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Abstract— The management of complex systems often requires taking decisions that may affect the
company's future. Making decisions is not easy and requires you to take serious responsibility. The
company character appointed to this task, is the “decision-makers” who, within a job or project, must
make a selection among several alternatives. To carry out this task, you must perform a process called
"decision analysis'. It can be aided by qualitative and quantitative tools, able to rationalize a
multifactorial choice and bring it to a judgment of performance parameters more easily comparable. In
fact, if this problem is addressed considering only the economic aspects, other fundamental parameters
will be neglected such as, for example, the environmental ones. Actually, bringing many different aspects
to a simple economic performance, or anyway one-dimensional, proves to be a limiting and unsatisfactory
approach. In addition, if we consider the concepts of sustainability, we should at least take into account
the three dimensions that describe it, namely the economic, environmental and social issues. Then, a
strategy of decision making more complete that could integrate all the three aspects, becomes much more
appropriate. In this context, the multi-criteria analysis are particularly suitable for this purpose. In this
study we aim at investigating how one of the most popular multi-criteria methods, the Analytic Network
Process (ANP) can be used to define the location of a cogeneration plant fuelled by biomass. The novelty
of this study consists of having categorized and divided into homogeneous areas an entire region. In
addition, to evaluate the economic efficiency, as compared to other authoritative work on the subject, also
the water content in the raw material was considered, influencing the amount of biomass consumed. The
results show that the ANP allows decisions making according to an overall view, considering a wide
variety of parameters and allows the decision makers to better represent the needs of the stakeholders

Keyword- Sustainable development, Analytic Network Process, Energy economics, decision support
system.

I. INTRODUCTION

The economic development and the technological progress lead to a continuous development of technologies
and require a constant effort of renovation of existing facilities. On these occasions for renewal, you must face
the serious problem of making an appropriate choice of the location of such new plants. This choice is
influenced by many conflicting parameters.

Technical, economic and environmental needs, must be taken into account simultaneously. The experience of
those who are required to make a choice (the decision-makers) teaches that it is unlikely to find a solution that
simultaneously optimizes all aspects. Our society, in fact, is marked by the need to constantly find compromises
that fully satisfy all stakeholders. In many cases, multiple decision-maker groups are involved in the judgments.
Each group brings different viewpoints and priorities, which must be resolved within a framework of mutual
understanding and mutual compromise.

The international scientific research has proposed tools to help decision-makers, which were developed
starting from one-dimensional models [1], [2], [3]. A decision analysis based solely on economic considerations,
however, turns out to be incomplete, as it is based on an outdated concept of development, understood only as
economic growth: this, in itself, is not enough, but the development is real only if it improves the quality of life
in a bearable manner [4]. The next change of these tools was marked by the introduction of multi-criteria
decision making (MCDM) techniques. In recent years we have seen the development of many applications in
various fields: from the integrated manufacturing systems [5], the evaluation of technology investments [6],
water and agricultural resources management [7] [8] in addition to the energy planning [9] [10] [11].

The need to make decisions, taking into account multiple conflicting aspects, is real in all industrial sectors,
and particularly in the energy sector [12] [13]. In this context, in fact, the need to reduce the environmental
impact of power generation plants, requires a continuous decommissioning and new installation. The aspects to
be taken into consideration are well summarized by the concept of “sustainable development”, born since the
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70s. Its most widely used definition is the one provided in 1987 by the World Commission on Environment and
Development, chaired by Gro Harlem Brundtland, according to which: “Sustainable development is
development that meets the needs of the present without compromising the ability of future generations to meet
their own needs” [14].

Many other definitions of sustainability are based on three fundamental aspects: environmental protection,
social responsibility and economic progress [15]. It follows, therefore, that the pursuit of sustainable
development depends on the capacity of governance to ensure full interconnection between the economy,
society and environment. The complex interactions between these three fundamental aspects, make decision-
making difficult. For this reason, is often applied a MCDA approach [17] [18], which provides a way to making
a decision [19], considering a wide range of parameters, even interdependent [20] [21] [22].

A topic of great interest for sustainable development, is related to the identification of the best location for
biomass plants, which are highly technologically developed in recent years. These are divided into two main
families: the installations that employ thermochemical processes and those that employ biochemical processes
[23] [24] [25] [26]. The first can be divided into combustion, gasification and pyrolysis, while the latter are
divided into fermentation and anaerobic digestion. The biomass gasification is a technology in great
development, used for the production of energy. It has been widely studied in recent years by researchers and by
manufacturers of energy production plants [27] [28] [29].

The gasification process is well known since the last century and up to now is used on a large scale within the
refineries as a key technology to convert coal and petroleum residues into synthesis gas (syngas). The product
from the gasification process is the syngas, a mixture of partially combusted gas and therefore susceptible to
further oxidation (in an internal combustion engine fuelled by gas).

The gas forming the mixture are: H, (hydrogen) and CO (carbon monoxide) and, in small quantities, methane
(CH,). The cogeneration system allows to obtain a thermal recovery on three fronts: the cooling of the syngas,
the cooling of the cogenerator and the hot fumes in output of the fireplace. Although the technology of
gasification of woody biomass, does not have a great historical background and claims an excellent quality of
wood chips at the input, it is quite common in small plants (less than 500 kWe). Bigger installations require a
very careful feasibility study. The development of this technology is very rapid, and most recently, scientists are
trying to overcome the obstacles to a wider use, such as gas cleaning and especially reducing the tar [30] [31]
[32].

There are many studies in the literature in which MCDM techniques have been applied to the energy
production plants. In particular, we can identify three main broad categories of approach: (i) the Value
measurement models, (ii) the Goal, aspiration and reference level models and finally (iii) the Outranking models
(also called the French school) [33]. The ANP technique, a development of AHP (Analytic Hierarchy Process)
was introduced by Thomas Saaty [26], can be placed in the first of the above categories and was widely applied
in studies of new energy systems development [34] [35] [36]. The current situation, therefore, presents both the
availability of multi-criteria decision support tools and very refined technical-economic models for the
determination of cost-effectiveness of biomass plants. One of the best is certainly that of Caputo et al. [37], later
echoed by other researchers [38] [39], in which is proposed a methodology for evaluating the economic
feasibility of biomass utilization for energy production by means of the gasification-conversion principle from 5
to 50 MW.

In this study, the method applied relies on the cost of each source, which is clearly estimated, as well as the
power output thanks to specific conversion formulas. One possible development could be the inclusion, in the
evaluation of the net power produced by the plant, of the lower calorific value of the consumed biomass as a
function of its moisture content. This model enrichment might then converge into a MCDM able to compare
different alternatives of location, qualified also according to the moisture content of the biomass present in each
zone.

With this work we aim to bridge the gap of the absence of examples in the literature that demonstrate
whether the AHP analysis is able to compare different alternatives of location of gasification plants, within a
broader regional context. This must be done bearing in mind both the possible differences in interpretation of
the concept of sustainable development, both the quality of the biomass expressed in terms of the type of raw
material and its moisture content. Against this background, the aim of this study is also to evaluate whether the
ANP can incorporate these issues and be a valuable support tool for decision makers. It must enable them to
identify the best alternative among all possible ones, allowing them to properly model the typical aspects of
sustainability, best interpreting the priority of a particular decision maker, be it a public administrator, an
investor or an entire community.

The present work is based on a case study, specifically analysed, consisting in choosing the best location for a
power plant fuelled by biomass from wood chips, in the whole region of Tuscany, Italy. The biomass was
qualified both according to the type and on the moisture content. The assessment took into account very
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heterogeneous aspects, all classifiable in the broad concept of sustainable development. We considered the
economic aspects, including the presence of regional and national incentives, the social and environmental
aspects. The possible alternative scenarios were then evaluated, according to the different priorities that a
particular decision-maker can have. The methodology proved to be very flexible and allowed us to clearly
identify the preferential areas for the installation of these facilities. Even the modelling of the moisture content
has allowed to improve the assessment, making them more reliable.

The remainder of the article is structured as follows: Section Il exhibits a brief presentation of the AHP and
ANP methodologies. Section 1l describes the case study and the main results. In Section IV, finally, there are
both a discussion of the results and the final conclusions.

Il. METHODS

MCDM indicates a large family of techniques that can simultaneously take into account a variety of aspects
of the problem that you are facing. These features can be both quantitative and qualitative. The weight that the
decision maker assigns to each criterion, makes the tool flexible, allowing you to bring out the different points
of view of all the players involved [40] [41]. This paper exploits a MCDM approach and, in particular, the
Analytic Network Process, a generalization of the Analytic Hierarchy Process, which is proved to be too
restrictive in our case. For a thorough theoretical discussion, you can refer to the texts of Thomas Saaty listed in
the bibliography [42],[43],[44],[45].

A. AHP

The AHP is a tool used to set priorities in a complex situation by the use of a hierarchical structure that
represents just such a situation [46]. This approach was developed by the mathematician Thomas L. Saaty
around the end of the seventies and is mainly divided into four stages:

1) hierarchical decomposition of the problem;

2) compared evaluations with pairwise comparison;

3) hierarchical consolidation and synthesis of priorities;
4) check of consistency.
1) First stage

In the first phase are identified: (i) the overall objective, (ii) the criteria for achieve this objective, (iii) any
sub-criteria and (iv) the options from which carry out the decision. These elements are arranged in a tree or
pyramidal hierarchy. Basic concepts in this regard are the dependence of the lower levels on higher ones and not
vice versa, and the independence of each element within the same level.

2) Second stage

In the second phase, the technique of pairwise comparison is used, to establish priorities among the various
elements of each level of the hierarchy, that is the elements of a level are compared, two by two, with respect to
each element of the upper level. In this way, the criteria are compared with each other in reference to the general
objective, the sub-criteria in reference to the relative criterion and, finally, the alternatives with respect to the
sub-criteria. Comparisons between the elements are made using the Saaty semantic scale, which allows to
transform qualitative judgments in numbers, as shown in Table I.

TABLE |
Saaty semantic scale. The table show how to transform qualitative judgments into quantitative data.
_Inten5|ty of Definition Explanation
importance
1 Equal important The two elements contribute in equal manner to achieve the objective
3 Weak importance The judgment is slightly in favour of an element
5 Strong importance The judgment is strongly in favour of an element
7 Very strong importance The predominance of the element is amply demonstrated
9 Absolute importance The evidence in favour of an element is of the maximum order
2,4,6,8 Intermediate values When compromise is needed

This yields the dominance coefficient, which represents the dominance of one element on the other with
which it is compared. If the i element has a certain dominance coefficient compared to the element j, the
element j will have, as dominance coefficient, the mutual of the previous.

All the dominance coefficients Obtained from the pairwise comparisons, are joined in a square matrix, the
matrix of pairwise comparisons, structured as in equation (1), where a; is the dominance coefficient of i with
respect to j:
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3) Third stage

In the third phase, the priorities among the elements of each array are deduced, from the values within the
pairwise comparisons matrix, therefore obtaining a scale of values that expresses the final preference of the
alternatives, compared with respect to the benchmark criterion. To obtain global priorities, that is, to obtain a
total ordering of alternatives in relation to the final objective, you must proceed for aggregation and comparison
of criteria set on the upper levels. The global order, therefore, is obtained by the weighted sum of the vectors of
local priorities, or rather performing the weighted sum of the scores given to each alternative (indicating the
degree of preference of one over another), and the weights assigned to the criteria and sub-criteria.

Once obtained the global weights, we will have obtained the results of the analysis: the greater is the total
weight of an alternative, the more advisable it will be.

4) Fourth stage

The fourth step involves the verification of the consistency of the matrix, that is we need to try its reliability,
since the human aptitude may meet some difficulties in establishing the relationships between the different
elements. In such a case, there could be problems in maintaining the consistency of judgment in all pairwise
comparisons.

Because the matrix can be defined consistent, the consistency ratio (CR, see equation 2) must be below 10%:

cI

CR=— (2)

In the previous expression, CI is the consistency index, calculated according to the rank of the matrix and to
the value of the principal eigenvalue. RI, the random index, is a parameter whose values are calculated
experimentally, and vary with the rank of the matrix..

AHP is an excellent decision analysis tool when applied to situations that can be modelled as a hierarchy of
levels, inside of which there is independence among the elements of the same level and among those of the
higher compared to those of the lower levels. The hierarchy implies a one-way process, going from top to
bottom, without allowing to climb the chain of decision-making.

A network, unlike a hierarchy, is spread in all directions and does not require the independence among the
elements: this allows to create models much more similar to reality, as, very often, the different aspects
considered for the determination of the best choice are, by nature, dependent on each other.

In our case study there is no independence among the various criteria taken into account, therefore the use
AHP would excessively distort the final result of the decision-making analysis. Precisely for this reason, we
chose to use a more interconnected approach with a network.

B. ANP

In ANP the decision problem is therefore structured as a network of elements organized into groups,
according to multiple relationships of influence. The development of the ANP is based mainly on four phases:

1) development of the structure of the decision-making process;
2) compared evaluations with pairwise comparison;

3) construction of the supermatrix and aggregation of the results;
4) sensitivity analysis.
1) First stage

In the first phase, the goal to which the analysis should lead is set. Then you must break down the decision
problem into groups of elements and alternatives to choose from. The network structure is, in fact, represented
by a set of components (or clusters) within which are contained the elements (or nodes). The connections
between the different clusters and elements shall also be made.

2) Second stage

The second stage develops in the same way of the pairwise comparison of AHP method: it expresses a
preference by the creation of multiple pairwise comparisons between all the elements connected to each network
element. In the ANP, however, comparisons are also made between the clusters.

3) Third stage

In step 3 the results from the pairwise comparison are integrated. This happens through the gradual formation
of three supermatrixes: (i) unweighted (or initial) supermatrix; (ii) weighted supermatrix; (iii) limit supermatrix.
The unweighted supermatrix
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The unweighted supermatrix is composed of the priority vectors (x) obtained from the pairwise comparison,
held using the same methodology of the AHP.

The weighted supermatrix differs from the previous one, because it takes into account the weights assigned to
each cluster: by multiplying the values of the initial supermatrix for the matrix obtained from the comparison
between the clusters, we obtain the values of the weighted supermatrix

The limit supermatrix is the matrix whose columns contain the vector of the priorities of the elements in
analysis. This is obtained by multiplying the weighted supermatrix for itself a number of times approaching
infinity. After determining the values of this supermatrix, you get global priorities, which are the target of the
analysis.

4) Fourth stage

In the fourth phase, you go to check the stability of the final ranking of preferences, varying the weights
assigned to the control criteria. Therefore, you can evaluate the robustness of the decision model.

In particular, as regards the ANP, the sensitivity analysis allows to consider, from time to time, a criterion of
control as an independent variable and then observe how the final ranking of the alternatives changes by varying
the weight assigned to such criterion.

I1l. RESULTS

A. The case study

This paper focuses on determining the best location [45] for a biomass plant, within Tuscany region, in Italy.
The choice should be based on the principle of sustainable development, so the purely economic analysis which
is usually carried out initially, was considered to be unduly limited: thus the ANP method was applied to the
present case study.
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Fig. 1. Tuscany map. In the picture is shown how we divided the region into homogeneous areas.
The plant in question is a generic biomass plant with the following characteristics

e Type: Integrated Gasification Combined (IGCC), that is a combined cycle made of a gas turbine and a
steam plant, powered by gasification of solid fuels (biomass in our case).

o Size of the plant: between 5 and 50 MW.

The size strongly influences the volume of biomass consumed, which is connected to the main logistics costs
of collection, transport and storage [47].

e Considered biomass: wood chips. It 'a kind of biomass fairly inexpensive and readily available on the
regional market.
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e Type of gasification unit: “fluid bed” kind, which is commercially developed in the range between 5 and
300 MW. This should a pressurized type (with a variable pressure between 5 and 50 bar) to benefit from
the advantages associated with it. The carrier gas used is air.

e Pre-combustion preventive filtering, in order to limit the cost of such a phase, including a section of hot
gas filtration from ash particles of coal dust.

The possible alternatives for the location of the plant are the four macro-areas in which we divided Tuscany,
and called North, East, South and West, as shown in Figure 1.

Obviously these four areas do not correspond exactly to a division based on the cardinal points, but are areas
as homogeneous as possible with each other for territorial structure, the presence of biomass, topography,
government and so on.

Each zone is characterized by two essential parameters: the amount of total available biomass residues and
their origin. In fact they have different characteristics in terms of anhydrous calorific value and
percentage of ash, depending on whether they are forest residues, agricultural, or resulting from the wood
industry. Two other distinguishing parameters that vary from area to area are the purchase price of wood chips
and percentage water content, which will prove to be the most significant parameter in the decision-making
process.

The average values for each area of Tuscany, were obtained by analysing the types and origin of the wood
chips in the different zones. A summary of the collected data is given in Table II:

TABLE Il
Average characteristics of the wood chips in the four areas of Tuscany. The features that vary from area to area are the anhydrous calorific
value of wood chips, the percentage of water content, the percentage of ash produced by the combustion of wood chips and the cost of.

Ar Anhydr\c;uls Calorific Water content Ash Cost of biomass
e O [%] [%] [€]
[MJ/Kg]
North 19.1 45% 1.90% 40
East 19.2 40% 2.10% 45
South 19.4 30% 2.30% 55
West 19.3 35% 2.06% 50

As visible in Table I, the Anhydrous Calorific Value and the percentage of water content, are better in the
South area, while as regards the percentage of ash produced and the cost of biomass, the North is better.

A further distinctive parameter for each area, it is the amount of biomass available from dedicated energy
crops: the ability to create this kind of crops is closely linked to the possibility of generating employment and
then welfare to society. This possibility appears to be higher in the North, followed by East, South and West. All
data were derived by referring to the sources listed in the bibliography: [48], [49], [50], [51], [52].

B. Economic analysis:

We performed a preliminary economic analysis, modelling the plant through a transfer function defined as the
ratio between a generic output and a generic input. In our case the function transforms the biomass weight M
into a net electrical energy power output (W), making the product of the plant energy conversion efficiency
(n.) for the biomass low heating value (LHV) and dividing it by the operating hours (OH), as shown in equation
3.

WNE — M'ne(WNE)' LHV (3)

3,6:0H

It is worth noting that the efficiency depends on the energy power output, making eq. 3 an implicit equation.

After defining the three parameters that characterize the transfer function, ., LHV and OH, we got an
approximation of the function that allows to calculate the amount of wood chips consumed as a function of the
plant size, for each of the four zones. It will be shown that the most incisive element is the percentage water
content, which is innovative if compared to the reference model [37].

One of the objectives of this first phase, was the approximate calculation of the Net Present Value (NPV) of
the system considered, as a function of its size (between 5 and 50 MW). To do this, it was necessary to clarify
the investment costs (I1C) for the machinery and their installation, and the annual operating costs (0C).

Subsequently, in order to get the goodness of the investment, the relationship between the costs and the net
power was obtained, so as to express the NPV as a function of the latter, for each of the four alternatives. For the
calculation, we relied on the values used in the sources [37], [53], [54], [55]. For each of the four alternatives,
we got two NPV functions: one in case the selling price of electricity is not incentivized and one, instead,
considering incentives obtained with the feed-in tariff which replaced the green certificates.
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C. MCDM approach

In the economic analysis just presented, only the economic parameters have been taken into account, while
the purpose of the multi-criteria analysis is to find the best alternative, making a sustainable choice, considering
the economic, environmental and social issues.

1) AHP analysis

First, we defined the goal: the assessment, according to the principles of sustainability, of the best area within
Tuscany to install a fluid bed gasification biomass plant. Then, we set out the alternatives to choose from: the
northern zone, the eastern zone, the South area and the West area.

The criteria on which the analysis is based, are the three constituent parts of sustainable development. They are
shown, as well as the sub-criteria, in Table I11.

TABLE 11l
Criteria and sub criteria of the sustainable AHP approach.
Criterion | Description Sub criterion Description
. NPV. This index represents the goodness of the investment, therefore the
Economic . o ; .
C1 A SC1.1 greater is its value and the most positive will be the impact on the
sustainability

economics of a sustainable development.
Possibility of creating dedicated crops. As already stated, the creation of
SC2.1 crops dedicated to energy production is considered a positive index on a
social level, as it produces jobs and therefore welfare..

Pollution. This has a negative impact on the welfare of future generations
SC2.2 . . A
and that is why closely related to social sustainability
Amount of ashes. The ash produced by the combustion of wood chips
SC3.1 release harmful substances into the environment: they are therefore a
factor which adversely affects the environment.

Environmental Ease of obtaining raw materials. This parameter is closely related to the

C3 Lo . . I I
sustainability environmental wellbeing as the availability of raw material is connected
SC3.2 to its transport and, consequently, to the emissions arising from this [47].
The easier is the retrieval of biomass, the greater will be the positive
impact on sustainability from an environmental point of view.

Sociopolitical

C2 | sustainability

Figure 2 shows a schematic representation of the AHP architecture applied to our case study.

Assessment of the best location
area for a biomass plant in
Tuscany

Criteria

Environmental Sociopolitical Economic
sustainability sustainability sustainability

N

Economic sub-criteria Environmental sub-criteria Social sub-criteria
=
NPV Dedicated Pollution Ash Biomass
crops quantity released cost
J

Alternatives

North South] East [Wcst

Fig. 2. Hierarchical representation according to the AHP model of the case study. The hierarchy starts from the top to descend down to the
alternatives. is characterized by the goal, the criteria and sub-criteria, not interconnected, and the alternatives

The AHP analysis was not completed, since, in our case, the model is too restrictive. In fact, the process
cannot be considered in a unidirectional way (a typical feature of the hierarchical structure of the AHP) since it
is necessary to compare both alternative with respect to criteria and criteria with respect to alternatives. Actually,
although each sub-criterion and then each criterion depends on the alternatives, the alternatives themselves
depend on the criteria. Furthermore, you cannot affirm the independence between the elements of the same level,
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as the amount of ash and the ease of obtaining raw materials (environmental sub-criteria) strongly influence the
pollution produced (social sub-criterion).

2) ANP Analysis:

The objective of the analysis remains the same highlighted within the AHP analysis, as well as the four
alternatives, which remain the same. We defined the clusters, represented by the elements that in the AHP
analysis were the criteria. Once defined the relationships and connections between all the characteristic elements
of the network, the case study was represented as in Figure 3:

Alternatives
North South East ][ West

7
E /SOCiopolitical\ Economic

nvironmental
sustainability sustainability sustainability

Dedicated Ash
crops released
NPV
Pollution Biomass
S

Fig. 3. ANP representation of the case study in a nonlinear network model. There are four clusters: one for the alternatives and the others
for each one of the three aspects of sustainability. Within each cluster there are the elements that typify it.

A 4

Looking at the arrows of Figure 3, we see that each of the environmental clusters is affected by the
alternatives and impacts in turn on the latter. In addition there are elements of the different aspects that influence
each other. With the help of the software Super Decisions®, it was possible to make comparisons between the
different clusters and between the nodes, allowing to analyse, with extreme ease and speed, the manner in which
they influence each other and to get the priorities among the alternatives. In the second phase, a series of
comparative pairwise evaluations were carried out, with the aim of determining the relative importance of the
different elements with respect to a particular component of the network. From the judgments, the matrices of
pairwise comparisons were defined and, in each case, we got the priorities of the respective components.

In addition to the comparisons between nodes, we have also performed comparisons between the clusters:
This step was particularly important, as the importance given to the three aspects of sustainability, with respect
to the alternatives cluster, depends very much on the decision maker and the interests it represents. Upon
variation of the latter, one can obtain different preferences. Interpreting four different figures of decision-makers,
four different scenarios have been identified.

1) Sustainable case: we consider a very general condition in which you decide to attribute the same
importance to each aspect of sustainability.

2) Economic case: if the decision maker is the investor, he gives a greater importance to the economic
aspect.

3) Social case: This occurs when the decision must be made by the administration, which focuses on the
social aspects.

4) Environmental case: when the decision maker takes particularly care of the environment [56].

In Figure 3, we summarize the weights assigned to each of the aspects of sustainability in the four cases outlined
above.
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Environmental case

Social case
Economic weight
® Social weight

Economic case ® Environmental weight

Sustainable case

il

0% 20% 40% 60%

Fig. 4. Relevance of sustainability issues in the four case studied. In the diagram you can see the preferences of the decision makers of each
individual scenario presented.

In the next step, we built the three supermatrixes. The initial supermatrix results to be the same for all four
scenarios proposed, being composed of the priority vectors obtained from the pairwise comparisons, that do not
change from one scenario to another. The weighted supermatrix, however, is different for each scenario, as it
takes into account the different weights assigned to the clusters: it is obtained by multiplying the values of the
initial matrix for the matrix obtained at the level of the comparison between the clusters. Even the limit
supermatrix resulted different for each one of the scenarios considered. Analysing the values of each alternative
within the supermatrixes, you could easily deduce what the analysis would identify as the most suitable. In this
way we fulfilled the analysis, obtaining the for each one of the four scenarios considered.

Here are the results of the economic analysis and of the multi-criteria method performed by the ANP
approach.

A. Economic analysis results

The parameter chosen to represent the goodness of the investment is the Net Present Value. Although this is
not exhaustive and even if others could have been adopted, however, it may be considered sufficient for the
purposes of this study. Results vary from one area to another, mainly due to the variation of the type of chips
used. The graph in Figure 5 shows a better performance of the NPV in the South, followed by the West and
from the East, to finish with the North.

Net present value Net present value
40 300

20 200
—N with incentives

- = N without incentives

100
=20 W with incentives
0 = W without incentives

@
&
= e A
; -40 - Siie —S with incentives
=EE§;;::____ -100 ii‘=:=E=§_ - = S without incentives
-60 —~::::EE;;;::: ______ ‘==§£;:—;S:~::_‘__ ——E with incentives
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Fig. 5. NPV for the four areas of Tuscany. In the two above diagrams the NPV performance is shown, according to the plant size. The left
part of the diagram shows the results for small size installations, while in the right part are represented all the possible potentialities
evaluated.

The two different patterns are related to two different scenarios: with or without public incentives.
B. ANP analysis results:
Through the software Super Decision®, we have obtained the final preferences, summarized in Figure 6.
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ANP results
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Fig. 6. Results of the ANP method. In the above figure are summarized the alternative preferences obtained through the analysis. The South
area is desirable in three scenarios: sustainable, economic and environmental. The northern area is better in the social case.

From the diagram, we can appreciate a dominance of the southernmost alternative in three scenarios.
However, as regards the social case, the North area appears to be the best alternative.

IV. DISCUSSION

The goal to which this study aimed was to determine which was the best alternative among those identified
within Tuscany for the installation of a biomass plant that uses wood chips as raw material. We wanted to
highlight what was the importance of taking a sustainable decision and not strictly economic. The latter option,
in fact, is too restrictive and tied back to an old concept of development, interpreted solely as profit. This
explains why, after a first economic analysis, we performed a multicriteria evaluation of the alternatives,
applying the ANP method.

As can be seen from Figure 5, in the case of absence of incentives, the NPV is always negative in the whole
power range, for any alternative. In addition, its absolute value increases with the size. It can be assumed that,
under these conditions, the investment is absolutely not affordable.

If we consider the incentives via the feed-in tariff, the investment becomes advantageous above a certain size
of the plant. In particular the NPV passes from a negative value to a positive one in the following sizes of
system: between 8 and 8.5 MW for the North, between 7 and 7.5 for the East, between 6 and 6.5 for the South
and between 6.5 and 7 for the West area. The southern area is therefore the best alternative among those
considered: this is determined by the strong influence that the operating costs have on the determination of the
NPV. They mainly depend on the collection, transport and storage of biomass and its ashes. These parameters
depend in turn on the amount of biomass consumed, which is influenced essentially by the LHV. This depends
on the Anhydrous Calorific Value (which does not vary significantly from one area to another of Tuscany) and,
especially, by the amount of moisture percentage of the wood chips. In conclusion we can say that the NPV is
strongly influenced by the moisture percentage of the biomass, which, therefore, becomes a very significant
parameter.

This conclusion is confirmed by the trend of the results, in fact the economic analysis proclaimed the South
as the best choice, followed by West, East and North areas: this is precisely the order of the areas with
increasing percentage moisture content.

As regards the results of the ANP analysis, in Figure 6 it is possible to find a predominance of the South
alternative for the sustainable, environmental and economic cases.

Considering the economic case, it is intuitive to understand the reason why the South is the best alternative.
In fact, in this scenario, it was decided to give precedence to economic aspects, achieving a very similar result to
that of economic analysis. The South area, warmer and less rainy, as a matter of fact, has average moisture
percentage values lower than other areas.

The reasons for the predominance of the South, in the sustainable case is very similar to the preceding one. In
fact, in this case, the same importance is given to all aspects of sustainability, getting back the NPV as the more
incisive factor.

In the environmental case the South alternative is still dominant, as the most influential parameters (in
addition to the NPV, which always remains critical) appear to be the ease of obtaining the raw materials and the
amount of ash produced. The values of the retrieval easiness are better in the South. Regarding the ash, although
the type of wood chips available in South zone is characterized by a percentage value of ash greater than those
of the other zones, the southern area is not the worst. One must keep in mind, indeed, that the ash actually
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generated depends on the amount of biomass used that, in the South case, turns out to be lower than in all other
cases.

The final result of the ANP only changes in the social case in which the focus is on this kind of aspect,
generally overlooked. The possibility of using dedicated energy crops is the driver for the decision. This option
is greater in the North, as this area is characterized by a reduced use of the territory. The North is a mountainous
area hardly cultivable: the possibility of planting dedicated crops is a positive factor because it is related to the
exploitation of otherwise unused land and the likelihood that new employment is created. Furthermore, this land
in not suitable for food crops, so the dilemma food or fuel is fixed at the origin [57] [58].

Performing a sensitivity analysis of the ANP results, it was verified that the method gives preferentiality to
the South, until the importance of the social factor reaches the value of 56%: from here onwards the preferable
alternative is the North.

Finally, reconnecting to the purpose of this research, we can say that AHP was able to compare different
alternatives of location of gasification plants, in a broad regional context. This was done opportunely
interpreting the concept of sustainable development and considering the moisture percentage of the biomass.
The variability of the result shows that ANP is an extremely flexible tool in the hands of decision makers. It
allows them to make the best decision in relation to the type of interest that they shall represent. Simply by
varying the importance of each aspect, you can interpret the needs of the various figures involved, be they
investors, governments or entire communities. This method, nonetheless, allowed the decision maker to enter
not only quantitative parameters in the analysis but also qualitative, being a multi-criteria tool. In addition, the
ANP turned out to be an extremely effective method to better implement the instances of sustainable
development. The best alternative was indeed identified with an overall vision and not only from an economic
or environmental point of view, and this is essential in the sustainability paradigm. Of course, the ANP
integrates beautifully with other quantitative techniques. Any specific analysis is, therefore, useful as it allows to
obtain more precise results concerning each one of the three aspects of sustainability. In future works we are
willing to carry out a Life Cycle Assessment of each possible scenario and incorporate the findings into the
ANP in order to obtain more precise and meaningful conclusions.
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