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Abstract—Photovoltaic Solar Energy (PSE) sector has
gained great attention during the last decades due to its
significant role in the transition to sustainable energy systems.
As a viable energy option, PSE has the potential to meet many
of the challenges facing the world, along with the diminution of
world’s dependency to fossil fuels, greenhouse gas emissions
reduction and global warming mitigation. In the case of Brazil,
the adoption of photovoltaic solar energy is mainly driven by the
shortages and several other barriers that are met in the
Brazilian energy sector. The development of the Brazilian PSE
is the main concern of this study, and authors focus on the
investigation of certain factors and their influence on this main
outcome with the use of Fuzzy Cognitive Maps (FCMs). FCM is
a well-established methodology for scenario analysis and
management in diverse domains, and is based on fuzzy logic and
neural networks aspects. In this paper we report particularly on
the application of a new web-based software tool, called
“FCMWizard”, which can model complex and dynamic
systems, implement several hypotheses and run various
scenarios, helping decision-makers and stakeholders with the
policy-making and energy management process. In this context,
a semi-quantitative model was designed, which comprises 10 key
concepts and three plausible scenarios were further conducted.
The findings of this study highlight the economic and political
influence on the development of the PSE sector in Brazil.

Keywords—Fuzzy Cognitive Maps, photovoltaic solar energy,
FCMWizard, scenario analysis.

I.  INTRODUCTION (HEADING 1)

Fuzzy cognitive maps (FCMs) constitute a methodology
for addressing the main problem of modelling complex,
dynamic systems [1]. FCM is a directed weighted graph that
consists of nodes (concepts) that represent the behavior of a
given system and structural relationships (connections)
between these concepts that define the strength of influence of
these concepts [2]. Their structure which resembles a graph,
focuses on causal relations between concepts, while it captures
and describes the system’s behavior encapsulating and
analyzing the accumulated knowledge and experiences of
human experts on complex systems [3].
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Due to their modelling and simulation capabilities, along
with their ability to predict a system’s behavior, FCMs have
gained wide acceptance and popularity [2] during the last
decades. A noteworthy characteristic is that they can promote
learning since they can combine experts’ knowledge and
historical data to improve their performance on modelling and
prediction, thus, overcome the subjectivity of experts’
opinions [4], [S]. Moreover, FCMs were recently exploited for
scenario planning, even though they were not introduced for
such tasks [6]. A number of FCM-based scenarios have been
explored in [7], [8] and [9] where the robustness of scenario
planning was significantly enhanced.

Attention has also been given to the renewable energy
sector over the last two decades, as it is considered a crucial
domain in global power demand [10]. It needs particularly, to
be well explored and studied through the design and
modelling of all its main aspects. Concerning solar energy, a
number of studies can be found in the literature [11]-[15].
Most of them deal with linear and non-linear models for solar
energy and also other Artificial Intelligent (AI) techniques.
Among them, a recent review paper presents an overview of
research works related to the development of solar energy
modeling techniques [14]. Also, the reviewing work in [15]
refers to various modeling approaches, like those of fuzzy
logic and artificial neural network (ANN), for solar irradiation
and energy modelling.

Regarding linear and non-linear energy models, their main
contribution is to define the correlation between solar energy
and several meteorological parameters, such as sunshine
duration, temperature and humidity [14], using simple linear
and a third or fourth degree polynomial function, respectively
[13], [15]. As regards Al techniques, mostly Artificial Neural
Network (ANN) and fuzzy logic techniques have been
explored to develop efficient solar energy modeling
approaches [11], [16]-[19]. For example, ANN was used to
predict the global solar radiation for various regions in Saudi
Arabia [20], while a combination of ANN and fuzzy logic was
used to estimate the solar radiation in several Spanish areas
using satellite images and the cloud index [21]. In [19], solar



global radiation values for month, day and hour period of time
were estimated with the use of ANN-based models, while the
data collected from 13 locations in India were used to train the
model and test the predicted values. Furthermore, an ANN-
based model was developed in [18] for Nigeria’s solar energy
potential forecasting. Geographical and meteorological data
of 195 cities in Nigeria for 10 years were used for the training
and testing the network. Finally, ANNs were used in [11] to
predict solar energy potential in Turkey producing promising
results.

As reported in the literature, fuzzy logic and ANN models
work more efficiently in making predictions in solar energy
related problems, compared to the regression models [14]. In
particular, fuzzy logic seems to be more flexible to cope with
ambiguities and fuzziness that are inherent in this application
area [22], while it can handle uncertainty and model fuzziness
when estimating solar radiation. Thus, they both are highly
beneficial for modeling and decision making. Motivated from
the aforementioned features of fuzzy logic and due to several
limitations, like complexity and high uncertainty that these
kinds of environmental problems exhibit, we investigate the
performance of FCMs for modeling and decision making in
the PSE sector.

In this context, exploiting their advantageous capabilities
of handling the uncertainty causality [23] and modelling
complex systems with many parameters [2], FCMs have been
successfully involved in the renewable energy domain. In the
related literature, there are also several studies regarding the
integration of FCMs in Energy sector dealing with
management and decision-making tasks [6], [24], due to their
ability to cope with inherent uncertainties in vast domains [25]
and to model human reasoning processes [2]. Furthermore, the
work in [26] focuses on the involvement of FCMs in
management, forecasting and decision-making in Energy,
whereas in [27], a FCM was utilized to model the electricity
market, which is a complex and adaptive system. In the field
of photovoltaic solar energy, the recent work in [28] examined
through the exploration of FCMs, the impact that several
uncertain elements could have on this field, in view of
different exogenous socio-economic, political and
technological factors.

Considering the aforementioned limitations and various
specifications of the examined systems, there is a need of a
powerful software module that would allow researchers to
conduct simple tasks on FCM-based systems, like system
development or even more complex ones, including learning
and simulation processes. Casting a thorough look on the
related literature, a variety of tools has been identified which
provide different capabilities and include unique
specifications. Among others are Mental Modeler [29],
FCMapper [30], ESQAPE [31], FCM Expert [32], FCM-
Analyst [33], JFCM [34], and FCM Designer [35]. Only
MentalModeler [29] though, can implement scenario analysis
and environmental modelling, by integrating different types of
knowledge into environmental decision-making, as well as
conducting scenarios to produce outcomes concerning certain
strategic decisions.

Considering the reported capabilities of the aforementioned
tools, there is a lack of a more user-friendly tool that could
integrate advanced functionalities such as FCM model
aggregation and training, using supervised and unsupervised
algorithms. Noticing this gap, Papageorgiou E. and her team
have developed a web-based tool, namely FCMwizard,

(available at http://fcmwizard.com) [28], which offers users
and the wider research community the ability to make use of
these functionalities towards the implementation of their
demanding cases. FCMWizard is under continuous
development and the login credentials are available upon
request from the authors.

In the examined case of Brazilian Photovoltaic Solar
Energy Sector (PSE), the FCMWizard tool is employed for
the exploration of relevant FCM-based scenarios. In
particular, authors employ this software in this work to
facilitate policy simulations and offer researchers and or
stakeholders the flexibility to perform simulations for their
models for successful management planning. As
technological progress works for human development, energy
demand increases, so as climate and environmental changes
also increase [36]. This leads to the necessity of replacing
fossil fuels with renewable energy sources, such as PSE.

We analyze the problem and conduct three relevant and
possible scenarios using FCMWizard. In this way, the key
variables, as well as the behavior of these variables are
presented and further examined. Considering socio-political,
environmental and technological uncertainties that affect the
development of the Brazilian PSE to a great extent, scenario
planning is a proper procedure for institutions that are
immersed in this Photovoltaic Solar Energy sector for
choosing the right strategic decisions.

This study is explicitly devoted to the following tasks: (i)
to apply the quasi-qualitative method of Fuzzy Cognitive
Mapping for modelling the complex Renewable Energy
system through stakeholders’ perceptions, and (ii) to perform
an FCM-based simulation process by investigating various
scenarios regarding the Brazilian PSE development with the
use of the FCMWizard tool.

II. Fuzzy COGNITIVE MAPS

FCM is an established methodology that inherits the
features of fuzzy logic and neural networks. FCMs were first
introduced by Kosko [1], and constitute a way to represent
human knowledge and indicate the causality among concepts
of systems, characterized by uncertainty and involve complex
processes. They also serve as a promising tool for modelling
and controlling dynamic decision systems. They are fuzzy
diagrams that constitute a set of nodes (concepts) and arcs that
represent causal links between concepts. These
interconnections take fuzzy values within [0, 1] or [—1,+1]
revealing the strength of influence between the concepts [37].
An FCM model with » nodes can be illustrated by an
adjacency matrix W, whose elements w; take values in
[-1,+1]. The most commonly used FCM inference rules are
the following, (1)—(3):

Kosko: X' = £ (z}gl wj; X X;‘) (1

Jj#i
Modified Kosko: X'V = f (Xi(t) +Y0, X(0) - w,-_i> )
Jj#i
Rescale: X = f((2x XF — 1) + X0y juiwy X 2 x XF — 1)) (3)

i

where X i(KH) is the value of concept C; at simulation step x+/,
X;‘ is the value of concept C; at the simulation step x, w;; is



the weight of the relation between concepts C; and Cj, « is the
interaction index in every simulation step and f{-) is the
threshold (activation) function applied to hold the values
within [0, 1] or [-1, 1].

III. PSE IN BRAZIL

A. Problem statement

The geographical location of Brazil which offers a great
potential for solar energy utilization throughout the year [38],
along with environmental concerns that regard air pollution,
deforestation and greenhouse gas emissions [39], [40], have
driven countries to take drastic actions and consider
alternative sources for their electricity needs. Renewable
energies have indeed attracted great attention recently, as a
key to the problems caused by the unsustainable exploration
of fossil fuels. Furthermore, the increase in the cost of energy
produced in thermoelectric plants also leads to an urgent need
for PSE investment in the Brazilian territory. Afterall, the
reports in [41] and [42] indicate that Brazil attracts in a great
extent, photovoltaic solar energy installation and by 2018, it
should be among countries with the most eminent generation
of solar energy.

On the other side, there is evidence of a wide range of
barriers for the efficient distribution of PSE systems, including
the high cost of their acquisition and their low conversion
efficiency. It is up to the government to realize the dynamic of
PSE development and impose certain policies that would
boost the use of solar energy in an urban environment [43].
Moreover, a thorough planning and control by the experts
could determine the future of the PES. Thus, scenario planning
is a necessary step to be taken in this direction.

B. Model development

Following the definition of the PSE development problem
in Brazil, as described above, the FCM development process
is then explored for providing a quasi-quantitative model for
scenario planning. The overall process consists of three steps.
In the first step, authors define the list of the most important
independent variables that have an impact on the dependent
variable of the examined problem.

In the second step and for all the weighted
interconnections between the variables of the investigated
FCM model, participants are asked to assign values within the
range 1-10, one (1) denoting the lowest strength and (10) the
highest. A normalization process is then performed for coding
the weights of each relationship within —1 and +1, so as the
new values will fill the adjacency matrix [44]. In the third step,
the depended variable of the examined problem is defined as
decision concept. In our case which refers to the exploration
of the Brazilian Solar Photovoltaic Energy Sector, the
“development of PSE in Brazil” constitutes the dependent
variable.

The design and development of the FCM model was
performed by capturing knowledge, information and expertise
from various researchers and specialists of the specific
domain. The list of concepts which comprise the consolidated
FCM, is depicted in Table I, including a short description of
them. The corresponding 10-nodes FCM model that was
produced from the participants is illustrated in Fig. 1, whereas,
an adjacency matrix can be build containing the weights for
all causal relationships between the participant concepts.

TABLE L THE CONCEPTS INVOLVED IN THE CONSOLIDATED FCM

Concept ID Description
Development of solar cl Potential growth of the PSE Sector in
photovoltaic energy Brazil
Public knowledge of Public awareness of the .role and
PSE C2 everyday use of PSE system in energy
domain

Purchase cost 3 The cost of products. or services that
are offered by suppliers.
Consumption of energy by human

Energy demand c4 activity for a set price in the market.
Actions taken by the government to

Government promote the PSE sector (tax

. . Cs : L

incentives exemptions, financing lines, demand
creation).

Private sector c6 Private sector participation in energy

involvement projects of the government.

Energy dependence C7 Consideration of energy sources,

concerns supply and infrastructure dependence

Payback Period cs The period of time an investment
reaches a break-even point.

Energy price C9 | The cost of energy in monetary terms.

Economic situation c10 The state qf the economy regarfilng
the production of goods and services.

C7: Energy
dependence
concerns

C4 Ener
deman

C1:
Development S
> olan 28 knowledge
photovaltalc
energy
-0.92
0.67,
-0.25
C9: Energy
nrice
Government
9 C6; Private
‘ elianont
82

0.63

0.5

C10:

situation

Fig. 1. 10-nodes FCM model produced by stakeholders

IV. OVERVIEW OF THE FCMWI1ZARD TOOL

The objectives of the current research were achieved with
the help of an online tool, namely FCMWizard, whose
functionalities are presented in the current section. The
modelling and simulation capabilities of this online software
module will be presented through its application on the
dynamic and complex system of the Brazilian renewable
energy sector. As depicted in Fig. 2, the main menu of this tool
includes among others, three fundamental modes for
constructing an FCM, namely: (i) Expert mode, wherein users
can manually develop a FCM for a real problem, (ii) Data-
based Learning mode, that allows the FCM model automatic
construction by utilizing the given data, and (iii) Merge mode,
which combines different individual FCMs for the production
of a collective FCM model, thus, generating aggregated
system complexities.

FCM Wizard @ e

Expert Mode
Welcome
e | ased mode
|

7= FCM Leaming

Construct FCM v Hebbian Leaming (NHL)

Hebbian Leaming (DD-NHL)

Merge FCMs
GENERAL ACTIONS

7= FCM Leaming v
Hebbian Leaming (D-NHL)

222 FCM Classification v

Fig. 2. a) FCMWizard Main menu, with FCM construction and FCM
Learning modes



FCMWizard offers the option of FCM Learning in three
modes (see Fig. 2): (i) Hebbian Learning (NHL): weights are
fine-tuned by data, also considering that in each iteration all
concepts are synchronously triggered and change their values.
(i1) Data-driven Hebbian Learning (DD-NHL): an extended
NHL method that uses historical data to regulate concepts’
weights, and (iii) Differential Hebbian Learning (D-NHL):
Concepts’ weights are modified after their changes being
correlated by this learning algorithm.

Next, the FCM Wizard tool is deployed to construct the
FCM model for the given problem of the Brazilian PSE. The
structural analysis along with the Hebbian-based Learning
algorithm and the scenario analysis will be then presented and
discussed, accompanied by the figures and tables, produced
by the web-based tool.

A. Expert-based construction / Modelling

For the model development, users have the advantage of
generating new concepts and causal relationships between
them, with no need to know the mathematical foundations of
the methodology and regardless the type of application
domain. Selecting the “Expert Mode” under the main menu
“Construct FCM”, users can easily design an FCM model by
adding new nodes (with the “+” button) and new directed lines
that represent the causal relationships between nodes. The
green direct line denotes a positive weight whereas the red
inverse relationship denotes a negative weight.

C1- Development of solar photovltaic energy

C3- Purchase cost

Fig. 3. FCMWizard model for PSE in Brazil.
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Fig. 4. Screenshot of weight matrix.

The model that was designed by the stakeholders as
depicted in Fig. 1, is developed by FCMWizard and illustrated
in Fig. 3. This FCM model can be also designed by the tool,
only by properly importing the model’s adjacency matrix. The
produced weight matrix which is sited in the “weight matrix”
tab of the tool is presented in Fig.4.

B. Structural Analysis

In order to describe certain specifications and different
aspects of the behavior of the examined model, structural
analysis is needed, as a necessary step for determining the
dynamics of the system. The FCMWizard online module is
designed to provide calculations over various graph theory
indices, such as the total number of concepts and connections,
connection to concept ratio, the type of variables (receiver,
transmitter or ordinary), indegree, outdegree, degree
centrality, betweenness centrality, closeness centrality,
complexity ratio, density and hierarchy index (see Table II).
Centrality is considered an index of importance for a concept.
That is, a concept with a high degree of centrality plays an
important role in the cognitive map [45]. Centrality is
calculated by the sum of the corresponding absolute indegree
and outdegree causal weights [46]. As observed from Table 11,
the concepts C1, C3, C4, C5, C8, C9 and C10 present higher
degree of centrality than the other concepts, thus, having a
significant role on the examined energy system.

Complexity, density and hierarchy index are among
significant structural indices for analyzing the graphical
structure of FCMs. In this model, they take values of 1.000,
0.2667 and 0.0907 respectively.

TABLE II. STRUCTURAL ANALYSIS INDICES
(Nodes) Graph indices
g ) % S 2 2 &
3 S = == g =
S 0¥ | B 3 $3 | 5§ | 3%
S F | i S ¥ :§ | &%
S ~ S Q Q SR
Cl 0 6.3 Receiver 6.3 29.6667 9
C2 0.9 0.5 Ordinary 1.4 0 5.5
C3 1.8 0.6 Ordinary 2.4 0 6
C4 1.6 0.5 Ordinary 2.1 2 6.5
C5 2.7 0 Transmitter 2.7 2.3333 7
C6 0.8 1.1 Ordinary 1.9 0.6667 6.5
C7 0.8 0.9 Ordinary 1.6 0 5.5
C8 0.6 2.1 Ordinary 2.8 0.6667 6.5
C9 2.5 1.3 Ordinary 3.8 10 8
C10 2.3 0.5 Ordinary 2.8 0.6667 6.5

From the constructed FCM model (Fig. 3) it emerges that
the concepts: Public knowledge of SPE (C2), Energy demand
(C4), Government incentives (C5), Private sector involvement
(C6), Energy price (C9) and Economic situation (C10) have
the most substantial number of connections. They are also
directly and strongly connected to the objective concept C1
(development of solar photovoltaic energy). Hence, in terms
of their degree of centrality and connectedness, concepts C2,
C4, C5, C9 and C10 were chosen by the researchers to become
the base of the scenarios since they can strongly affect the
behavior of the system.

C. Hebbian-based Learning

The process of learning FCMs constitutes a means to
update the initial knowledge of human experts and include any
knowledge from historical data in the development of an
FCM. Various algorithms have been proposed for FCM
modelling, optimization prediction and decision support.
Hebbian learning in FCMs constitutes the most efficient and
well-known unsupervised method for learning FCMs [37].
The non-linear Hebbian learning emerges as one of the most
used types of FCM learning for problems where experts’
knowledge exists and no data are available for training the




created models. The main aim of this algorithm is to find
better interconnection weights than those provided by the
experts. This algorithm is defined by (4):

WD =y + 1Al (4P — signwfHaPw?) @)
where n and y are learning parameters. Moreover, the usage of
two cost functions, working as termination criteria of the
learning procedure was a significant novel feature. The two
cost functions should be defined following the problem
constrains, as have been defined in [37].

FCMWizard includes the functionalities of Hebbian-based
learning, so the users are able to define constraints of concepts
and weights, before implementing the FCM learning process.
The objective of the NHL learning algorithm is to define the
interconnection weights that minimize the two cost functions,
so the FCM model can reach a steady state.

D. Scenario Analysis

The ability of FCMWizard to perform “what-if” scenario
analysis, allows users to simulate a FCM model by specifying
the desired parameters for this task. The objective of this
process is to determine the feasibility of scheduled simulations
and anticipate contingent situations. In the case of the FCM
model, various parameters need to be properly defined. These
are: the initial stimulus state vector, the inference rule’s type,
the transfer function with its learning parameter along with the
number of iterations or the convergence step. The provided
tool also offer users the open/closed lock option, which can
keep the value of a concept unchained throughout iterations,
as being “clamped”.

In what follows, a simulation example for the examined
case, is presented, which is devoted to the investigation of the
impact of concept C5-“Government incentives” on the other
concepts and the examined system, as well. The first step of
this process deals with the investigation of a baseline scenario,
where all the initial values of concepts are zero. In the next
step, a comparison between the results of the conducted
scenarios and those of the baseline scenario is performed. The
table with concepts’ values produced in the baseline scenario
for all iterations steps, is presented in Table III.

options offered by FCMWizard, concerning the parameters’
configuration for the simulation process.

< Model Design £ Weight Matrix 2 Scenario Analysis

2 Structural Analysis

)l - BEN - JEY - HEN - JEY - JIEN - HE) - BN - BEY - JE) - |

Inference Rules Transformation Functions Lambda Parameter (0.0~10.0)

Modified Kosko's Activation Ru v Sigmoid v 1

terations and Convergence step

0 ®| 00001

Fig. 5. Screenshot of the Scenario analysis mode by FCM Wizard.

The produced results of this scenario analysis example, in
the form of tables and graphs, are depicted in Table IV and
Fig. 6, and can reveal the variety of functionalities and
capabilities of the FCMWizard tool.

TABLE IV. CONCEPTS’ VALUES FOR THE EXAMINED SCENARIO

§ 2 Iterations

S™ o 1 2 3 4 5 6 7 3
Cl1 0.661 | 0.946 | 0.973 | 0.976 | 0.976 | 0.976 | 0.976 | 0.976 | 0.976
C2 0.5 0.672 | 0.713 | 0.721 | 0.722 | 0.722 | 0.722 | 0.722 | 0.722
C3 0.347 | 0.429 | 0.450 | 0.455 | 0.456 | 0.457 | 0.457 | 0.457 | 0.457
Cc4 0.5 0.679 | 0.724 | 0.734 | 0.736 | 0.737 | 0.737 | 0.737 | 0.737
C5 1 1 1 1 1 1 1 1 1
Cc6 0.652 | 0.822 | 0.850 | 0.855 | 0.855 | 0.856 | 0.856 | 0.856 | 0.856
C7 0.5 0.719 | 0.789 | 0.806 | 0.810 | 0.811 | 0.811 | 0.812 | 0.812
C8 0.377 | 0.454 | 0.483 | 0.495 0.5 0.502 | 0.502 | 0.502 | 0.502
C9 0.438 | 0.475 | 0469 | 0.466 | 0.465 | 0.464 | 0.464 | 0.464 | 0.464
C10 0.5 0.569 | 0.582 | 0.586 | 0.587 | 0.588 | 0.588 | 0.588 | 0.588

TABLE IIL FCM ITERATIONS STEPS IN THE BASELINE SCENARIO

Con Iterations

cepts | 1 2 3 4 5 6 7 8
C1 0.5 | 0.893 | 0.956 | 0.965 | 0.966 | 0.966 | 0.966 | 0.966 | 0.966
Cc2 0.5 | 0.679 | 0.720 | 0.726 | 0.726 | 0.726 | 0.726 | 0.726 | 0.726
C3 0.5 | 0.546 | 0.538 | 0.532 | 0.529 | 0.529 | 0.528 | 0.528 | 0.528
Cc4 0.5 | 0.679 | 0.723 | 0.733 | 0.735 | 0.736 | 0.736 | 0.736 | 0.736
C5 0.5 | 0.622 | 0.651 | 0.657 | 0.657 | 0.659 | 0.659 | 0.659 | 0.659
C6 0.5 | 0.744 | 0.805 | 0.818 | 0.821 | 0.821 | 0.822 | 0.822 | 0.822
C7 0.5 | 0.719 | 0.789 | 0.806 | 0.810 | 0.811 | 0.811 | 0.811 | 0.811
C8 0.5 | 0.566 | 0.570 | 0.57 0.57 | 0.570 | 0.570 | 0.570 | 0.570
C9 0.5 | 0.531 | 0.512 | 0.501 | 0.497 | 0.496 | 0.496 | 0.496 | 0.496
C10 | 05 | 0562 | 0.574 | 0.579 | 0.581 | 0.582 | 0.583 | 0.583 | 0.583

Let us now consider the concept “Government Incentives”
(C5) for the considered PSE problem, and investigate how it
affects the other concepts. In the scenario analysis, where this
concept is “activated”, users need to set up the tool by defining
various parameters for the simulation process, such as the
inference rule, the transformation function, the Lambda
parameter and either the number of iterations or the
convergence step. The screenshot in Fig. 5 illustrates the

Fig. 6. Graphical plot of convergence performed by FCM Wizard

As observed in Table IV, the value of the examined
concept C5 remains unchanged, while the final value of
concept C1 in the examined scenario has changed compared
to that of the Baseline scenario, after same number of
iterations have been completed. Thus, it can be concluded that
concept C5-“Government Incentives” affects the concept Cl1-
“development of solar photovoltaic energy”. Fig. 7 illustrates
the deviations from the steady state (Baseline scenario) for all
key concepts of the studied PSE problem.

From this exemplary scenario analysis, it is clearly
observed that concept C5 has a negative effect on concepts
C2, C3, C8 and C9, whereas a relatively minor positive
influence can be seen on concepts C1, C4, C6 and C7.

Considering the processes conducted above, FCMWizard
is emerged as an easy-to-use and powerful tool for designing
FCM models and performing scenario analysis. It
demonstrates key capabilities in modelling, analyzing and
simulating complex systems with high uncertainty, providing
policymakers with an advanced web-based software for



strategic decision-making in various scientific domains. It
should be underlined that FCMWizard is available to users

upon a password request and is under -continuous
improvement.
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Fig. 7. Percentage of change for key concepts when concept C5 is activated.

V. APPLYING FCMWIZARD FOR SCENARIO ANALYSIS

Scenario analysis is a necessary way to deeper understand
the examined problem, in terms of investigating concepts’
behavior and the relations among them. In particular, the input
vector is multiplied with the adjacency matrix and afterwards,
a squashing function (2) is applied in the output vector. The
process of simulation is performed by “clamping” the initial
value of certain key concepts each time. This outcome is
compared against a baseline scenario, wherein the system
reaches the steady state. The produced deviations of concepts’
values are then analyzed by the Researchers who are able to
interpret the impact of the key concepts on the system on a
quantitative basis.

A. Scenario Development

During the scenario planning, authors identified 5
concepts among the ten key concepts selected for the FCM
model construction (see Table I), as the most important, which
could affect the behavior of the system (called decision
concepts). The decision concepts C2, C4, C5, C9 and C10
were selected by the participants, because of their high values
of centrality and in/out-degree, and due to their strong relation
with the concept C1-“Development of PSE”, which is the
objective of this scenario planning.

In this context, feasible combinations of the selected
decision concepts formed the following three scenarios:
“Instability”, “Disastrous” and “Economic Growth and High
Consumption”. The selected scenarios with their concepts are
briefly presented in the following table.

TABLE V. THE KEY CONCEPTS OF EACH SCENARIO
Scenarios Concepts
Sce(nsalr)io ! C9: Energy Price
Sce(nsazr)io 2 gSZI:EPublic Knowledge on CS5: Government Incentives
Sce(nse;r)io 3 C4: Energy Demand C10: Economic Situation

e Scenario 1 (S1) examined the effects of energy price
(C9) in financial terms.

e Scenario 2 (S2) investigated the effects of public
knowledge on SPE (C2) in terms of general awareness
of the role and significance of PSE, along with the

government incentives (C5) in terms of taxation and
financial grants, when environmental pollution is taken
into consideration.

e Scenario 3 (S3) highlighted the effects of energy
demand (C4) in terms of energy quantity along with
economic situation (C10) in terms of country’s
financial capacity and GDP.

The “Instability” scenario is the first to investigate in the
current analysis section and refers to the economic situation of
Brazil in recent years. The economic crisis began in 2014 and
become worse as it was accompanied by a political crisis too,
causing an overall economic and political instability in the
country. Along with unemployment which reached its peak in
2017, energy price has increased dramatically, too. In this
direction, authors selected the concept “Energy price” as the
most relevant to examine in this scenario, clamping its value
to 1.

The “Disastrous” scenario was formed by authors due to
various unpleasant events happening in the country, like
electricity shortage, blackouts, and other environmental
disasters, causing awkward situations to the government and
the citizens of Brazil. In this case, thermoelectric plants
needed to be activated regularly by the government which had
to impose rationing due to the insufficient backup capacity.
Therefore, this scenario examines the behavior of ‘“Public
knowledge on PSE” and “Government incentives” concepts
and system’s reaction.

In the third, “Economic Growth and High Consumption”
scenario, there was an improvement in the economic situation
of the country, and thus, the public felt more comfortable to
consume more energy. However, the availability of energy did
not keep pace with demand and so, energy became a scarce
commodity. In this scenario, researchers investigate the
degree that the concepts “Energy demand” and “Economic
situation” affect the examined energy system.

B. Scenario Analysis for PV Solar Energy Sector

After the execution of the baseline scenario, scenario
analysis continues with the simulations for the selected three
scenarios (Table V). In particular, scenario 1 (S1) investigated
the impact of the decision concept C9-“Energy price” on the
examined system. Scenario 2 (S2) studied the behavior of the
decision concepts C2-“ Public Knowledge on PSE” and C5-*
Government Incentives” as regards the system reaction, while
Scenario 3 (S3) questioned how the increase of decision
concepts C4-“Energy Demand” and C10-“Economic
Situation” affect the examined system. All these concepts
were clamped to 1. The results for scenario analysis are
illustrated in Fig. 8 and Fig. 9 and are presented as deviations
compared to the baseline scenario.

Fig. 8 gathers all the outcomes of all three scenarios, with
respect to the percentage of change for each concept. Negative
values mean that the concepts have negative acceleration,
whereas positive values denote positive acceleration. The
performed scenario analysis explores the impact of the
decision concepts on the concept C1 which refers to the
“Development of solar photovoltaic energy”, and is the main
objective of this project. Thus, we calculate the deviations for
this concept (Cl), after performing all three different
scenarios. The results regarding the deviations of concept C1,
compared to the initial state, after the three scenarios were
performed, are depicted in Fig. 9.
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Fig. 8. Scenario Analysis graph that illustrates the deviations for all key
concepts, compared to the initial steady-state.
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Fig. 9. Decision concept C1 percentage of change, compared to the initial
steady-state (baseline scenario).

The overall observations that were drawn from Fig. 8 and
Fig. 9 above, are summarized as follows:

e As regards the first scenario, decision concept C9 that
refers to “Energy price”, affected positively decision
concept C2, whereas concepts C4, C6, C7, C8 and
C10 were negatively affected.

¢ Considering the results of the second scenario (see Fig.
8), when decision concepts C2 and CS5 increase, then
concept C6 slightly increases and concepts C3 and C9
significantly decrease.

e The increase of decision concepts C4 and CI10
(scenario S3) leads to a direct increase of key concepts
C6 and C7 and a decrease of concept C2.

e All three scenarios have a significant positive impact
on the main outcome of this study, decision concept C1
(see Fig. 9).

VI. DISCUSSION & CONCLUSIONS

Considering the results reported in this study and depicted
in the tables and figures above, certain observations rise for
each one of the three performed scenarios. The outcomes of
the first scenario (S1), revealed the need for alternative energy
sources due to the increase of energy cost. Accordingly, a
decrease in energy demand appeared, along with an increase
in public awareness of the SPE. Furthermore, a reduction in
the private sector involvement was observed, as private
companies are unwilling to invest in a quite turbulent and
disadvantageous market. This also led to an increase of
purchase cost.

The findings of the second scenario (S2) are discussed
below. The initiatives and programs that the Brazilian
government worked on for the sake of the PSE growth, along

with people's ecological awareness on PSE, resulted in the
decrease of energy demand, part of which migrated to the PSE
field. Moreover, a decrease in electricity price was noticed, as
well as in the purchase cost.

In response to the third scenario (S3), where economic
growth and high consumption are considered, high energy
demand is possible to generate a noteworthy increase in
private sector contribution and to raise energy dependence
concerns.
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