falandysz, J.,
Taniyasu, S., Horii, Y., Jiang, Q., Yamashita, N., 2007. Polychlorinated biphenyls and -
naphthalenes in pine needles and soil from Poland - Concentrations and patterns in

view of long-term environmental monitoring. Chemosphere 67, 1877-1886.

Yager, R.R., 1988. Ordered weighted averaging aggregation operators in multicriteria

decision making. IEEE Transactions on Systems, Man and Cybernetics 18, 183-190.

198



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

Annex



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

Annex

List of publications derived from this PhD thesis

Scientific articles and book chapters

Bojarski, A., Passuello, A., Schuhmacher, M., Jiménez, L. Elaboration and improvement
of POPs fate model using sensitivity analysis for parameter selection in sludge

amended soils. (under development)

Passuello, A., Bojarski, A., Schuhmacher, M., Jiménez, L., Nadal, M., 2009. Evaluating
long-term contamination in soils amended with sewage sludge, in: Athanasiadis, I.N.,
Mitkas, P.A., Rizzoli, A.E., Gomez, J.M. (Eds.), Information technologies in environmental

engineering. Springer-Verlag, Berlin, Germany, pp. 465-477.

Passuello, A., Mari, M., Nadal, M., Schuhmacher, M., Domingo, J.L., 2010. POP
accumulation in the food chain: Integrated risk model for sewage sludge application in

agricultural soils. Environment International 36, 577-583.

Passuello, A., Schuhmacher, M., Mari, M., Cadiach, O., Nadal, M., 2011. A spatial
multicriteria decision analysis (SMCA) to manage sewage sludge application on
agricultural soils, in: Olej, V. (Ed.), Environmental Modeling for Sustainable Regional

Development: System Approaches and Advanced Methods. IGI Global, Hershey, USA.

Passuello, A.; Cadiach, O.;Perez, Y.; Schuhmacher, M. Application of evaluation tools in
spatial decision making: the case-study of sewage sludge amendment on agricultural

soils. Journal of Environmental Management (under revision)

Passuello, A.; Cadiach, O.; Kumar, V.; Schuhmacher, M.; Lerner, D. Bayesian Network
application to land suitability classification in the sewage sludge application in the

agricultural soils. Journal of Environmental Management (under development)

Pérez, Y., Cadiach, O., Passuello, A., Schuhmacher, M., 2010. Propuesta de un modelo
de evaluacion multicriterio para la incorporacion de lodos de depuradora en suelos
agricolas. GeoFocus (Articulos) 10, 208-231.

201



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

Annex

Valls, A., Pijuan, J., Schuhmacher, M., Passuello, A., Nadal, M., Sierra, J., 2010.
Preference assessment for the management of sewage sludge application on

agricultural soils. International Journal of Multicriteria Decision Making 1, 4 - 24.

Congress contributions
Platform presentations

Mari, M.; Passuello, A.; Nadal, M.; Schuhmacher, M. Integrated model to assess the

risks of amending soils. 20t SETAC Europe Annual Meeting 2010. Seville, Spain.

Passuello, A.; Schuhmacher, M.; Kumar, V.; Nadal, M.; Domingo, J.L. An integrated
multimedia model and multicriteria analysis approach to managing sewage sludge
application on agricultural soils: framework and methodology. iEMSs - International

Congress on Environmental Modelling and Software 2008. Barcelona, Spain.

Passuello, A.; Bojarski A.; Schuhmacher, M.; Jiménez, |.; Nadal, M. Multimedia
modelling to assess the risks of amending soils. SETAC Europe 19t Annual Meeting
2009. Goéteborg, Sweden.

Passuello, A., Bojarski, A., Schuhmacher, M., Jiménez, L., Nadal, M. Evaluating long-
term contamination in soils amended with sewage sludge. The 4t International
Symposium on Information Technologies in Environmental Engineering (ITEE) 2009.

Thessaloniki, Greece.

Passuello, A.; Cadiach, 0O.; Schuhmacher, M.; Pérez, Y. Defining the best agricultural
areas to amendment with sewage sludge through a spatial analysis. 20t SETAC Europe

Annual Meeting 2010. Seville, Spain.

Schuhmacher, M.; Valls, A.; Pijuan, J.; Passuello, A.; Nadal, M. Multicriteria analysis to
manage sewage sludge application on agricultural soils. SETAC Europe 19t Annual
Meeting of the Society of Environmental Toxicology and Chemistry 2009. Géteborg,

Sweden.

202



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF ENVIRONMENTAL TOOLS FOR THE MANAGEMENT OF SEWAGE SLUDGE ON AGRICULTURAL SOILS
Ana Carolina Passuello

ISBN:978-84-694-2177-2 /T. 1021-2011

Annex

Valls, A., Shuhmacher, M., Pijuan, J., Passuello, A., Marti, N. Some approaches to the
use of MCDA tools for the management of sewage sludge application on agricultural
soils. 69t Meeting of the Europ Working Group Multiple Criteria Decision Aiding 2009.

Brusels, Belgium.
Poster presentations

Passuello, A.; Nadal, M., Schuhmacher, M., Domingo, J.L. Assessing the environmental
impact of biosolids applied on agricultural soils: fate and exposure of POPs. SETAC
North America 29t Annual Meeting 2008. Tampa, USA.

Passuello, A., Schuhmacher, M. Methodology for developing a decision support system

for biosolids management. SETAC Europe 18t Annual Meeting 2008. Varsovia, Poland.

Passuello, A.; Valls, A.; Pijuan, J.; Schuhmacher, M. Integrated model to assess the

risks of amending soils. 20t SETAC Europe Annual Meeting 2010. Seville, Spain.

Rovira, J.; Mari, M.; Passuello, A.; Valls, A.; Mercadé, X.; Schuhmacher, M. A decision
support system for managing sewage sludge as secondary fuel in cement plants. 20t
SETAC Europe Annual Meeting 2010. Seville, Spain.

203



	em branco
	phdthesis_anapassuello2.pdf
	Examination board members
	phdthesis_anapassuello.pdf

	ADP44.tmp
	ISBN: 
	Dipòsit Legal: 

	ADP330.tmp
	ISBN: 978-84-694-2177-2 
	Dipòsit Legal: T. 1021-2011




