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ABSTRACT
The aim of this document is to start from the requirements of a decision support system able to support
regional planning defined in deliverable 2.1 and to design a model for the global optimizer, developed in
task 3.3, that takes into account the regional perspective. Clearly being the project focussed on the Regional
Energy plan, we will instantiate the requirements for this plan, but the defined model can be also extended
for other plans.

The regional energy plan describes the current situation, the regional Energy Balance, the strategic direc-
tions of the region in the production of energy in renewable energy sources and interventions to promote
energy efficiency. We consider here only the energy production from renewable energy sources. In this set-
ting, the policymaking process should be at the same time consistent with constraints, optimal with respect
to given objectives and assessed to avoid negative impacts on the environment, economy and society.
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1 Introduction
Policy making in the energy sector accounts a crucial aspect of energy production and
energy efficiency that heavily affects economic development, sustainability, and social
acceptance. Our energy production is heavily relying on burning fossil fuels, that beside
being near exhaustion and coming from politically sensitive regions of the word, produce
carbon emissions that are responsible of climate change. Against this background, energy
policy making is turning attention toward sustainable energy policies and low carbon
economy, by possibly eliminating the direct use of fossil fuels, targeting renewable energy
sources, promoting energy efficiency and strategically going toward the smart grid.

Regional planning is the process implemented by regions to foster their objectives and put
them into actions. There are four steps in the policy making process as depicted in figure
1: policy planning, environmental assessment, implementation and monitoring. In the
planning step, strategic objectives are set, budget constraints are defined, geo-physical
constraints are considered. In the case of energy planning, an example of strategic objec-
tive is to pursue the EU 20-20-20 initiative at regional level, while an example of constraint
can be themaximumenergy that could be produced by a given source due to geo-physical
characteristics of the region.

The assessment phase, that is traditionally performed after the planning step, concerns
the evaluation of the impact of the policy plan on the environment, and to a certain extent
on economy and society. Planning and environmental assessment are performed now in
sequence. This means that in case a plan contains negative effects on the environment,
only corrective countermeasures can be applied a posteriori. Instead, in case the planning
and the environmental assessmentwere performed at the same stage, an environmentally
assessed plan could be produced instead.

Implementation consists in defining a set of actions to pursue the planning objectives,
like incentives, information campaigns, compulsion and so on. The monitoring step is
performed ex-post, to check if the implementation strategies achieve the expected objec-
tives settled during the planning phase.

In this deliverable, we take into account only the first two phases of the policy making
process: planning and environmental assessment.

For the environmental assessment we have experimented three models: a probabilistic
model, a fuzzy model and a linear model. The reason to evaluate more models is that the
matrices used by environmental experts are indeed interpretable in differentways andwe
were looking for the best possible choice. Wewill underline pros and cons of each of them
and come out with the final model used in the project. On top of this model, the planning
phase is inserted to come upwith a singlemodel for planning and assessment. Themodel
has been evaluated on data for the Emilia Romagna regional energy plan 2011-2013 and
compared with the plan produced by regional experts.
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Figure 1: The policy process phases
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Figure 2: High level overview of Inputs and Outputs of a DSS for ePolicy. The shaded
part is not considered in this deliverable

2 Regional Planning and Impact assessment
The Regional Plan is the result of the main policy making activity European regions are
involved in. Each region has a budget distributed by theOperational Programme (OP): an
OP sets out each region priorities for delivering the funds. On the basis of these funds,
the region has to define its priorities: in the field of energy, one example of priority is
increasing the use of renewable energy sources.

Starting from the structure of the decision support system described in Deliverable 2.1,
we are now devising a model for the global optimizer which is taking into account the
regional perspective. Clearly, in the general picture of the overall DSS we do not consider
here some aspects related to the integrationwith the simulator andwith the opinionmin-
ing part. Therefore, the overall structure we consider here is the one depicted in Figure 2.

In the planning phase, a region should decide which activities to insert in the plan. Ac-
tivities may be roughly divided into six types:

(1) infrastructures and plants;
(2) buildings and land use transformations;
(3) resource extraction;
(4) modifications of hydraulic regime;
(5) industrial transformations;
(6) environmental management.

6



Also, a magnitude for each activity should be decided describing how much of a given
activity is performed.

We therefore have a number of Na activities that we represent with ai (i = 1..Na). We
distinguish primary activities from secondary activities. Primary ones are those activi-
ties that are of main importance in a given plan; in the case of the energy plan, primary
activities are all those activities that directly produce energy, namely renewable and non-
renewable power plants. Secondary activities are those supporting the primary ones by
providing the needed infrastructures. We envisage the following type of inputs, directly
linked to the notion of activity:

1. list of primary activities (e.g., Biomass plants, photovoltaic plants, windmill plants,
etc.) and, possibly, minimal/maximal amounts for each activity (e.g., increase by
10% the amount of photovoltaic energy);

2. cost function: we have a vector of costs C = (c1, . . . , cNa) where each element is
associated to a specific activity and represents the cost per unit of that activity. Ba-
sically, we have to determine the cost for eachMWatt of energy produced depending
on the activity1;

3. efficiency function: we have a vector of outcomesOut = (out1, . . . , outNa) to deter-
mine the energy produced by each installed MWatt of each activity; this function
depends on the place (for instance in the south of Italy where the weather is sunny
very often, the efficiency of photovoltaic is higher than in northern regions);

4. thePrimary-SecondaryActivitymatrixD, that is used to determine, for (the amount
of) each activity, which (and howmuch of) secondary activities are required. There-
fore we have a matrix of dependencies between activities. In particular we have a
Na×Na squarematrixDwhere each element dij represents themagnitude of activity
j per unit of activity i.

Each activity impacts on one or more receptors. We will consider this part in the Strategic
Environmental Assessment section.

Each region like, for example, Emilia-Romagna, has its own peculiar objectives. Some
of them are intrinsically determined by the region itself, while others have a more polit-
ical nature, and are the consequence of political decisions. In Figure 2 such inputs are
depicted on the right of the DSS.

1The cost of a plant depends mainly on the installed power: a solar plant has an installation cost that
depends on the square meters of installed panels, which in their turn can provide some maximum power
(peak power). Notice that the considered cost is the total cost of the plant for the regional system, which
is not the same as the cost for the taxpayers of the Emilia-Romagna region. Indeed, the region can enforce
policies in many ways, convincing private stakeholders to invest in power production. This can be done
with the financial leverage, or by giving favourable conditions (either economic or other) to investors. Some
power sources are economically profitable, so there is no need for the region to give subsidies. For exam-
ple, currently in Italy biomasses are economically advantageous for investors, so privates are proposing
projects to build biomasses plants. On the other hand, biomasses also produce pollutants, they are not
always sustainable (for a discussion on the issue, see [3]) so local committees are rather likely to spawn
against the construction of new plants. For these reasons, the number of licenses the region gives to private
stakeholders for building biomass-based plants are limited.
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1. required/expected outcome: in an energy plan the outcome is the total energy to be
expected within the regional boundaries, usually based on some estimation about
the energy consumption;

2. budget constraints: each region has a total amount of funds available to be used
as incentives for driving the energy market towards the desired direction; given a
budget budPlan available for a given plan, a constraint limits the overall plan costs.
This constraint can be posted either on the overall plan, or on parts of it. For instance
suppose the budget has already been partitioned into chapters, then it would be
possible to impose the above constraint only on activities related to a given chapter;

3. political objectives, provided by politicians. For example, a possible (political) pri-
ority is to be conformant with European guidelines such as the 20-20-20 initiative2.
Such objectives could be translated into constraints on the minimum amount of en-
ergy produced by renewable energy sources.

Finally there are inputs related to the geo-physical configuration of the region and to best
practices.

1. energy source diversification: the trend to allocate funds should not be directed
toward a single energy source, but should cover various energy sources. This re-
quirement comes as a best practice, and is supported by several considerations. For
example, to be “robust” w.r.t. fluctuations of the price and availability of the vari-
ous resources. Such input can be considered to be in the form of a constraint about
the minimal percentage of the total energy needed to be produced by each energy
source.

2. social and geographic limits: each region has its own geo-physical characteristics.
For instance, some regions are particularly windy, while some others are not. Hy-
droelectric power plants can be built with a very careful consideration of environ-
mental impacts, the most obvious being the flooding of vast areas of land. This
poses constraints on the maximum energy that can be produced by a given energy
source.

2.1 The Strategic Environmental Assessment
The policy maker also has to take into account impacts on the environment, economy and
society, as defined by a Strategic Environmental Assessment that relates activities defined
in the plan to environmental and economic impacts 3 . One of the instruments used for
assessing a regional plan in Emilia-Romagna are the so called coaxial matrices [2], that are
a development of the network method [28].

Each activity has impacts on the environment in terms of positive and negative pres-
sures: an example of positive pressure is the increased availability of energy, while a

2The 20-20-20 initiative aims to achieve three ambitious targets by 2020: reducing by 20% its greenhouse
gas emissions, having a 20% share of the final energy consumption produced by renewable sources, and
improving by 20% its energy efficiency.

3Currently, the Strategic Environmental Assessment (SEA) is performed a-posteriori, when the plan has
already been approved. ePolicy advocates the needs for using the SEA during the planning activity.
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negative pressure is the production of pollutants. Pressures are themselves linked to en-
vironmental receptors such as the quality of the air, or of the surface water. On both
pressures and receptors there are constraints, such as for example a constraint stating the
maximum amount of greenhouse gas emissions of the overall plan.

One matrixM defines the dependencies between the above mentioned activities con-
tained in a plan and positive and negative impacts (also called pressures) on the environ-
ment. Each element mij of the matrixM defines a qualitative dependency between the
activity i and the negative or positive impact j. The dependency can be high, medium, low
or null. Examples of negative impacts are energy, water and land consumption, variation
of water flows, water and air pollution and so on. Examples of positive impacts are re-
duction of water/air pollution, reduction of greenhouse gas emission, reduction of noise,
natural resources saving, creation of new ecosystems and so on.

The second matrix N defines how the impacts/pressures influence environmental recep-
tors. Each element nij of the matrixN defines a qualitative dependency between the neg-
ative or positive impact i and an environmental receptor j. Again the dependency can be
high, medium, low or null. Examples of environmental receptors are the quality of surface
water and groundwater, quality of landscapes, energy availability, wildlife wellness.

Example 1 The matrices currently used by ARPA for the SEA for the region Emilia-Romagna
contain 93 activities, 29 negative impacts, 19 positive impacts and 23 receptors and assess 11
types of plans. Such matrices are used to evaluate how primary activities affect receptors, taking
into account also secondary activities needed by primary ones (as specified by a 93×93 matrix D).
The evaluation of how secondary activities affect receptors does take into account also the fact that
some secondary activities are needed during the implementation of the primary ones, while others
are needed while the functioning of primary activities.

Although the energy plan and the environmental assessment are tightly related, their
formulation is done independently. More precisely, there are a number of issues about
the definition of the plan:

1. the regional planning activity is now carried on by human experts that build a single
plan, considering regional objectives, and national andEUguidelines. No computer
based techniques are exploited in this phase.

2. The agency for environmental protection is asked to assess the plan froman environ-
mental point of view only after the plan has been devised. Typically, there is no (or
very limited) feedback on the plan: the assessment can state that the devised plan
is environmentally friendly or not, but it cannot change the plan. In some cases, it
can propose corrective countermeasures, that can only mitigate the negative impact
of wrong planning decisions.

3. Although regulations state that a significant environmental assessment should com-
pare two or more options (different plans) this is rarely done, in Italy as well as in
Europe.
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2.2 Expected Outputs from the planning activity
Roughly speaking, the ultimate goal of an energy plan is to drive the freemarket of energy
production towards the covering of the regional’s energy requirements, and to achieve
some political objectives. To this end, an energy plan consists of a set of decisions about
the following aspects:

1. which types4 (activities) of energy production systems should be employed, and for
each of them their magnitude;

2. howmuchmoneywill be assigned to push themarket (through incentives) towards
the desired production of energy, as identified in the previous point. This decision
can be split up into two different sub-issues:
(a) the amount ofmoney to be allocated for pushing each different energy produc-

tion system type, in the form of incentives;
(b) the mechanisms for assigning such incentives (e.g., auctions)

As the second point is tightly related with the integration of the social simulator with the
global optimizer, we consider in this deliverable only the first outcome.

From a mathematical perspective, a policy maker has a set of variables, and it is her duty
to assign values to such variables. Variables represent decisions that have to be taken.
For example, we could have a vector of activities A = (a1, . . . , aNa). For each activity
the policy maker decides also its magnitude Magi, i ∈ [1..Na]. The magnitude could be
represented in two ways: in an absolute way, as the amount of a given activity, or in a
relative way, as a percentage with respect to the existing quantity of the same activity. In
this document we adopt the absolute representation.

3 Use case scenario #1: the RER energy plan 2011-2013
In Deliverable 2.1 we proposed two use case scenarios, the second being concerned also
with incentives and implementation instruments. In this deliverable we consider only
the first one. The Energy Plan of the Emilia-Romagna Region, for the 2011-2013 years,
has been published in 2011, and it is publicly available in [20]. The data presented in this
Section have been taken from [20], or have been directly provided by RER employees.

The following inputs have been taken into considerationwhen preparing the energy plan:
Primary activities and minimum quantity : The primary activities that have been iden-

tified are:
1. Hydroelectric, with a minimum amount of installed power of 3 MW;
2. Photovoltaic, with a minimum of 400 MW;
3. Thermodynamic Solar Power, with a minimum of 5 MW;
4. Wind generations, with a minimum of 20 MW;
5. Biomasses power plants, with a minimum of 100 MW;

Function cost : This function provides the estimated cost to realize a certain type of en-
ergy production plant. These figures do not comprise the costs related to the func-
tioning of the production plant, but only the costs for realizing the plant.

4To be precise, the types of energy are also influenced by some political objectives, that are given in
input.
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1. Hydroelectric: 8,400,000e/MW;
2. Photovoltaic: 3,500,000e/MW;
3. Thermodynamic Solar Power: 4,500,000e/MW;
4. Wind generations: 2,000,000e/MW;
5. Biomasses power plants: 3,500,000e/MW;

Efficiency Function of each activity This functionprovides the link between the installed
power and the estimated produced energy (in TOE). The function has been esti-
mated considering current technologies, and may vary over the years as the tech-
nology advances.
1. Hydroelectric: 0.2235483871 TOE/MW;
2. Photovoltaic: 0.1031764706 TOE/MW;
3. Thermodynamic Solar Power: 0.1 TOE/MW;
4. Wind generations: 0.12875 TOE/MW;
5. Biomasses power plants: 0.602 TOE/MW;

Primary-Secondary activity matrix This input has been provided by environmental ex-
perts and is contained in Deliverable 2.1.

Environmental Impacts This input has been provided by environmental experts and is
contained in Deliverable 2.1.

Economic Impacts This input has not been taken into consideration for the current en-
ergy plan.

Social Impacts This input has not been taken into consideration for the current energy
plan.

Total amount of energy to be produced In the current plan, the total amount of energy
to be produced from renewable sources, for the year 2013, will be approximatively
about 529.5 kTOE.

Budget constraints This input has not been taken into consideration for the current en-
ergy plan.

Feedback about mechanisms and incentives This input has not been taken into consid-
eration for the current energy plan.

Political Objectives The current plan has been defined taking into account the “20-20-
20” goal. Once energy requirements for 2013 have been estimated from previous
trends about energy consumption, the “20-20-20” goal has been taken into account,
thus establishing the energy amount to be achieved by efficiency, and the final quan-
tity (20%) of energy to be produced from renewable sources. Given the current
energy production figures (both renewable and non), the amount of energy to be
produced has been decided (529.5 kTOE, as mentioned above). Summing up, the
current energy plan has been “built” around a political objective: however, there is
no reason to consider such link as to be the default for the future energy plans. It is
sure that political objectives will provide some lower/upper bounds for renewable
sources.

Energy source Diversification This input has been provided by RER experts.
Social and geographic limits This input has been provided by RER experts.
Incentives and mechanisms This input has not been taken into consideration for the cur-

rent energy plan.
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In the following we provide three approaches to the environmental assessment by using
three models for representing coaxial matrices; as it will be clear, we chose the third as
the model adopted in this project. On top of this model we will propose the planning
component.

4 Environmental assessmentwithCausal Probabilistic Logic Pro-
gramming

In this section we first present Probabilistic Logic Programming and thenwe discuss how
to model causation with it.

4.1 Background on Probabilistic Logic Programming
The integration of logic and probability has been widely studied in Logic Programming
and various languages semantics have been proposed, such as Probabilistic Logic Pro-
grams [5], Independent Choice Logic [19], PRISM [25], pD [10], CLP(BN) [4] and ProbLog
[7].

Logic Programs with Annotated Disjunctions (LPADs) [30] are particularly suitable for
reasoning about causes and effects [31]. They extend logic programs by allowing clauses
to be disjunctive and by annotating each atom in the head with a probability. A clause
can be causally interpreted by supposing that the truth of the body causes the truth of
one of the atoms in the head non-deterministically chosen on the basis of the annotations.

An LPAD theory T consists of a finite set of annotated disjunctive clauses. These clauses
have the following form

(H1 : α1) ∨ (H2 : α2) ∨ . . . ∨ (Hh : αh) : −B1, B2, . . . Bb

where the His are logical atoms, the Bis are logical literals and the αis are real numbers
in the interval [0, 1] such that

∑h
i=1 αi ≤ 1. If

∑h
i=1 αi < 1, the head of the clause implicitly

contains an extra atom null that does not appear in the body of any clause and whose
annotation is 1−

∑h
i=1 αi. If C is the clause above, H(C, i) is Hi, α(C, i) is αi and body(C)

is B1, B2, . . . Bb.

The semantics of a non-ground theory T is defined through its grounding g(T ), and [30]
requires that g(T ) is finite.

An atomic choice χ is a triple (C, θ, i) where C ∈ T , θ is a substitution that grounds C and
i ∈ {1, . . . , n} where n is the number of atoms in the head of C. (C, θ, i) means that, for
the ground clauseCθ, the headH(C, i) : α(C, i) was chosen. A selection σ is a set of atomic
choices such that for each clause Cθ in g(T ) there exists one and only one atomic choice
(C, θ, i) in σ. We denote the set of all selections of a program T by ST .

A selection σ identifies a normal logic program Tσ = {(H(C, i) : −body(C))θ| (C, θ, i) ∈ σ}
that is called an instance of T . A probability distribution is defined over the space of
instances by assuming independence among the choices made for each clause, thus the
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probability Pσ of an instance Tσ is given by

Pσ =
∏

(C,θ,i)∈σ

α(C, i).

The meaning of the instances of an LPAD is given by the well-founded semantics [29].
For each instance Tσ, we require that its well-founded model WF (Tσ) is total, since we
want to model uncertainty only by means of disjunctions.

The probability of a formula Q is given by the sum of the probabilities of the instances in
which the formula is true according to the well-founded semantics:

P (Q) =
∑

σ∈ST ,WF (Tσ)|=Q

Pσ

An LPAD T can be translated into a Bayesian network β(T ) that has a Boolean random
variable for each ground atom plus a random variable choiceCθ for each grounding Cθ of
each clause C of T .

choiceCθ assumes valueH(C, i)θwith probability α(C, i) if the configuration of its parents
makes the body true, while it assumes value null with probability 1 if the configuration
makes the body false. A ground atomA has as parents all the choiceCθ variables for which
A appears in the head of Cθ. A assumes value true with probability 1 if one of the parent
choice variables assumes value A, otherwise it assumes value false with probability 1.

Various approaches have been proposed for computing the probability of queries from an
LPAD. Riguzzi [22] discusses an extension of SLG resolution, called SLGAD, that is able
to compute the probability of queries by repeatedly branching on disjunctive clauses. A
different approachwas taken byMeert et al. [16], where an LPAD is first transformed into
its equivalent Bayesian network and then inference is performed on the network using the
variable elimination algorithm. Riguzzi [21] presents the cplint system that first finds
explanations (sets of atomic choices) for queries and then computes the probability by
means of Binary Decision Diagrams, as proposed in [7] for the ProbLog language. cplint
was used in the experiments in Section 4.3 because of its speed [23].

4.1.1 Causal Models
Determining when an event causes another event is very important in many domains,
take for example science, medicine, pharmacology or economics. Causality has been
widely debated by philosophers and statisticians: often it has been confusedwith correla-
tion, while they are in fact distinct concepts, since two events may be correlated without
one causing the other. Recently, [18] helped to clarify the concept of causation by dis-
cussing how to represent causal information and how to perform inference from it. [18]
illustrates two types of causalmodels: causal Bayesian networks and structural equations.

Causal Bayesian networks differ from standard Bayesian networks because the edge from
variable X to variable Y means that X is a cause for Y , while in standard Bayesian net-
works it simply means that there is a statistical dependence.
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Pearl [18] proposed an approach for computing the probability of effects of actions and
suggested to use the notation P (y|do(x)) to indicate the effect of the action of setting the
variable X to value x on the event of variable Y taking value y. P (y|do(x)) is different
from the probability of y given x (P (y|x)) because we do not simply observe X = x but
we intervene on the model by making sure X = x is true.

The technique proposed in [18] for computingP (y|do(x)) consists of removing the parents
of X , setting X to x and computing P (y) in the obtained network.

This approach can be applied to probabilistic logic languages that can be translated to
Bayesian networks, such as LPADs. In order to compute the probability of a ground atom
Y of being true given an intervention that consists of making a ground atomX true from
an LPAD T , we need to remove X from the head of all the clauses that contain it and by
adding X as a fact to T . The probability of Y can then be computed from the resulting
LPAD T ′ by using standard inference, i.e., by computing P (Y ).

4.2 A Causal Model for Environmental Assessment
In this section we provide an interpretation of Coaxial Matrices in a probabilistic sense.
We associate to each activity, impact and receptor, a Boolean random variable and we
consider the interaction levels expressed in the matrix as probabilistic causal dependen-
cies. In this approach, we assume that an activity is either carried out or not, an impact is
either present or not and a receptor is either achieved or not. In other words, we do not
consider the magnitude or level of the variables under analysis. We used this approxi-
mation to get useful insights on the probabilistic modeling of the problem. In the future,
we plan to consider more refined approximations with multivalued random variables or
even continuous random variables.

Activities, impacts and receptors are represented by LPAD atoms (propositions) and the
effects of activities on impacts and of impacts on receptors are expressed by means of
LPAD rules that represent the Coaxial Matrices.

Themodel thus contains rules that express the effect of the activities on the environmental
pressures (wheremi

j is an element of theMmatrix):

pressurej : mi
j :- activityi.

Also, there are rules expressing the effect of the activities on the positive impacts:

positive_impact j : mi
j :- activityi.

For example, the model contains the rule

’Dispersion of dangerous materials’:0.75 :-
’External movements of dangerous materials’.

that relates an activity and a pressure, and the rule
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’Creation of work opportunities’:0.5 :-
’External movements of dangerous materials’.

that relates an activity and a positive impact.

Pressures reduce the probability of receptors, while positive impacts increase it. However
adding a clause with a certain atom in the head can only increase the probability of the
atom. Tomodel the fact that pressures lower the probability of receptors, we use, for each
receptor receptork, two auxiliary predicates receptor_posk and receptor_negk that collect
the evidence in favor or against the achievement of the receptor.

The rules that express the negative effect of the pressures on the receptors take the form:

receptor_negk : njk :- pressurej.

while the rules that express the positive effect of the positive impacts on the receptors
take the form:

receptor_posk : njk :- positive_impact j.

where njk is an element of the N matrix. For example, the rule

’Human health/wellbeing_neg’:0.25 :-
’Dispersion of dangerous materials’.

expresses a negative effect of a pressure on a receptor, and the rule

’Human health/wellbeing_pos’:0.75:- ’Creation of work opportunities’.

expresses a positive effect of a positive impact on a receptor.

Finally, the positive and negative evidence regarding the receptor are combined with the
following rules5:

receptor : 0.1 :- \+ receptor_pos, receptor_neg.
receptor : 0.5 :- \+ receptor_pos, \+ receptor_neg.
receptor : 0.5 :- receptor_pos, receptor_neg.
receptor : 0.9 :- receptor_pos, \+ receptor_neg.

For example, the model contains the rules

’Human health/wellbeing’:0.1 :- \+ ’Human health/wellbeing_pos’,
’Human health/wellbeing_neg’.

’Human health/wellbeing’:0.5 :- \+ ’Human health/wellbeing_pos’,
\+ ’Human health/wellbeing_neg’.

’Human health/wellbeing’:0.5 :- ’Human health/wellbeing_pos’,
’Human health/wellbeing_neg’.

’Human health/wellbeing’:0.9 :- ’Human health/wellbeing_pos’,
\+ ’Human health/wellbeing_neg’.

5Where the symbol \+ stands for negation as failure, as usual in Prolog syntax.
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that collect positive and negative effects on the receptor “Human health/wellbeing”.

These rules express the fact that “Human health and wellbeing” is unlikely if there is no
positive evidence on it and there is negative evidence on it (first rule). It is very likely
if there is positive evidence on it and no negative evidence on it (last rule). In the other
cases, the probability of “Human health and wellbeing” is in between (second and third
rule).

All the parameters were subjectively estimated and validated by the expert.

4.3 Evaluating the Causal Model
Given the causal model presented in Section 4.2, we can ask various what-if queries

1. if these activities are performed, what is the probability of a certain pressure or of
a positive influence of appearing?

2. if these works are performed, what is the probability of a certain receptor being
satisfied?

Queries of type 2 are more interesting because they relate the works directly with their
final effects of interest. However, they are also more complex to compute. Moreover, the
queries above can be generalized to the case in which the activities are performed with a
certain probability.

We can answer the queries above by following the approach described in Section 4.1.1:
we add a fact for each activity that is carried out and we ask the probability of the query
from the modified program.

We report on a number of queries together with their execution times on Linux machines
with an Intel Core 2 Duo E6550 (2333 MHz) processor and 4 GB of RAM.

The probability of the pressure “Dispersion of Dangerous Materials” performing the ac-
tivities “External movements of dangerous materials” and “Internal movements of dangerous
materials” is 0.937500. The CPU time was below 10−6 seconds.

The probability of the receptor “Human health/wellbeing” given that we perform the ac-
tivities “External movements of dangerous materials” and “Internal movements of dangerous
materials” is 0.546915 and the query took 22.713 seconds.

If we perform the activity “Industrial processing and transformation” the probability of the
receptor “Human health/wellbeing” is 0.474918, computed in 84.453 seconds. This query
takes longer than the previous ones because the work “Industrial processing and transfor-
mation” has an impact on many more influences than “External movements of dangerous
materials”, and “Internal movements of dangerous materials” and all these impacts must be
combined to find the effect on “Human health and wellbeing”. To give the reader an idea
of the complexity of this query, there are 655,660 explanations, 12,847,036 atomic choices
appear in the explanations and 42 random variables are involved.

The probability of receptor “Atmosphere quality, microclimate” given the action “Industrial
processing and transformation” is 0.360851. The CPU time was 0.02s.
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If we add the activity “Oil and gas extraction plants” the probability of the receptor “Atmo-
sphere quality, microclimate” lowers to 0.326481, computed in 6.852s

By adding the activity “Fire extinguishing plants” the probability of the receptor “Atmo-
sphere quality, microclimate” rises to 0.454471, due to the positive effects of the last activity.
The CPU time was 92.67 seconds.

As can be seen from the last three cases, increasing the number of activities increases the
computation time, since we have to combine the effects of the different causes. The last
query has 606,726 explanations, 10,973,022 atomic choices appear in the explanations and
36 random variables are involved.

5 Fuzzy and Many-Valued Logic for Regional planning and as-
sessment

In this section, we propose four models based on fuzzy and multi-valued logic.

5.1 Background
After the introduction of the concept of fuzzy set [33] by Zadeh for modeling vague
knowledge and partial degrees of truth, much work has been done in various research
areas to apply the concept of fuzziness to existing fields, including formal logic. Accord-
ing to [17], the fuzzification of classical logic has the goal of “. . . addressing the vagueness
phenomenon . . . , modelling it with truth degrees taken from an ordered scale . . . , preserving as
many properties of classical logic as possible”. Historically, two possible approaches have
been adopted [17]: one, more mathematically oriented, belongs to the family of many-
valued logics and is called fuzzy logic “in a narrow sense”, while the other, fuzzy logic
“in a broader sense”, is closer to Zadeh’s original definition and uses a softer approach.

“Fuzzy”many-valued logics are a truth-functional generalization of classical logic. Atomic
predicates p/n are considered fuzzy relations, whose truth degree is given by their as-
sociated membership function µP . Thus predicates can have truth values in the range
L = [0, 1]. In order to construct and evaluate complex formulas, logical connectives,
quantifiers and inference rules (e.g. modus ponens) are generalized to combine truth
degrees. For example, the conjunction operator can be defined using any t-norm ?, such
as the minimum, the product or Łukasiewicz’s norm. Likewise, the disjunctive connec-
tive is defined using an s-norm and the implication depends on the t-norm definition by
residuation [12]. A rule

C ←i A

then, can be used to entail a factC with a degree of at least c, provided that a factmatching
with A exists with degree a > 0 and that the implication← itself has a degree i > 0.

In [33], Zadeh introduced the concept of fuzzy linguistic variable, a qualitative construct
suitable to describe the value of a quantitative variableX with domain ∆X . Each linguis-
tic value λj belongs to a finite domain Λ and is associated to a fuzzy set Aj . Together, the
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sets define a fuzzy partition of ∆X iff

∀x ∈ ∆X :
∑
j

µAj(x) = 1.

The membership values of an element x to a set can either be interpreted as the compati-
bility of xwith the concept expressed by a linguistic variable, or as the possibility that x is
the actual value of X , assuming that x is unknown save for the fact that it belongs to Aj .
(For a complete discussion on the relation between compatibility and possibility, see [9]).

Fuzzy partitions are usually used in conjunction with fuzzy rules to approximate com-
plex functions y = f(x) by fuzzifying the function’s domain and range, then matching
the resulting input and output sets using rules [8]. Different types of rules have been
proposed: “Mamdani” rules infer fuzzy consequences from fuzzy premises and have the
form

x is Aj ⇒ε y is Bk

where Aj and Bk are fuzzy sets and is is the operator evaluating set membership. Fuzzy
Additive Systems (FAS), instead, entail quantitative values, and adopt rules such as

x is Aj ⇒ε y = yr

(whereyr is a value). In the former case, then, it is necessary to collect the different sets
entailed by the various rules, combine them - usually by set union - into a single possibility
distribution and finally, if appropriate, apply a defuzzification process [24] to get a crisp
consequence value. In the latter case, instead, the quantitative values are directly available
and can be aggregated, e.g., using a linear combination.

There are two main approaches for representing each variable (activity, pressure or re-
ceptor) in our model. The first is to define a many-valued predicate,mag/1, whose truth
value represents the magnitude of that variable, i.e. represents howmuch the considered
variable is “large” in terms of a truth value in the interval [0, 1]. Notice that, although the
predicate is the same, the membership function is different for each variable. For exam-
ple, if we have the activity road construction and atom mag(road) has truth value 0.7, this
means that the plan involves the building of a significant amount (0.7) of roads with re-
spect to the current situation, while a smaller truth value would correspond to a smaller
number of kilometers of roads to be built.

In the second approach, a fuzzy linguistic variable is defined for each variable, creating
a fuzzy partition on its domain. The partition contains one fuzzy set for each value of
the linguistic variable. The sets are used to describe different levels of magnitude: we
consider a five-set fuzzy partition of each variable’s domain consisting of the setsVeryLow,
Low, Average, High and VeryHigh.

The second degree of freedom we have is the selection of the aggregation method for
the results, i.e. the choice of the s-norm used to combine the results of the application
of rules with the same consequent. For example, consider two pressures such as energy
consumption and odor production; the overall energy consumption is the sum of the
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consumptions due to the single activities, but the same hardly applies to odor production.
An activity that produces a strong odormay “cover”weaker odors, so a good aggregation
for this kind of variable should be the maximum (or geometrical sum). The aggregation
strategy becomes even more important in the case of environmental receptors.

Pressures can be either “positive” or “negative”: translating positive pressures into pos-
itive contributions, and negative ones into negative contributions would be an approxi-
mation since the former do not always cancel the latter. If a linear model returns a final
result of 0 for a given receptor, there is no way of telling whether that value is the combi-
nation of large positive and negative contributions canceling each other, or we are simply
in the case of absence of significant pressures influencing that receptor. So, we have cho-
sen to split the individual receptor variables into two parts, one considering only positive
and one considering only negative pressures affecting that receptor. The strategy for the
combination of the two can then be decided on an individual basis.

In the remainder of this section, we will provide a description of the four classes of mod-
els which can be designed, according to different combinations of the underlying logic
(many-valued vs classical fuzzy) and aggregation style (linear vs non-linear), as shown
in Figure 3.

Model I Model II

Model IV Model III

Lin. Non Lin.

M
V
L

Fu
zz

y

Figure 3: Model classification by type of logic and aggregation style.

5.2 Many-valued logic models
5.2.1 Model I
As a first attempt, we started from a constraint basedmodel in terms of quantitative fuzzy
concepts. This model takes as input the activities, in terms of their relative magnitudes,
and calculates pressures as

pj =
Na∑
i=1

mijai.

Each coefficient mij quantifies the dependency between the activity i and the pressure j
according to the qualitative value in the matrixM . The values ai:1..Na are the magnitudes
of each activity: the values represent the increment of an activity Ai as a percentage in
relation to the existingA0

i , in order to make the different activities comparable. For exam-
ple, amagnitude of 0.1 for activity “thermoelectric plants”means increasing the production
of electricity through thermoelectric energy by 10% with respect to the current situation.

Likewise, the influence on the environmental receptor rk is estimated given the vector
of environmental pressures pj:1..Np calculated in the previous step. A formulation of the
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model in logic terms consists of the following Horn clauses:

contr(Pressj, Acti) ⇐βi,j mag(Acti) ∧ impacts(Acti, P ressj) (1)
mag(Pressj) ⇐1 ∃ Acti : contr(Pressj, Acti) (2)

where we use the auxiliary predicate contr to describe the contribution from a single
source, whereas mag describes the aggregate contributions.

The value βi,j is a normalization coefficient, that makes the maximum possible value of
truth formag(Pressj) equal to 1 when the truth degree ofmag(Acti) for all the impacting
activities is equal to 1. Its default value can be changed by the environmental expert to
obtain other behaviors.

In order to replicate the behavior of a linear model, we need to
1. configure themag/1 predicate to use a linear membership function,
2. configure the impacts/2 predicate to use a membership function derived directly

from the matrix, i.e.
µimpacts(Acti,P ressj) = mij

wheremij is a real value obtained from the qualitative dependencies
3. configure the ∧ operator to use the product t-norm,
4. configure the ∃ quantifier to use a linear combination s-norm and (v) configure the

reasoner to use gradual implications and the product t-norm to implement modus
ponens.

The critical point is that the logic operators do not aggregate values, which have only a
quantitative interpretation, but degrees of truth, which have a more qualitative interpre-
tation. If one wants the degree to be proportional to the underlying quantitative value,
the use of scaling coefficients might be mandatory since a degree, having an underlying
logic semantics, is constrained in [0, 1]. Intuitively, the coefficients model the fact that,
even if an individual piece of evidence is true, the overall proof may not: the coefficient,
then, measures the loss in passing from one concept to the other (which, from a logical
point of view, is a gradual implication). If the coefficients are chosen accurately, the ag-
gregate degree becomes fully true only when all the possible contributions are fully true
themselves. As a side effect, the normalization function used by the predicatemag/1 can-
not map the existing amount A0

i of a given activity to 1, since that is not the theoretical
maximum of a new activity, and the contributions of the individual activities require a
scaling by a factor βi,j before being aggregated.

5.2.2 Model II
After a more detailed discussion with the expert, however, it turned out that no single
model alone — qualitative or quantitative, linear or non-linear — could capture the full
complexity of the problem, mainly because the relations between the entities are different
depending on the actual entities themselves.

A purely linear model has also other limitations: for example, some public works are al-
ready well consolidated in the Emilia Romagna region (e.g. roads), so that even a large
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scale work would return a (linearly) normalized activity value around 1. Others, instead,
are relatively new and not well developed (e.g. wind plants), so even a small actual
amount of work could yield a normalized value of 5÷ 10, unsuitable for logic modelling
as well as being unrealistic given the original intentions of the experts. In order to cope
with this problem, we decided to adopt a non-linear mapping between the amount of
each activity and its equivalent value, using a sigmoid function:

ai =
1− e−Ai/(kiA0

i )

1 + e−Ai/(kiA
0
i )

(3)

This expression behaves like a linear function for small relative magnitudes, while sat-
urates for larger values, not exceeding 1. The relative magnitude can be further scaled
using the parameter ki, provided by the expert, to adjust the behaviour for different types
of activities. Moreover, the normalization function (3) is a proper membership function
for the fuzzy predicate mag/1, defining how large the scale of an activity is with respect
to the existing and using the parameter ki to differentiate the various entities involved.

This membership function, however, also slightly changes the semantics of the linear
combination. In Model I, we had a sum of quantitative elements, measured in activity-
equivalent units and weighted by coefficients derived from the matrix. Now, instead,
we have a proper fuzzy count6 of the number of activities which are, at the same time,
“large” and “impacting” on a given pressure. Notice, however, that we still need gradual
implications, in order to use the standard, “or”-based existential quantifier to aggregate
the different contributions.

The second extension we introduce in this model involves the relation between pressures
and receptors. While in Model I it is sufficient to replicate rules (1) and (2), here we keep
the positive and negative influences separated:

contrPos(Pressj, Reck) ⇐γj,k mag(Pressj) ∧ impactsPos(Pressj, Reck)
contrNeg(Pressj, Reck) ⇐δj,k mag(Pressj) ∧ impactsNeg(Pressj, Reck)

influencePos(Reck) ⇐1 ∃ Pressj : contrPos(Pressj, Reck)

influenceNeg(Reck) ⇐1 ∃ Pressj : contrNeg(Pressj, Reck)

In order to combine the positive and negative influences, their relation has to be expressed
explicitly. For example, rule (4) states that positive and negative influences are interactive
and affect each other directly; rule (5) defines the concept of beneficial pressures explicitly,
while rule (6) stresses those receptor which have been impacted in an absolute way. As
usual, the operator definitions can be chosen on a case-by-case basis to better model the

6The cardinality of a fuzzy set is the fuzzy count of its elements, computed as the sumof themembership
degrees of its elements.
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relations between the particular pressures and receptors.

influencePos(Reck) ⇔ε ¬ influenceNeg(Reck) (4)
benefit(Reck) ⇐1 influencePos(Reck) ∧ ¬ influenceNeg(Reck) (5)

hit(Reck) ⇐1 influencePos(Reck) ∨ influenceNeg(Reck) (6)

5.3 Fuzzy Models
In models I and II, the elements of the coaxial matrices are converted into simple scaling
coefficients. To increase the expressiveness of this mapping, we assumed that each label
is actually an indicator for some kind of predefined function, for which we do not pro-
vide an analytic expression, but a fuzzy logic approximation [8]. So, we created fuzzy
partitions on the domain of each activity, pressure and receptor: in particular, each parti-
tion consists of 5 triangular membership functions, not necessarily equally spaced on the
domains. These sets have been associated to the linguistic values VeryLow, Low, Average,
High and VeryHigh. Then, we used rules such as VeryLow(Act)⇒ VeryLow(Pres) to map
(linguistic) values from one domain onto (linguistic) values of the corresponding range,
according to the connections expressed in the matrices.

In both models III and IV we give the same interpretation to the matrix elements, using
linear functions with slope 1, 0.5 and 0.25 for “high”, “medium” and “low” respectively.
These functions, then, are fuzzified as shown schematically in Figure 4. AVeryHigh input
is mapped onto a VeryHigh, Average or Low output, respectively, when the label in a cell
of a coaxial matrix is high, medium or low. The mapping can easily be changed by altering
the rules and allows one to define non-linear relations as well as linear ones. In fact, the
use of a fuzzy approximation gives a higher flexibility to the system, while keeping the
evaluation robust.

VL L A H VH

VL

L

A

H

VH

∆X

∆Y

mij = high
mij = low
mij = med

Figure 4: Relation between an activity ai and a pressure pj depending on the value mij

appearing in the coaxial matrix.

5.3.1 Model III
Model III is a canonical fuzzy system, where the relations between
• activities and pressures and
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• pressures and positive and negative effects on receptors
are defined using fuzzy rules. The inputs, the activities’ magnitudes, are no longer nor-
malized, but fuzzified: the rules are then evaluated using the min-max composition prin-
ciple [8] and chained, propagating the inferred fuzzy distributions from the pressures
onto the receptors. If needed, the resulting possibility distributions can then be defuzzi-
fied to obtain a crisp “impact” value for each receptor. Using this model, it is possible to
distinguish pressures which are affected by the different activities at different levels.

5.3.2 Model IV
According to the experts, however, Model III suffers from a drawback: being purely qual-
itative, the degrees inferred for each fuzzy set tell only whether a pressure/receptor will
possibly be affected with any level of intensity. Suppose for example that activity ai gener-
ates pressure pj with Low intensity. If the magnitude of ai is sufficiently large, the system
will entail that it is (fully) possible that pj has a Low component. This answer is not quan-
titative: it would not allow us to distinguish this case from one where many different
activities, all individually generating pressure pj with low intensity, are present at the
same time. Thus, this model is appropriate when only a qualitative answer is sufficient.

To overcome this limitation, we created Model IV as a minor extension of Model III, ex-
ploiting the same concepts used in Model II. We used gradual rules to scale and give an
additional quantitative meaning to the consequence degrees:

VeryLow(Act)⇒β VeryLow(Pres).

Then, we allowed the norms to be configurable, so the min-max composition principle
was replaced by amore general t-s norm composition principle. Themin-maxmodel, now
a special case, is still admissible and is suitable for situations where the various inputs are
not interactive, whereas the probabilistic sum and the algebraic sum s-norms are more
suitable when the sources are independent or exclusive.

5.4 Fuzzy Model Evaluation
We implemented the four models using the Jefis Library [32], and tested the software
on a system equipped with a Core 2 Duo T6600 processor and 4GB RAM. Using the full
content of the coaxial matrices to derive the rules and a past regional energy plan as a
realistic test case, the evaluation required less than 1 second, guaranteeing that compu-
tation time is not a critical factor for the proposed system, considering also that the task
is not to be performed in hard real time. Instead, we focus on the assessment of the ex-
pressiveness of the four models, to highlight their strengths and weakness. Here, for the
sake of readability, we will discuss a more focused test case rather than a whole plan.

We assume that the matrices contain only two activities - Incinerators (INC) andWastewa-
ter Treatment Plants (WTP), two pressures - Noxious Gases Emission (NG) and Odour Emis-
sion (OD), and one environmental receptor - Landscape Quality (LQ). In our example, the
two activities influence both pressures, albeit in a different way. The first pressure, NG,
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Noxious Gases Emission Odour Emission

Activities Incinerators H M
Wastewater Treat. Plants M H

Receptors Landscape Quality L H

Table 1: Excerpt of the Coaxial Matrices

is assumed to be linear in the causes: different independent sources simply increase the
amount of gas released into the atmosphere; the latter, OD, is not linear: since odors cover
each other, we assumed the sources to be independent but interactive. Moreover, both
pressures affect negatively the considered receptor, with an influence strength shown by
the matrix excerpt in Table 1. When computing the effects of the pressures, instead, we
assumed them to be independent and non-interactive, so the positive (respectively, nega-
tive) impact on the receptor is given by the best (resp. worst) effect induced by a pressure.
Notice that only models II and IV are able to capture these differences, since model I is
linear by default, and model III is non-interactive by default. Given this simplified ma-
trix, the models were set up as follows. Regarding activities, we assume that the initial
input is already expressed in terms of equivalent units: a plannedmagnitude of 100 units
is equivalent to the currently existing amount of the same activity. In our test, we set
AINC = 90 and AWTP = 180.

To perform a linear normalization inModel I, we assume that plans cannot involve values
greater than 200, effectively planning the construction of no more than twice the existing.
When the sigmoidal normalization is used in Model II, an upper limit is not necessary;
however, for comparison purposes, we chose values for kINC and kWTP such that the re-
sult is the same as when the linear normalization is applied, i.e. the resulting normalized
values are 0.45 and 0.9 respectively. Models III and IV, instead, do not require an explicit
normalization, since it is performed implicitly by the fuzzification of the magnitudes.
Since they are already expressed in equivalent units, all activities share the same domain
- the range [0..200], which has been partitioned using sets labelledVL, L,A,H andVH. All
sets are uniformly spaced and use triangular membership functions, except VH, which
uses a “right-shoulder” function, and VL, which uses a “left-shoulder” function. As al-
ready pointed out, inModel I and II the values of bothmatrices are mapped onto 0.75, 0.5

and 0.25; Model III and IV, instead, map the values onto different set of rules, as shown in
figure 4. When evaluating the pressure NG, Model II and IV also use scaling coefficients
β = 0.5 (i.e. the reciprocal of the number of activities) to avoid saturation.

We now discuss the evaluation of the different models. First, we consider the relation
between INC, plannedwithmagnitude 90, andNG,which is high according to thematrix.

1. Using rule (1) with the product norm, the linearly normalized magnitude, 0.45, is
scaled by the coefficient 0.75, yielding a contribution of 0.3375.

2. Similarly, the sigmoidal normalization yields 0.45. This time, however, the gradual
rule entails a pressure magnitude of 0.16875.
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3. The fuzzification of the input yields a reshaped partition {L/0.75,A/0.25} describ-
ing the magnitude of the activity. After the adequate set of rules has been applied,
one obtains a contribution for the distribution of the pressure, which incidentally is
identical: {L/0.75,A/0.25}.

4. The result is analogous inModel IV, save for the effect of the gradual rule: {L/0.375,
A/0.125}

In order to compute the overall degrees for the pressure NG, one must also take into ac-
count the contributions due to the WTP activity, planned with magnitude 180: according
to the coaxial matrix, the relation between the two is medium.

1. The second contribution, 0.9, is summed to the previous one, yielding 0.7875.
2. This model gives a contribution of 0.225. Depending on the chosen s-norm, this

value is combined with the other value of 0.16875: since gas emissions are additive,
we use Łukasiewicz’s or to get a combined value of 0.39375.

3. The fuzzified input, {H /0.5,VH /0.5}, is mapped onto the output as {L/0.5, A/0.5}
due to the use of a different set of rules, in turn due to the relation between the two
being defined asmedium. The fuzzy union of the previous and current contributions
gives {L/0.75,A/0.5}.

4. The combination of gradual fuzzy rules, and the use of Łukasiewicz’s or leads to a
final result of {L/(0.375 + 0.25),A/(0.125 + 0.25)}

The same procedure is repeated for OD. Notice that, due to the initial modelling assump-
tions, a more appropriate s-norm for models II and IV is the “probabilistic sum”. Once
both pressures have been evaluated, the inference propagation pattern is applied once
more to obtain the final degree/distribution for the receptor LQ. Given the initial as-
sumption of non-interactivity, the “max” s-norm would be more appropriate in models
II and IV, however we performed the computations also using the bounded and noisy
sum norms for comparison. All the intermediate and final results are reported in table 2.
Notice that we only consider negative effects on the environmental receptor because all
pressures considered in this example were considered as negative pressures.

5.5 Conclusions on the fuzzy models
We now drive some conclusions on the four models. They have different features and
informative capabilities. Model I is an implementation of a linear model in fuzzy logic; it
cannot distinguish interactive fromnon-interactive effects, and scenarioswithmany small
effects from scenarios with a few large ones. Model II can cope with the former problem,
but not with the latter, while Model III tackles the latter but not the former. Model IV
combines the two aspects in a single model and was considered by the expert as the most
expressive and informative. Moreover, instead of a precise single value, Model IV now
proposes a possibility distribution over the values that can be expected for environmental
receptors.

In this work we implemented the simple one-way relation included into the co-axial ma-
trices already used in the Emilia-Romagna region. However, environmental systems are
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I II III IV

Act INC 0.45 0.45 {L/0.75,A/0.25} {L/0.75,A/0.25}
WWTP 0.90 0.90 {H /0.5,VH /0.5} {H /0.5,VH /0.5}

Press NG 0.79 0.39 {L/0.75,A/0.5} {L/0.625,A/0.375}
OD 0.90 0.72 {VL/0.75,L/0.25,H /0.5,VH /0.5} {VL/0.75,L/0.25,H /0.5,VH /0.5}

Rec
LQ−∨ 0.87 0.54 {VL/0.75,L/0.25,H /0.5,VH /0.5} {VL/0.75,L/0.25,H /0.5,VH /0.5}
LQ−+ 0.87 0.64 {VL/0.75,L/0.25,H /0.5,VH /0.5} {VL/1.00,L/0.25,H /0.5,VH /0.5}
LQ−⊕ 0.87 0.58 {VL/0.75,L/0.25,H /0.5,VH /0.5} {VL/0.95,L/0.25,H /0.5,VH /0.5}

Table 2: Intermediate and final results of the evaluation.

very complex, and seldom relations are only in one direction, but environmental recep-
tors could have an effect on the impacts or raise the need to perform some compensation
activity in the future regional plans. In future work, we plan to study such effects.

6 CLP(R) model for Environmental Assessment
6.1 Constraint Logic Programming
Constraint Logic Programming (CLP) [14] is a class of programming languages which ex-
tend classical Logic Programming. Variables can be assigned either terms (as in Prolog),
or interpreted values, taken from a sort, that is a parameter of the specific CLP language.
For example, we can have CLP(R) [15], on the sort of real values, or CLP(FD), in which
variables range on finite domains. The sort also contains interpreted functions (that, in
numerical domains, can be the usual operations +, -, ×, etc.) and predicates (e.g., <, 6=,
≥, etc.), that are called constraints. The declarative semantics gives the intuitive interpre-
tation of the specific sort to constraints and interpreted terms: e.g., 1.3 + 2 < 5 is true in
CLP(R). The operational semantics resembles that of Prolog for atoms built on the usual
predicates (i.e., those predicates defined by a set of clauses), but stores the interpreted
ones, the constraints, to a special data structure, called the constraint store. The store is
then interpreted and modified by an external machinery, called the constraint solver. The
solver is able to check if the conjunction of constraints in the store is (un)satisfiable, and
is also able to modify the store, possibly simplifying it to a refined state. Usually, the
constraint solver does not perform complete propagation: if it returns false, then there is
definitely no solution, but in some cases it may fail to detect infeasibility even if no solu-
tion exists.

CLP(R) is the instance of CLP in which variables range on the reals. The set of available
constraints are linear equalities and inequalities, and the solver is usually implemented
through the simplex algorithm, that is very fast and is complete for linear (in)equalities (it
always returns true or false). In some systems, given the availability of fast integer linear
programming solvers, some nonlinear constraints are also accepted in the language, in
particular the user can impose that some variables take only integer values. In this case,
the complexity of the problem moves from P to NP-hard, and the solver often relies on
some form of branch-and-bound. Also, the user can communicate to the solver an objec-
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tive function: a linear term that should be minimized or maximized while satisfying all
constraints.

Many implementations of CLP(R) exist nowadays [6], and many Prolog flavours [34, 13]
have their own CLP(R) library. We decided to adopt ECLiPSe [1, 26], that features a li-
brary called Eplex [27]. This library interfaces ECLiPSe to an external mixed integer linear
programming solver, that can be either a state-of-the-art commercial one (like CPLEX or
Xpress-MP), or an open source solver. By default, Eplex hides most of the details of the
solver, but nevertheless, when required, the user can trim various parameters to boost the
performance, and also inspect the internals of the solver. This feature comes very useful
in practical applications, and will be used to provide additional valuable information to
the user, as detailed in Section 6.2.

6.2 Coaxial Matrices in CLP(R)
The coaxial matrices can be simply interpreted as a linear programmingmodel. Amongst
the many ways to invoke a linear programming solver, we decided to use CLP(R); in this
way the model is written as a knowledge base in a computational logic language, that
could be easier to integrate with the probabilistic approach in Section 4, or with the fuzzy
approach in Section 5.

More in detail, we consider the values of the magnitudes (see Section 2.2) as a vectorA =

(a1, . . . , aNa). Now, the environmental impacts caused by the activity i (with magnitude
ai) can be estimated with the system of linear equations

∀j ∈ {1, . . . , Np} pj = mi
jai.

When considering a whole regional plan, we sum up the contributions of all the activities
and obtain the estimate of the impact on each environmental impact/pressure:

∀j ∈ {1, . . . , Np} pj =
Na∑
i=1

mi
jai. (7)

In the same way, given the vector of environmental pressures P = (p1, . . . , pNp), one can
estimate the influence on the environmental receptor ri by means of the matrix N , that
relates pressures with receptors:

∀j ∈ {1, . . . , Nr} rj =

Np∑
i=1

nijpi. (8)

The system of equations (7-8) are imposed as constraints in a CLP(R) program; thanks to
this formalisation, a number of queries of high interest both for the planner and for the
evaluator of the environmental policy can be posed to the system as CLP(R) goals.

The final goal for the evaluator of the environmental policy is computing the environmen-
tal footprint of a devised plan. The plan is given as a set of values representing themagni-
tude of each of the activities. In other words, given the set of valuesA = (a1, . . . , aNa), we
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can compute the environmental footprintR = (r1, . . . , rNr), simply by applying equations
(7) and (8).

Another query studies the impact of a single unit (in a standardized format) of activity
ai; for example, we are interested to knowwhat is the environmental footprint of produc-
ing 1MW of electric power through a thermoelectric plant. We instantiate the vector of
activities to a unary vector with ai = 1 if i = therm and ai = 0 otherwise:

A = (0, 0, . . . , 1, . . . , 0)

In this way, one can find out, by looking at the resulting vector R, which of the recep-
tors are (positively or negatively) influenced by the devised activity. Also, one can get
an estimate of those receptors that are more heavily influenced, and those that are only
marginally influenced. This query can be used by experts to calibrate the numbers in the
coaxial matrices, by considering singularly each activity.

Another important query for the final user is asking which of the possible activities (al-
ways in normalized form) has a major impact on some given receptor ri. In fact, in
CLP(R), one can maximize or minimize some objective function, so the model becomes

max(ri)

s.t. (7)(8)∑
j aj = 1

∀j, aj is integer

Finally, if there are laws imposing limits on some receptors (limits for CO2, for example)
one can very easily impose constraints on receptors (e.g., rCO2 ≤ limitCO2), and find if an
activity can either be performed at all, or if it requires some compensation (e.g., another
activity that improves on the receptor, like reforestation for CO2), or if it can be done in
association with other activities.

In cases where there are two or more alternative activities that cater for the same need,
the regulations prescribe that alternatives should be studied, and compared. For example,
the need for additional electrical power is satisfied by building a new plant; however one
can choose the type of plant, depending on the environmental conditions. In an area
with highly polluted air, a thermoelectric plant could raise the pollution over the law
limit, so a different type of plant could be devised, like a solar power plant. On the other
hand, a solar plant could be too expensive, and make unaffordable other activities that
are necessary in the area (e.g., building a school, a hospital, etc.). In this case, the planner
can impose a constraint stating that there is a regional need for at least kMWof electrical
power; he/she imposes ∑

i∈PowerP lants

ai ≥ k

(where PowerP lants is the set of indices in the vector A corresponding to those plants
that provide electrical power) and then can optimize for one of the receptors, e.g., rCO2 ,
or some weighted sum of receptors of interest. Or, the planner may ask what is the max-
imum power that can be generated in the region without violating the law limits on the
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receptors
max

∑
i∈PowerP lants ai

s.t. (7)(8)

∀i ∈ {1, . . . , Nr} ri ≤ limiti

In this way, we find the maximum number of MW that can be produced, as well as the
electrical power produced by each type of plant. Note that in this way the solver could
find an assignment that imposes the execution of compensation activities, as hinted ear-
lier. If there are not enough resources for compensation, we can impose that such activ-
ities must not be performed (e.g., by assigning value 0 to all these activities), or we can
impose that, given a vector C with the cost of each activity, the total cost of the activities
should not be higher than the allotted finances F :

Na∑
i=1

ciai ≤ F (9)

In the same way, other types of resources, like time, person-months, energy, can be taken
into consideration.

We are currently improving themodel to take into account the fact that different activities
can have different impacts on the environment depending on the type of zone they are
placed. For example, if we build a power line within a natural park, its impact is defi-
nitely higher than building it near a city. An additional feature we are studying is the fact
that depending on the zone we are considering, different impacts might have different
weights. For instance, the water quality is extremely important on a river delta, where
the whole ecosystem relies on the river water, while it is less important in an industrial-
ized area.

6.3 Sensitivity Analysis
The simplex algorithm provides the optimal value of the objective function, the optimal
assignment to the decision variables, and also other information that is of high interest
for the decision maker. In particular, it provides the so-called reduced costs, and the dual
solution. These indicators provide precious information on the sensitivity of the found
solution to the parameters of the constraint model.

The dual solution is a set of values that correspond to the constraints. It can be thought
as the derivatives of the objective function with respect to the right hand side (RHS) of
the constraints. This means that we immediately see, in the dual solution, which of the
constraints are tight, i.e., which would change the value of the objective function if the
RHS coefficient changes. For example, if we are optimizing the number fMW of MW of
electric power, and we have a constraint

rCO2 ≤ limitCO2

and the corresponding dual value dCO2 in the optimal solution is non-zero, this means
that

dCO2 =
∂fMW

∂limitCO2

.
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In other words, the value of the dual variable dCO2 answers to the question: “How much
would the production of energy decrease in case the limit of CO2 lowers of one point?” This is an
important information, since regulations change, and tend to become more strict.

The same analysis can be performed on the problem of optimizing some (weighted sum
of) receptors, given a total number of plants (or required MW). In this case, the dual
value associated to a constraint represents how much the receptor will improve if that
constraint is partially relaxed (if the RHS becomes less strict). For example, suppose we
are optimizing the emissions of nitrogen oxides (NOx), and we have the constraint (9)
stating a limit on the total cost of the activities, for example, in euros. After obtaining the
optimal value, the planner could ask: “Suppose now that we had more money: if I add one
euro, how much would the emissions ofNOx decrease?” The answer is the dual value de of the
constraint (9). This analysis is very attractive for the evaluator.

6.4 Experimental results of CLP(R)
ARPA Emilia-Romagna (the environmental protection agency of the Emilia-Romagna re-
gion, Italy) kindly provided us with the coaxial matrices used for assessing eleven types
of plans (that we translate into the CLPmodel) and the data of a regional energy plan: for
each of the activities, we have a “magnitude” value. Thanks to the CLP model described
earlier, we are able to compute the corresponding values of pressures and receptors.

Initially the results were counterintuitive: the considered plan concerned energy (aimed
at raising the available electrical power in the region), while the receptor energy availability
had a lower value than the previous year. These types of results may be partially due to
the qualitative information contained in the matrices, but also highlight possible human
mistakes in the data of the matrices. Indeed, a flawwas found (and fixed) in the matrices,
showing how logic-based decision support can contribute to increase the reliability of the
environmental assessment.

Once the human mistakes had been corrected, we re-run the experiments. The new re-
sults were highly appreciated by the evaluator: the decision support system foresaw
strong decrease of quality of air (mainly due to the boost on thermoelectric plants), and
water availability (since thermoelectric plants need refrigeration).

As the plan had a large impact on some receptors, we tried to improve it from an environ-
mental viewpoint: themagnitude of each of the activities was allowed to deviate up to 1%
with respect to the original plan, and we optimized the quality of air receptor. We had an
improvement of about 20.3% on this receptor, which shows that even by allowing small
variations one can get significant improvements. On the other hand, we had a decrease
of industrial indicators, such as the availability of productive resources or the availability of
energy.

We also tried two dual goals. The first considers the given plan, keeps constant all activi-
ties except the building of (various types of) power plants, fixes the amount of produced
energy, and tries to optimize on the quality of air. The second, instead, maximises the
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Figure 5: Scatter plot of linear vs probabilistic values

electrical power supply without sacrificing any of the environmental receptors, i.e., none
of the receptors could worsen with respect to the original plan. The first query gave a
positive result: by producing electricity with environmental friendly power plants (wind-
powered aerogenerators) we could produce the same amount of energy but have a 57%
improvement on the quality of air.

The second, instead, had a negative result: we could not improve the produced electrical
power without worsening at least one receptor. These seemingly contradictory results
have actually an interesting explanation. The receptors taken into account by the envi-
ronmental assessment range on all aspects influenced by a human activity, spanning, e.g.,
from value of cultural heritage to stability of riverbeds, from quality of underground water to vi-
sual impact on the landscape. Aerogenerators, recommended in the previous optimization,
have a significant visual impact, so they are not implementable unless we relax the visual
requirement.

Computing time for this analysis was hardly measurable: all times were far less than a
fraction of second on amodern PC. Thanks to such a fast computation, we could comment
on-line the results of the queries with the experts of the regional agency, identify errors
in the provided data, and try variations of the parameters.

7 Comparison and final choice
Concerning the efficiency, clearly the CLP(R) model is significantly faster than the other
two, as it uses an efficient solver for linear programming.

Also, this model can be easily extended adding other constraints, in order to solve other
types of problems. For example, if the activities were decision variables (instead of fixed
values), we could perform automatically the planning activity together with the assess-
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ment, instead of the assessment alone.

Since the aim of the project is to perform planning together with the assessment, we chose
to use the CLP(R) approach.

However, we wanted to perform a comparison also on the quality of the results.

In order to have a systematic comparison, we produced two tables (one for each approach)
in which each cell contains the effect of single activity on a single receptor. One table
reports the results of the CLP(R) model and the other those of the causal model. The
tables are thus of size Na ×Nr = 93× 23 = 2139.

In the scatter plot of Figure 5 we draw the results of the causal model against those of
the linear model: the linear model results are on the x-axis, while in the causal model
results are on the y-axis. As we can see, most of the points are clustered along a simple
curve, which seem to indicate a close relationship between the two models that we are
going to investigate in the near future. Moreover, whenever the linear value is positive,
the probability of improving the receptor is greater than 0.5 and vice-versa, showing that
the two models may disagree on the values, but they agree on the direction of the effect
on the receptor.

To better investigate the results, we considered the points farthest from the curve that
are highlighted in Figure 5. Since points are those for which the linear and causal model
differ themost. We asked the expert to evaluate the results for those points, to understand
whichmodel gave the best result. For the points shown as a triangle in Figure 5, the expert
was unable to state which answer is better. For the points with a diamond symbol, the
CLP(R) approach gave a better result. In the point shown as a star, both approaches failed
to give a correct result.

From these results, we can say that often the effects can be summed up, although in some
cases other combinations could be necessary.

8 Constraint-based model for planning
Given the choice of the model for the environmental assessment as a constraint-based
model, we show in this section how we can easily integrate the planning phase using the
same modeling abstractions.

To design a constraint-based model for the regional planning activity, we have to define
variables, constraints and objectives. Variables represent decisions that have to be taken.
We have a vector of activities A = (a1, . . . , aNa). To each activity we associate a variable
Magi that defines the magnitude of the activity itself. The magnitude could be repre-
sented in two ways: in an absolute way as the amount of a given activity or in a relative
way, as a percentage with respect of the existing quantity of the same activity. We use in
this deliverable the absolute representation.

We distinguish primary from secondary activities: let PA be the set of indexes of primary
activities and SA the set of indexes of secondary activities. The distinction is motivated
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by the fact that some activities are of primary importance in a given plan. Secondary
activities are those supporting the primary activities by providing the needed infrastruc-
tures. In case of the energy plan, together with environmental and planning experts, we
have defined the following distinction. The primary activities that are potentially part of a
regional energy plan are those producing energy, namely renewable and non-renewable
power plants. Secondary activities are those supporting the energy production, such as
activities for energy transportation (e.g., power lines), and infrastructures supporting the
primary activities (e.g., dams, yards).

The first set of constraints takes into account dependencies between primary and sec-
ondary activities and has the form:

∀j ∈ SA Magj =
∑
i∈PA

dijMagi

Given a budget budPlan available for a given plan, we have a constraint limiting the overall
plan cost as follows

Na∑
i=1

Magi ci ≤ budPlan

This constraint can be posted either on the overall plan, or on parts of it. For instance
suppose we have already partitioned the budget into chapters, we can impose the above
constraint only on activities related to a given chapter.

Also, given an expected outcome outPlan of the plan we have a constraint ensuring to
reach the outcome:

Na∑
i=1

Magi outi ≥ outPlan.

For example, in an energy plan the outcome can be to havemore energy available in the re-
gion, so outPlan could be the increased availability of electrical power (e.g., in megawatts).
In such a case, outi will be the production in MW for each unit of activity ai.

Concerning objectives, there are a number of possibilities as suggested by planning ex-
perts. From an economical perspective, one can decide to minimize the overall cost of
the plan (that is anyway subject to budget constraints). Clearly in this case, the most eco-
nomic energy sources are considered despite their potentially negative environmental
effects (which could be anyway constrained). On the other hand, one could maintain a
fixed budget and maximize the produced energy. In this case the most efficient energy
sources are taken into account. On the other hand, the planner could decide to produce
a green plan and consider environmental receptors. For example, one can maximize, say,
the air quality, or the quality of the surface water. Clearly, the produced plan decisions
are less intuitive and in this case the system we propose is particularly useful. The link
between decisions on primary and secondary activities and consequences on the envi-
ronment are extremely complex to be manually considered. The system partitions the
budget on activities to obtain a sustainable plan for a given receptor. Clearly, more com-
plex objectives can be pursued, by properly combining the abovementioned aspects. This
is subject of current research.
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One important aspect to be taken into account when designing a regional energy plan
is the energy source diversification: this means that the trend to allocate funds should
not be directed toward a single energy source, but should cover both renewable and non
renewable energy sources. This requirement comes from fluctuations of the price and
availability of the various resources. For this reason, we have posted constraints on the
minimal percentagePeri of the total energy needed to be produced by each energy source
i.

∀i ∈ PA Magiouti ≥ PerioutPlan

In addition, each region has its own geo-physical characteristics. For instance, some re-
gions are particularly windy, while some others are not. Hydroelectric power plants can
be built with a very careful consideration of environmental impacts, the most obvious
being the flooding of vast areas of land. This poses constraints on the maximum energy
Maxi that can be produced by a given energy source i.

∀i ∈ PA Magiouti ≤Maxi

Finally, the region priorities should be conformant with European guidelines such as the
20-20-20 initiative aimed at achieving three ambitious targets by 2020: reducing by 20% its
greenhouse gas emissions, having a 20% share of the final energy consumption produced
by renewable sources, and improving by 20% its energy efficiency. For this reason, we can
impose constraints on the minimum amount of energy Minren produced by renewable
energy sources whose set is referred to as PAren. The constraint that we can impose is∑

i∈PAren

Magiouti ≥Minren

Finally, concerning objectives we have that the objective on plan cost minimization is con-
sidered as the worst case from an environmental standpoint. On the other hand the best
case scenario is the one considering the optimization of one or more environmental re-
ceptors.

9 The Regional Energy Plan 2011-2013
The constraint-based model described in previous sections has been used on the plan-
ning of the regional energy plan 2011-2013. The system is implemented in the Constraint
Logic Programming language ECLiPSe [1], and in particular uses its Eplex library [27],
that interfaces ECLiPSe with a (mixed-integer) linear programming solver. The compu-
tation time is not an issue in this application, and it was hardly measurable on a modern
computer.

The regional energy plan had the objective of paving the way to reach the ambitious goal
of the 20-20-20 directive, in particular to have 20% of energy in 2020 produced by renew-
able sources. This 20% does not consider only the electric energy, but the whole energy
balance in the region, including thermal energy, and transports.
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We concentrate here only on electric energy. The considered electric power plants that
produce energy from renewable sources are hydroelectric plants, photovoltaic plants,
thermodynamic solar plants, wind generators and, again, biomass power plants.

For each energy source, the plan should provide: the installed power, in MW; the total
energy produced in a year, in kTOE (TOE stands for Tonne of Oil Equivalent); the total
cost, in Me.

It is worth noting that the considered cost is the total cost of the plant for the regional
system, which is not the same as the cost for the taxpayers of the Emilia-Romagna region.
In fact, the region can enforce policies in many ways, convincing private stakeholders to
invest in power production. This can be done with the financial leverage, or by giving
favourable conditions (either economic or other) to investors. Some power sources are
economically profitable, so there is no need for the region to give subsidies. For example,
currently in Italy biomasses are economically advantageous for investors, so privates are
proposing projects to build biomasses plants. On the other hand, biomasses also produce
pollutants, they are not always sustainable (see [3] for a discussion) so local committees
are rather likely to spawn against the construction of new plants. For these reasons, there
is a limit on the number of licenses the region gives for building biomass-based plants.
This is subject of future work by integrating the results fromWP3 with results fromWP4
and WP5.

Weused the constraint-basedmodel presented earlier considering initially only “extreme”
cases, in which only one type of energy source is used. For instance, if we impose to build
only biomass power plants, the application provides in output the spreadsheet file repre-
sented in Table 3; the file has the same format as the tables included in the regional energy
plan. Beside the plan, the application provides also its environmental assessment, namely
an evaluation of the environmental receptors.

Power Power Energy Investments
Electrical 2010 2013 2013
power plants (MW) (MW) (kTOE) (Me)
Hydroelectric 300 300 67.06 0
Photovoltaic 230 230 23.73 0
Thermodyn. solar 0 0 0 0
Wind generators 20 20 2.58 0
Biomasses 430 724.47 436.13 1030.64
Total 980 1274.47 529.5 1030.64

Table 3: Example of energy plan for electrical power, if only biomass power plants can be
developed

In order to understand the individual contributions of the various energy forms, we plot-
ted all the plans that use a single type of energy in Figure 6, together with the plan de-
veloped by the region’s experts. On the abscissa, we chose the receptor Quality of the air
because it is probably the most sensitive in the Emilia-Romagna region. On the y axis we
plot the cost of the plan. As explained previously, all plans provide the same energy in
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Figure 6: Plot of the extreme plans using only one energy source, compared with the plan
by the region’s experts.

kTOE, while they can require different installation power (in MW).

First of all, we notice that some of the energy types improve the quality of the air (pos-
itive values in abscissa), while others worsen it (negative values). Of course, no power
plant can improve the quality of the air by itself (as it cannot remove pollutants from the
air). The point is that building the plant provides electrical energy without introducing
new pollutants; if such energy would not have been provided in the electrical network,
it would have been imported from neighbouring regions. In such a case, the required
energy would be produced with the same mixture of energy sources as in the national
production, including those emitting pollutants, so the net contribution is positive for the
quality of the air. Note also that the different energy sources have different impacts on
the quality of the air not only due to the emissions of the power plants, but also to the
impact of the secondary activities required by the various sources.

Finally, note that the “extreme” plans are usually not feasible, in the sense that the con-
straint on the real availability of the energy source in the region was relaxed. For exam-
ple, wind turbines provide a very good air quality at a low cost, but the amount required
in the corresponding extreme plan is not possible in the region considering the average
availability of wind and of land for installing turbines.

The plan proposed by the region’s experts is more balanced: it considers the real avail-
ability of the energy source in the region, and provides a mixture of all the different re-
newable types of energy. This is very important in particular for the renewable sources,
that are often discontinuous: wind power is only available when the wind is blowing at
a sufficient speed, solar power is only available during the day and there is more avail-
ability in sunny days, etc., so having a mixture of different sources can provide an energy
availability more continuous during the day.

Beside assessing the plan proposed by the experts, we also provided new, alternative
plans. In particular, we searched for optimal plans, both with respect to the cost, and
to the quality of the air. Since we have two objective functions, we plotted the Pareto-
optimal frontier; each point of the frontier is a point such that one cannot improve one
of the objectives without sacrificing the other. In our case, the quality of the air cannot
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be improved without raising the cost, and, vice-versa, it is impossible to reduce the cost
without sacrificing the quality of the air. The Pareto frontier is shown in Figure 7, together
with the experts’ plan. Note that being our formulation of the problem linear, we can
compute the Pareto frontier by changing coefficients in the objective function that boils
down to a weighted sum of single criteria.

Figure 7: Pareto frontier of the quality of air against cost.

The picture shows that, although the plan devised by the experts is close to the frontier, it
can be improved. In particular, we identified on the frontier two solutions that dominate
the experts’ plan: one has the same cost, but better air quality, while the other has same
air quality, but a lower cost.

Power Power Energy Investments
Electrical 2010 2013 2013
power plants (MW) (MW) (kTOE) (Me)
Hydroelectric 300 310 69.3 84
Photovoltaic 230 850 87.7 2170
Thermodyn. solar 0 10 1 45
Wind generators 20 80 10.3 120
Biomasses 430 600 361.2 595
Total 980 1850 529.5 3014

Table 4: Energy plan developed by the region’s experts

Table 4 contains the plan developed by the region’s experts, while Table 5 shows the plan
on the Pareto curve that has the same quality of air as the plan of the experts. The energy
produced by wind generators is almost doubled (as they provide a very convenient ratio
(air quality)/cost, Figure 6), we have a slight increase in the cheap biomass energy, while
the other energy sources reduce accordingly.

Concerning the environmental assessment, we plot in Figure 8 the value of the recep-
tors in significant points of the Pareto front. Each bar represents a single environmental
receptor for a specific plan plotted in the Pareto Frontier of Figure 7. In this way it is
easy to compare how receptors are impacted by different plans. Notice that the receptors
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Power Power Energy Investments
Electrical 2010 2013 2013
power plants (MW) (MW) (kTOE) (Me)
Hydroelectric 300 303 67.74 25.2
Photovoltaic 230 782.14 80.7 1932.51
Thermodyn. solar 0 5 0.5 22.5
Wind generators 20 140 18.03 240
Biomasses 430 602.23 362.54 602.8
Total 980 1832.37 529.5 2823

Table 5: Energy plan that dominates the experts’ plan, retaining same air quality but with
lower cost

Figure 8: Value of the receptors on the Pareto front

have different trends: some improve as we move towards higher quality of the air (like
quality of climate, wellness of mankind, value of material goods), while others improve when
moving to less expensive solutions (like quality of sensitive landscapes, wellness of wildlife,
soil quality). This is due to several reasons, depending both on the type of power plants
installed, and on the secondary activities. For example, wind turbines have a good effect
on the quality of the air, but they are also considered aesthetically unpleasant, so they
cannot be installed in sensitive zones, like on the hills without having protests from the
residents (receptor quality of sensitive landscapes). Migratory birds follow wind streams
to reduce fatigue in their travel for long distances; on the other hand, wind turbines are
to be installed in windy zones to be effective. So, during migration, birds would have a
high likelihood to unexpectedlymeet large rotatingwind blades, possibly impactingwith
them; this effect cannot be ignored in particular for endangered species (receptor wellness
of wildlife).
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10 Discussion and Open Issues
We have reported the work done in WP3 concerning the model for the global optimizer
taking into account the regional perspective on the energy plan. We haev proposed three
interpretations of the coaxial matrices for the Strategic Environmental Assessment, one
based on a probabilistic meaning of the matrix elements, four models based on fuzzy
and multi-valued logic and one based on Constraint Programming. We have chosen the
third and we have integrated the planning model in the constraint-based model of the
matrices. We have evaluated the model on the data of the Emilia-Romagna regional en-
ergy plan 2011-2013 and we have extracted alternative scenarios and the corresponding
assessment. The extensive evaluation of the model will be performed in deliverable D3.3
on the version one prototype developed in deliverable D3.2. This prototype will contain
also the economic evaluation, while the integration of the simulator will be proposed in
deliverable D3.4 and evaluated in D3.5.
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