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Abstract: The diffusion of photovoltaic distributed generation is relevant for addressing the
political, economic, and environmental issues in the electricity sector. However, the proliferation of
distributed generation brings new administrative and operational challenges for the sustainability
of electric power utilities. Electricity distributors operate in economies of scale, and the high
photovoltaic penetration means that these companies have economic and financial impacts, in
addition to influencing the migration of other consumers. Thus, this paper aims to systematically
identify and evaluate critical factors and indicators that may influence electricity distributors in
predicting their consumers’ adoption of photovoltaic technology, which were subjected to the
analysis of 20 industry experts. Results show that the cost of electricity, generation capacity, and
cost of the photovoltaic systems are the most relevant indicators, and it is possible to measure a
considerable part of them using the internal data of the electricity distributors. The study contributes
to the understanding of the critical factors for the forecast of the adoption of consumers to
distributed photovoltaic generation, to assist the distribution network operators in the decision
making, and the distribution sustainability. Also, it establishes the theoretical, political, and
practical implications for the Brazilian scenario and developing countries.

Keywords: distributed generation; photovoltaic energy; photovoltaic adoption; distribution system
operators; distribution sustainability

1. Introduction

Electricity is a determining factor for the quality of life in modern society [1], and it is the primary
source for most industrial activities [2]. The dynamic economic development in the world has made
a direct contribution to increasing energy demand [3], and in the past years, the relation between
energy consumption and economic variables has been observed by economists and policymakers [4].
Besides that, there is a broad consensus on the need for political actions and an intense debate on
mitigation measures of such changes to mitigate the effects of climate change [5]. The undeniable
need to reduce greenhouse gas emissions and the transition to cleaner electricity generation has led
to an unavoidable requirement for new regulations and mechanisms to promote the growth of
renewable energy [6]. This movement seeks an economy focused on sustainability, intending to

Sustainability 2020, 12, 3184; d0i:10.3390/su12083184 www.mdpi.com/journal/sustainability



Sustainability 2020, 12, 3184 2 of 29

achieve energy security and environmental protection [7], instead of relying on sources difficult
access and exhaustible.

In this context, the Brazilian electric sector is undergoing a transformation marked by the entry
of mini and micro distributed generation years after the perception of these changes in Europe,
making the diffusion and the competitive substitution of energy technologies substantially affect the
dynamic evolution of the structure of the electrical sector [8]. In this way, solar energy stands out in
the transition from non-renewable electricity generation to renewable energy, especially regarding
the distributed generation. Among the countries with the highest generation capacity, Brazil stands
out in solar energy due to its large geographical area with favorable conditions and high irradiation
rates [9]. Furthermore, the photovoltaic generation has a highly competitive potential within the
energy scenario [10]. However, operational characteristics are not adapted to this imminent change.
Technical issues related to voltage control, power flow inversion, and increased losses should be
considered in the investment decisions of the distributors, including the adaptation of the physical
network and the development of smart grids [11]. With the increase in the capture of photovoltaic
energy, there has been an increase in negative impacts on the revenue of utility companies in several
countries, such as the United States [12-14] and Europe [15,16].

Utilities have faced the perspective that customers will reduce their electricity purchases as they
adopt solar photovoltaic generation and may enter a positive feedback loop (spiral of death) [17].
Finding financial balance can be a problem, as consumers subsidize solar energy adopters, who
transfer costs to other network participants [18]. It should be noted that distributed generation
challenges the very nature of the natural monopoly of electricity distribution concessionaires.
Currently, consumers who opt for a distributed generation still rely on the electricity supply of the
energy distributors in the moments that their system is not in operation, leading the system operator
to assume the technical responsibility for those systems [19] and mitigate economical and financial
impacts. Distribution system operators can avoid high costs and reduced revenues if they understand
the motivators for consumers to join the photovoltaic system [17]. In this context, understanding how
photovoltaic energy has been spreading can be a competitive advantage for distribution system
operators [20].

The consumer can perceive photovoltaic technology as social status, related to personal gains
and external perceptions [21]. The different behavioral aspects give new meaning to the consumer's
relationship with energy, which has implications mainly for the relationship between the consumer
and the distribution system operators. Different perspectives approach this relation: Politics and
regulation [22-24], demand and electrical networks [25-29], prices and markets [30-32], and impacts
and diffusion [33-36]. It is noteworthy that the literature highlights the importance of consumer
heterogeneity and the existence of behavioral factors that should not be ignored by the distribution
system operators, especially concerning photovoltaic adoption. Therefore, it is necessary to
understand what these factors are and how they can be used to assist system operators in the search
for a more sustainable distribution.

Aspects of the adoption of new technologies have been of great interest to different areas of
research [37]. Diffusion is frequently used to explain the motivators that lead agents in society to
adopt a new technology or replace an obsolete technology with an updated one [38,39]. In the field
of distributed photovoltaic generation, the diffusion process stands out mainly for its economic and
environmental issues, contrary to traditional generation systems [40], involving uncertainties that
relate to technological and social aspects [41]. The dissemination of photovoltaic systems can be
considered as a problem of diffusion of innovations [42], as established by Refs. [43,44]. In this
perspective, it is emphasized that the importance that people’s adoption of technology represents the
understanding of photovoltaic diffusion. According to Refs. [27,28], the decision-making process
regarding the acquisition of a new technology consists of five steps. The first step is knowledge, that is
when the person is introduced to technology and understands its operation. The second step is
persuasion, which occurs when the person takes a favorable or unfavorable attitude towards the
product. The third step is called the decision, which happens when the client engages in activities that
lead to a choice: To adopt or reject the innovation. The fourth stage is called the implementation, and
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it happens when the individual starts using some technology. The fifth phase is the confirmation that
the person aims to strengthen an innovation decision that has already been made. This process is
linked to factors that influence the clients in each of the decision-making phases to adopt
technological innovations such as photovoltaic systems.

The factors of acquisition of photovoltaic technology are structured from characteristics and
aspects that influence the customer to adopt distributed photovoltaic generation. These aspects are
presented in different ways in the literature, but generally demonstrate a strong relationship between
the economic influence perceived by individuals and their behavioral issues. It acquires a system
related to aspects of people's economic and behavioral viability. The adoption factors can be observed
in the academic literature, as in Ref. [45], who applied a new analytical approach to 13 international
case studies, providing a systematization of policies and regulatory adjustments for diffusion. The
authors of [46] assessed the factors influencing the spread of photovoltaic solar systems on the
rooftops by 2050 in Switzerland. In the United States, Ref. [47] applied a spaced-based approach to
investigate and quantify the influence of a built environment in urban areas on new clients. At the
same time, Ref. [48] assessed the spatial distribution of solar photovoltaic adoption in the state of
Georgia. The authors of Ref. [49] analyzed the diffusion and adoption of solar energy conversion in
Greece over the last 40 years, and Ref. [50] explored the attitude of consumers of photovoltaic systems
connected to buildings in Taiwan. The authors of Ref. [51] used the postal code data from 83 cities to
investigate the influence of environmental, economic, social, and local variables on the spatial
distribution of photovoltaic generation in urban areas of China. The authors of Ref. [52] analyzed the
effect of social influences concerning economic and ecological issues in the adoption of photovoltaic
technology in Germany. Additionally, studies examined factors and their impact on the acquisition
of solar renewable energy technologies for urban households in Mexico [53] and identified the
determinants of photovoltaic energy acquisition in Belgium [54]. In the Flanders region, Germany,
and Canada, the study by Ref. [55] used Agent-Based Models (ABMs) to study and contrast the
projected acquisition of photovoltaic systems and integrated batteries.

In Italy, Ref. [56] studied how support changes affect photovoltaic diffusion, while in Poland, an
approach was developed to examine the reasons for rural family decisions for adhering to
photovoltaic technology [57]. In Brazil, studies have been conducted on photovoltaic generation
scenarios, opportunities, challenges, and panoramas [58-60], and also the diffusion to this technology
and barriers to its accession [61]. Thus, it is possible to observe that the literature presents different
analyses, seeking to understand specific aspects for the investigation of adoption and growth of
photovoltaic diffusion in environmental, technical, political, economic, and social dimensions in
isolation or in combination way [37,40,61-65]. Therefore, none of the studies presented the same focus
of this article, highlighting the uniqueness of this research.

Some researchers claim that increasing the share of photovoltaic energy in the energy matrix is
a complex process since the active acquisition of innovation involves several interconnected factors
[66,67]. Thus, this article aims to identify the critical factors that may influence distribution system
operators in predicting their customers' adoption of photovoltaic systems. A systematic review of the
literature was made to achieve the article's objective and to measure the relevance of each factor
through a qualitative study with experts from the Brazilian electricity sector. It is noteworthy that the
indicators are raised from the perspective of the electricity sector agents, without the interference of
consumers, so that they can anticipate the events related to public policies by the regulators and the
issues of economic and financial impacts by electricity distributors. Therefore, the study contributes
to the understanding of the most relevant factors that must be considered by the distribution system
operators to predict the adoption of photovoltaic technology by their consumers, and to the
knowledge if these factors are suitable for use in the Brazilian scenario. Thus, it is possible to assist
distribution companies in decision making, aiming at reducing the impacts caused by the diffusion
of this technology. Also, the article provides a discussion about the photovoltaic spread in Brazil and
in emerging economies or regions where the implementation of photovoltaic systems is still incipient.

This article is structured into five sections. Section two presents the research methods, describing
the necessary steps to conduct the systematic review and the qualitative study. Chapter three
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introduces the factors identified for predicting the adoption of photovoltaic systems from the
perspective of distribution system operators. Section four provides the description of the interviews
that were carried out and the analysis of the information obtained, while chapter five sets out the
final considerations, emphasizing the implications of the study.

2. Methods

This study is structured into four steps. In the first stage, adherence prediction factors were
identified through a systematic review in the Scopus and Web of Science databases. In the next step,
through a qualitative exploratory approach, structured interviews were performed with 20 specialists
from different areas associated with the electricity sector. The sample included professionals such as
consultants, researchers, analysts, politicians, and professionals from the distribution and generation
sector, as well as technical managers from photovoltaic companies. This step was designed to ensure
that a broad range of factors related to the prediction of adoption to photovoltaic technology was
identified and evaluated from different perspectives. Therefore, it is possible to assist distributors in
their decision making, since the existing scientific literature tends to focus on technical and economic
aspects of the photovoltaic market, with little emphasis on other elements of accession. In the third
step, the factors were structured in terms of their importance, according to the experts' evaluation.
The fourth step involved the analysis of the interviews by comparing the expert opinions with the
relevance of each factor.

2.1. The Protocol of Systematic Review

The research method was based on a systematic review of the literature. According to Ref. [68],
systematic reviews differ from traditional narrative reviews by adopting a replicable, scientific, and
transparent process. The review was based on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [69] review protocol and aimed to identify the main predictors of
consumer accession to photovoltaic systems. A skim-reading was done using books, reports from
government agencies, international energy agencies, and scientific articles to delimit the research
theme. The research question raised was: “What are the main factors for forecasting consumer adoption of
the photovoltaic systems?”. Scopus and Web of Science databases were selected to research since they
include the leading publishers.

The search was conducted in May 2019 by three researchers in journals and conference
proceedings for research and review papers in the selected databases, so the study becomes more
comprehensive, and the results reveal the breadth of scientific research in the area. As the scope of
the present factor for the search terms, the title, abstract, and keywords of the articles were selected,
and a period no longer than 2012 to the present was stipulated since this was the year of publication
of the first normative resolution on photovoltaic distributed generation in Brazil [70]. Furthermore,
only complete articles longer than four pages and written in English, Portuguese, and Spanish were
considered. The search string was defined as: title-abstract-keywords ( "photovoltaic” OR "solar energy”
OR "solar home system”) AND title-abstract-keywords ( "adoption*” OR "diffusion*” OR "expansion*” OR
“motivat*”) AND title-abstract-keywords ( “prediction*” OR “monitoring*” OR “estimat*” OR
“projection*”) AND title-abstract-keywords ( “insert*” OR "penetration*” OR "decision*” OR "behavior*”
OR "adhesion*” OR "incentive*” OR "stimulus*” OR "promotion*” OR "impulse*” OR "encouragement*").

After searching in the Scopus and Web of Science databases, it was found that there was a
significant body of works in the area of accession to photovoltaic systems. The database search
resulted in a total of 325 articles, including duplicate materials. Then, to select only papers related to
the topic under study, the following exclusion criteria were used: Articles that do not show synergy
with the research question by reading the title and abstract; and duplicate articles in the two
databases considered. The inclusion of specific articles related to the research question was also
carried out through the complete reading of the materials. After applying these filters, 52 papers were
obtained, which were subjected to a fluctuating reading to verify if they are related to the research
question. The number of selected articles and the flow of the systematic review is shown in Figure 1.
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The 52 articles were analyzed to verify if they presented any factor that influences the adoption
of photovoltaic systems, resulting in 19 articles for analysis and data extraction that met the objective
of the study. The 19 articles were read in full to explore the explanatory variables of the prediction of
consumers’ adoption to photovoltaic technology by the electricity distribution companies. This step
consisted of analyzing the content of any material communicated by classifying, tabulating, and
evaluating their main symbols and themes to verify their meaning [71]. Therefore, a database was
built to store the information about the factors extracted from each article. The results were grouped
by repetition and similarity according to the criterion of at least three citations per factor.

2.2. Conducting Data Collecting from Interviews

The structure proposed by Ref. [72] was followed to conduct the interviews, where the identified
factors were grouped into topics for the construction of a questionnaire. The questions were tested
and validated by specialists before being sent to the respondents to ensure that they achieved the
research goals. The group of specialists involved two professors with PhDs in Electrical Engineering,
one professor with a PhD in Production Engineering, two electrical engineers with master’s degrees
in Production Engineering, and three master’s degrees in Production Engineering developing
researches related to photovoltaic energy. Data collection was made online between June and July
2019, and it was based on structured interviews with key players of the Brazilian electricity sector
with knowledge about the photovoltaic scenario. The interviews were developed into two stages. The
first was based on the experts' classification of factors, and the second consisted of subjective
questions to highlight the interviewees' personal and professional opinion on the topic to gain
insights and knowledge about the industry characteristics based on individual experience.

Twenty interviews were completed with experts in the field, involving different topics related
to the photovoltaic system, cost-benefit, profile, and life standard, as well as two questions that
addressed their opinions about photovoltaic diffusion and the topics and proposed factors. This
collection instrument is available in the Appendix A, and it was developed to fill the gap in Brazil
and in emerging economies, which consists of a lack of comprehensive information about the
characteristics and critical variables to forecast adoption to photovoltaic technology.
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3. Description of Results

An approach was used considering the exploratory character of the research, involving a
systematic literature review for the identification of factors and structured interviews conducted
online. The interviews for this study were carried out with specialists who were involved in a
decision-making process related to the forecast of adoption to photovoltaic technology, trying to
understand whether the identified factors were adequate for measuring photovoltaic adoption from
the perspective of electricity distributors. The structure of the interviews was divided into two parts.
In the first one, the interviewees classified the topics and indicators created from the factors at the
level of relevance. In the second one, interviewees answered two questions instinctively.

3.1. Description of the Results of the Systematic Review

Based on the methodology of a systematic literature review, a detailed analysis was carried out
with published articles aimed at predicting the diffusion and acquisition of consumers for
photovoltaic technology. For this, 23 factors were identified that could be used by electricity
distributors to predict the adoption of photovoltaic systems from information obtained directly from
their databases. During the analysis process, the variables used in the decision making of the
published papers were listed and grouped into four topics and 12 indicators. The first topic was called
the photovoltaic system, which consisted of the estimated generation indices, technical parameters, and
system cost. The second one was called cost-benefit, which contained the cost of electricity indicators,
incentive programs, and interest rates (the two first topics are referring to economic viability). The
third topic was called profile, which addressed the indices of environmental concern, customers'
knowledge, and the influence of other agents. The last one is called the life standard, which involves
the indices of lifestyle, residential, and housing value (the previous two items are referring to
behavioral viability). In Table 1, it is possible to see the factors listed and classified from their topics
and indexes together with the authors who used them for their studies.

Table 1. Factors identified in the literature, organized into topics and indicators.

Topic Indicator Factor Description References

Amount of
1 P
. S_O ar sun-radiated [56,63,67,73-80]
incidence energy at that

location

Roof area
Estimation of where
generation Coverage area  generation is [56,73,75-77,80-82]
or can be
installed

Photovoltaic Ge(?gra.phlc
localization of

ystem Location [56,63,67,73,74,80,81]
y
(economic consumer

viability)

unit

Power,
efficiency and
number of
Technical modules that [56,63,67,73-75,77—
aspects can be 80,82,83]
installed in
the consumer

Technical
parameters

unit

Equipment Service life

lifetime  and durability [63,67,73,76-79)]
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of
photovoltaic
modules
Tilt, elevation
1 hadi
Module and shading [63,73,75,76,78,79]
Positioning of PV
modules
Investment
System costin
investment . [56,63,67,74,76-78,83-86]
photovoltaic
cost equipment
Syst t
ystem cos Maintenance
System and operation
Operating costs of the [56,63,67,77,78,84,86,87]
Cost photovoltaic
system
Electricity
Electrici consumption
t.y of the [63,73,74,77-81,83,85]
. consumption
Cost with consumer
electricity unit
Energy charge
Electricity applied by the [56,63,67,74,77—
tariff lectricit 80,83,85,87
Cost-benefit ar e. ec .HCI y ]
. distributor
(economic
s Government
viability)
Incentive Government  programs and
rooram incentives and discounts [67,76,77,83-85,87]
Prog discounts from PV
companies
Interest rates
applied by
Interest rates Bank charges banks and [67,77,83]
credit
companies
Concern for
Environmental Environmental the
environment [56,67,86-88]
concern concern )
and climate
change
Consumer
Profile roveaie
(behavioral Consumer Consumer P )
viability) knowledge knowledge technologies, [67,83,88,89]
y & & their benefits,
regulation
and market
Influence of
Infl f 1
nfluence o Agent people adept
other agents . at [63,67,74,83]
Interactions .
photovoltaic

technology
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Nearby
installed units

Influence due
to proximity
effect with
consumers
who already
have
photovoltaic
technology

[63,73,74,81,83,85,87]

Lifestyle

Average
income

Income,
consumption
behavior of
residents of
the
consuming
unit

[56,67,73,74,80-82,85]

Lifestyle
habits

Consumer
unit resident
lifestyle and

household

data

[56,63,67,73,75,76,80,81,88]

Life
standard
(behavioral
viability)

Residential

Number of
residents

Total number
of residents in
the
consuming
unit

[63,73,77,81,82,85,88]

Residential
data

Geo-economic
data, number
of cars,
televisions
among others

[56,63,67,73,75,76,80,81,88]

Housing value

Cost of
ownership

Market value
of the place
where the
consumer
unit is located

[63,73,76,81,85]

Building area

Constructed
area where
the consumer
unit is
allocated

[63,73,74,76,78,80,83,85,88]

Address

Address,
street,
neighborhood
of consumer
unit

[56,63,67,73,74,80,81]

It can be observed that some factors do not influence the prediction of consumers' decision
making. Still, when grouped, they form typical indicators that can produce vital knowledge to assist
distribution system operators in predicting consumers' decision to purchase a photovoltaic system.
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3.2. Description of the Interview Results

Table 2 shows the profile of the interviewees who were selected to compose the research sample.
The “Ai” codes were used for planning analysts; “Ci” for energy utility professionals; “Gi” for the
government member; “Ei” to the energy consultant; “Mi” for market price analysts; “Ri” for the
energy researcher, and “li” for professionals from photovoltaic companies, to preserve the identity
of them and possible conflicts of interest. The sample was constituted of 20 people. Four of them were
energy researchers, which included two students, one researcher from a research center, and one
from an electrical company. Also, there were five energy, structural, and technological planning
analysts, three energy concessionaire professionals, one electrical consultant, three market price
analysts, a member of the government, and three professionals from companies of the photovoltaic
sector.

Table 2. Profile of respondents.

Code Profile
Bachelor of Electrical Engineering, with a master's degree in Photovoltaic Energy. He has over six
years of experience and is currently part of the Energy Research Company (EPE), linked to the
Brazilian Ministry of Mines and Energy, working in energy planning studies and topics related
to photovoltaic generation.

Al

Bachelor of Mechanical Engineering, with a master's degree in Urban and Environmental
A2 Engineering. He has over eleven years of experience and is currently part of the Energy Research
Company, acting as a technical consultant in studies associated with electricity auctions.
Bachelor of Computer Engineering, has over 10 years of experience and is currently part of the
A3 Brazilian Micro and Small Business Support Service (SEBRAE), working with Analytics, Business
Intelligence, Foresight, and Global Indicators.
Bachelor of Architecture, with master and doctorate in Civil Engineering in the area of energy
A4 efficiency. He has over 11 years of experience and is currently an infrastructure analyst at the
Brazilian Ministry of Environment and Climate Change and Mitigation Policy Coordinator.
Bachelor of Civil Engineering, with a master's degree in Sanitation, Environment and Water
Resources. He has more than six years of experience and is currently part of the Chamber of
Electric Energy Commercialization, working on projects involving analysis and consistency of
hydrological and climatological information.
Bachelor of Production Engineering, with a master's degree in Industrial Systems and Processes.
C1 He has over 18 years of experience and currently operates in the area of electricity transmission
in a concessionaire in southern Brazil.

A5

Bachelor of Business Administration, has over 18 years of experience and is currently part of a

C2 . . . .
dealership, working with business management and new renewable ventures.

Electrical technologist, has over 17 years of experience and is currently part of a midsize

e dealership in southern Brazil, working in technical planning.

Bachelor of Electrical Engineering, has over 40 years of experience and is currently part of a
El research center, where he acts as a senior consultant in the areas of design, audit and consulting
in Electrical Engineering, with emphasis on Power Systems.

Bachelor of Laws, Member of Government. He has more than one year of experience and is
Gl currently a state deputy at the Legislative Assembly of the State of Rio Grande do Sul, working
on projects such as the privatization of the electricity sector.
Bachelor of Electrical Engineering, with aa postgraduate degree in Photovoltaic Solar Energy. She
I1 has over six years of experience and is currently a partner-owner of a project integrator and
installation of photovoltaic systems.

Bachelor of Electrical Engineering, has more than three years of experience and is currently a

2 Lo . . .
partner-owner of a project integrator and installation of photovoltaic systems.
B Bachelor of Metallurgical Engineering, has over three years of experience and is currently
director of a renewable development and deployment company.
M1 Bachelor of Electrical and Energy Engineering, has over three years of experience and is currently

part of Electra Energy, where he works as a trader in the trading of electricity in the free market.
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Bachelor of Energy Engineering, has more than two years of experience and is currently part of
M2 the Chamber of Electric Energy Commercialization, where he works with energy planning
studies, calculations and projections of energy prices.

Bachelor of Energy Engineering, has more than five years of experience and is currently part of
M3 the Chamber of Electric Energy Commercialization, where he works with energy planning
studies, calculations and projections of energy prices.

Bachelor of Mechanical Engineering, Master of Mechanical Engineering. He has over four years

R1 . . . . G .
of experience and is currently an energy researcher at a private university in southern Brazil.

Bachelor of Chemistry, with a master's degree in Electrochemistry. He has over 30 years of
R2 experience and is currently part of a private research center working on topics such as power
accumulators for electric grids and electric cars.

Bachelor of Electrical Engineering, PhD in Electrical Engineering. He has over 10 years of
R3 experience and currently works as a researcher at a federal university in southern Brazil,
working in the areas of systems control and photovoltaic generation.

Bachelor of Electrical Engineering, with master and doctorate in Planning of Energy Systems. He
R4 has over eight years of experience and is currently part of the Chamber of Electric Energy
Commercialization, where he works with research and development projects.

The selection of interviewees was made intentionally by selecting professionals with different
profiles related to areas of technology, politics, and energy from different regions of Brazil, taking
into account that they are involved in the process of generation, transmission, distribution, and
commercialization of electricity, and distributed generation of photovoltaic energy. The sample
includes professionals, researchers, and specialists from different sectors of society, bringing together
diverse perspectives in the same context. The authors of Ref. [90] state that a survey with participants
holding characteristics that are highly specific for the study aim requires a less extensive sample to
offer sufficient information power. In this research, it can be highlighted that the interviewees work
in institutions of high reputation and strategic impact in Brazil, such as EPE, SEBRAE, Brazilian
Ministry of Environment, Legislative Assembly of Rio Grande do Sul, Federal Universities, and
companies, among others. It is also noteworthy that they have over 10 years of experience on average.
Thus, the sample is quite representative, and it allows significant conclusions for this study. The
results obtained through the systematic identification of factors and the structured interviews with
electricity sector specialists are presented and discussed in the following subsections. In the process
described in Section 2.1, 19 studies were identified as directly linked to the prediction of consumer
adoption to photovoltaic technology, which was used to determine the most relevant elements for
forecasting the accession. The results obtained by applying the methodological procedures are fully
described in the following subtopics.

3.2.1. Description of the Results of Relevance Degree of the Indicators

The 20 interviewees were asked about the relevance of each indicator. For each response option,
a value from 1 to 5 was assigned, with 1 being the value for “Irrelevant” and 5 for “Very relevant”.
The value assigned on the scale was multiplied by the percentage of respondents for each answer
option. Then, the values obtained were added to calculate the percentage relevance index for each
indicator. This calculation helped to understand the importance of the indicators to predict the
adoption of photovoltaic technology. From these questions, it was possible to identify which elements
are considered indispensable to predict consumer adoption. The results are shown in Table 3.

Table 3. Degree of relevance of indicators according to respondents.

. . Relevance of Answer Percentage of
Topic Indicator . .
Indicator Options Answers
Photovoltai Irrelevant 0.00%
(s) (;::)malc Estimation of generation 85.00% Little relevant 0.00%
y Indifferent 10.00%

Relevant 55.00%
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Very relevant 35.00%

Irrelevant 0.00%

. Little relevant 0.00%
Technical parameters 84.00% Indifferent 5.00%
Relevant 70.00%

Very relevant 25.00%

Irrelevant 0.00%

o Little relevant 0.00%

System cost 92.00% Indifferent 5.00%
Relevant 30.00%

Very relevant 65.00%

Irrelevant 0.00%

. o Little relevant 0.00%

Cost with electricity 95.00% Indifferent 0.00%
Relevant 25.00%

Very relevant 75.00%

Irrelevant 0.00%

Cost-benefit . o Little relevant 5.00%
Incentive program 80.00% Indifferent 15.00%
Relevant 55.00%

Very relevant 25.00%

Irrelevant 0.00%

Little relevant 20.00%

Interest rates 73.00% Indifferent 20.00%
Relevant 35.00%

Very relevant 25.00%

Irrelevant 5.00%

. o Little relevant 35.00%
Environmental concern 58.00% Indifferent 25.00%
Relevant 35.00%

Very relevant 0.00%

Irrelevant 15.00%

i Little relevant 15.00%
Profile Consumer knowledge 60.00% Indifferent 30.00%
Relevant 35.00%

Very relevant 5.00%

Irrelevant 10.00%

o Little relevant 0.00%

Influence of other agents 74.00% Indifferent 25.00%
Relevant 40.00%

Very relevant 25.00%

Irrelevant 5.00%

. o Little relevant 15.00%
Lifestyle 73.00% Indifferent 5.00%
Relevant 60.00%

Life standard Very relevant 15.00%
Irrelevant 5.00%

) . o Little relevant 10.00%
Residential 71.00% Indifferent 25.00%
Relevant 45.00%

Very relevant 15.00%
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Irrelevant 0.00%

Housing value 73.00% Little relevant 15.00%
Indifferent 10.00%

Relevant 70.00%

Very relevant 5.00%

From the classification of indicators, the main objective of the first part of the interviews is to
measure the representation of each one of them to predict the adoption of photovoltaic technology
from the perspective of electricity distributors to assist in the development of more accurate accession
prediction methods. In the second part, the interviewees were allowed to express their opinions
according to their personal and professional experiences, seeking to understand their views on
photovoltaic diffusion. Furthermore, verifying if the indicators identified in the literature were
sufficient for electricity distributors to make the forecast or if it was necessary to add more elements
to the study.

3.2.2. Description of the Results of the Opinion Questions

Initially, respondents were asked about their opinion on photovoltaic diffusion, as well as its
technical, political, and economic implications. A5 said that he is “favorable to photovoltaic
diffusion”. At the same time, 12, M2, and M3 affirmed that the dissemination of technology is essential
for the growth and diversification of the energy matrix. However, still it depends on government
incentives and cost reductions. I3 ratified the information by saying that “diffusion is still embryonic”
and A2 added that “photovoltaic expansion represents a way of meeting the growing demand with
environmentally sustainable characteristics, although it presents challenges for the electricity sector”.
The interviewee R1 pointed out that “it is a current and relevant theme and it is expanding rapidly”,
however more public policies should encourage its use. This statement was corroborated by C2, who
emphasized the importance of diffusion and said that the bodies and companies that structure the
electricity sector “could not follow this process at the same speed as the development of these energy
sources occurred in Brazil”. Additionally, I1 referred to regulators and pointed out that photovoltaic
diffusion should be encouraged by industry agencies. At the same time, C1 stated that photovoltaic
technology "is on the rise and is beginning to be spread among customers."

Al underlined about consumer rights and said that "individual choice to adopt a system should
be allowed and respected as long as it does not harm other customers." A4 stated that "the population
should be made aware of the cost-benefits of technology." Meanwhile, A3 and R2 suggested that in
Brazil there is a need for suppliers to disclose information to people since there is a reduced number
of suppliers, campaigns, and government incentives for adopting photovoltaic energy. Even though
G1 does not have high technical knowledge about photovoltaic technology, he said that this form of
generation is a clean technology and that "the main factor for its use is the cost-benefit that would be
generated". R4 focused his opinion on professionals from the photovoltaic sector, mentioning that
the technology is “not widespread in the market, and there are few skilled professionals”. E1
highlighted the economic aspects of technology and pointed out that "the continuous cost reduction
of photovoltaic systems combined with the high costs of commercial electricity are important
elements for its dissemination in Brazil."

C3 stressed the vision of power utilities, stating that “the possibility of transferring power
generation directly to the customers was probably the government motivation to encourage
photovoltaic installation” and pointed out that photovoltaic diffusion "avoids large investments in
the extension of transmission lines and substations.” Moreover, he stated that “the incentive for
photovoltaic adoption has caused a clutter among clients who generate their energy and all customers
who are not installing solar generation are paying indirectly on their bills the value of investments
for improvements to microgeneration connections”. With a more systemic view, R3 argued that there
would be “implications for the energy market as concessionaires will become more and more
providers of energy transport services than energy traders. So, there is a significant impact on the
electricity sector of the business model, which has an uncertain future.” The interviewee also points
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out that "the customer starts to see himself as an energy producer and not just as a consumer of the
service", which leads him to want a more significant space for decision.

The interviewees were also asked about additional information to predict consumer acquisition,
as well as whether the indicators created were sufficient for this task. The respondents A5, C1, G1, 11
M2, and R2 argued that all aspects were addressed, emphasizing the benefits and the return of the
investment for the clients. A2 suggested paying more attention to pricing, as “the higher the tariffs,
the more favored the distributed generation facilities are” corroborating with 12's opinion, who
stresses the importance of energy costs. In this regard, A4 emphasized that “the decision is directly
linked to cost-benefit” and emphasized the importance of an individual knowing distributed
generation legislation. From another perspective, C2 quoted that "it would be interesting to observe
the people’s desire to deploy power generation systems with power exceeding their consumption to
share the surplus energy with others.” C3 noted that “for clients the initial step is restructuring the
energy use, focusing on factors related to the consumption optimization, and the second step may be
the installation of generation using alternative energy”, while M3 stated that “the system efficiency
is very important to measure generation and optimize consumption.”

To bring new comparisons, R1 proposed comparing adherence potentials in urban and rural
areas, as well as small and large cities. M1 highlighted the importance of measuring the solar
radiation of the place, while E1 declared that "it is necessary a consistent recovery of production
activities in Brazil to reduce unemployment and improve the purchasing power of potential
adherents to the photovoltaic technology." R4 took a closer look at the influence of integrators in
consumer decision-making, arguing that "it would be interesting to measure the technical capacity of
companies that implement photovoltaic projects.” However, A3 suggested measuring “the daily sales
per the supplier of each integrator, so that it can be understood in which regions the demand is
growing, for which social classes, and which factors influence this growth.” R3 affirmed that the
variables raised are adequate to measure the decision factors for small business clients with the main
factors: The return of investment, safety, and reliability of technology, and the influence exerted by
other people who installed photovoltaic systems. Furthermore, according to R3, two relevant factors
were not listed in the survey. One of them is the local suppliers, which increases the investment
security, and the second is the local competition, since “several suppliers offer a guarantee that the
price is according to the market prices and is not overestimated, which also guarantees the quality of
the purchase”.

4. Analysis of Results

This topic analyzes the results obtained, considering the interviews with professionals in the
energy sector and the information collected in the academic literature. For this, the indicators and
topics to predict the adoption of photovoltaic technology are grouped in dimensions of economic
viability and behavioral viability, according to the framework presented in Figure 2. The dimension
economic viability covers the issues of the photovoltaic system and cost-benefit, while the profile
and life standard form the behavioral viability dimension. This division into two dimensions is
essential so that it is possible to understand the relationship of topics and indicators with the opinion
of the interviewees and the studies already developed in the literature on forecasting adoption to
photovoltaic technology.
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Figure 2. Factors to consumers’ adoption of photovoltaic (PV) systems from the perspective of

operators.

4.1. The Dimension of Economic Viability

This topic describes the aspects related to economic viability that influence the consumer's
decision through the financial benefit of purchasing a photovoltaic system. Thus, to predict economic
viability, it is necessary to understand aspects related to the topics of the photovoltaic system and

cost-benefit, as shown in Table 4.

Table 4. Hierarchical order of economic viability dimension indicators by relevance index.

Topic Indicator Relevance Index
Cost—benefit Cost with electricity 95.00%
Photovoltaic system System cost 92.00%
Photovoltaic system Estimation of generation 85.00%
Photovoltaic system  Technical parameters 84.00%
Cost—benefit Incentive program 80.00%
Cost-benefit Interest rates 73.00%

The leading indicator of the economic viability dimension was the cost of electricity, which has
political and economic importance and involves fees, energy consumption by the consumer unit, and
the electricity tariff, which is defined by the electricity sector regulator with the concessionaire
through resolutions, ordinances, and laws. This indicator had the highest relevance (95%) for the
interviewees since electricity consumption and tariff policies are determining factors in the country's
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socio-economic development [91]. The increase in electricity tariffs, mainly noticed in groups Bl
(residential) and B3 (commercial) of the low-voltage distribution network [92], can act as an incentive
for the adoption of photovoltaic systems [93,94], which can lead the consumer to think about
independence from the energy distributor [95]. Respondents agreed with this reasoning, stating that
the higher the electricity tariff, the more favored the installation of distributed generation systems is,
and the high costs of electric energy are essential drivers for the dissemination of photovoltaic
technology in Brazil.

According to experts, the reason that the electricity cost indicator is considered the main
parameter to be measured is due to the high electricity costs in Brazil. High taxes mainly cause this
phenomenon levied in the country [96], unlike other countries like Switzerland, where low electricity
prices and low self-consumption rates are among the economic factors that can limit the penetration
of photovoltaic solar energy [46]. The 63 distribution network operators in Brazil are natural
monopolies in their supply areas. Therefore, electricity rates are determined by the regulatory agency
ANEEL. These tariffs are divided into tariff groups, which represent the different types of consumers,
consisting of an essential indicator for electricity distributors since the variation in electricity tariffs
related to different kinds of consumers influences the economic analysis of investment in distributed
photovoltaic generation projects [97].

Another element of significant importance (92%) is the system cost, which represents the cost of
technology, and this is one of the most relevant motivators for adhering to photovoltaic technology.
The representativeness of this indicator is confirmed by the authors of [56], who pointed out that an
incremental reduction of 17.6% in investment costs in distributed photovoltaic generation leads to an
increase of 26.1% in the total number of adopters. The initial cost of a photovoltaic system comprises
high values for photovoltaic modules, circuit breakers, and cables, as well as the labor costs, which is
a crucial component of the total installation cost [98]. According to Ref. [99], a lower retail price for
photovoltaic systems may increase the number of potential investors to buy them. It is corroborated
by Ref. [59], who confirms that the expenses associated with photovoltaic generation have been
significantly reduced, and this will remain the same in the coming years, increasing competitiveness.
The author of Ref. [100] states that the costs of implementing photovoltaic solutions in Brazil tend to
decrease each year in the range of 3.3% to 6.5% by 2030.

Respondents highlighted that the continuous reduction in costs of photovoltaic systems is an
essential factor for the dissemination of this technology in Brazil. On the other hand, they pointed out
that, even though the photovoltaic generation continues to grow, the costs are still high, leading to
greater adoption by consumers with greater buying power. Political interventions in Europe and
North America, aiming at the fulfillment of their respective CO: reduction targets, appear as the first
causal element of the reduction observed in the leveled costs of photovoltaic systems [101]. In this
context, distribution system operators need to make a more considerable effort to monitor public
incentives for the acquisition of photovoltaic systems. Also, they need to observe the number of
integrators in their region of operation, since the increase in options of integrating companies in the
area reduces operating costs and increases competitiveness [102]. It is also noteworthy that regions
with greater competitiveness tend to have more available costs for consumers [103].

In addition to the system cost, the topic of the photovoltaic system is structured into two other
indicators that represent the generation estimate and technical parameters, which constitute the
technical part of photovoltaic systems. The authors of Ref. [104] state that the generation capacity is
directly related to the estimated generation, which includes the location, climatic conditions, position,
and solar irradiation. It is also associated with technical parameters, which consist of qualified
workers, equipment, efficiency, durability, power, positioning, shading, and inclination of
photovoltaic modules [105]. The respondents pointed out that system efficiency is one of the most
determining elements for measuring technical parameters with a relevance of 84%. The authors of
[106] corroborate that, stating that although the photovoltaic modules have an extended life cycle,
the energy of the system can be significantly influenced by degradation phenomena that can reduce
the efficiency of the system.
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Photovoltaic adoption requires high technical standards [87]. Although Brazil stands out in
terms of solar radiation [9], the largest markets for photovoltaic systems are China, Germany, Italy,
and the United States, which have greater technical maturity [88]. The quality of photovoltaic systems
is fundamental for the adoption of this technology [61] because its efficiency is directly linked to the
economy that the individual will have by adopting it since more efficient equipment ensures a higher
generation of electric power [107]. The estimated production has high measurement importance of
(85%) because, depending on the available irradiation, the return on investment can take a long time,
making the use of photovoltaic energy a non-financially viable option [98]. The information about
the location of the consumer units, present in the electricity distributors' databases, can be used to
measure the indicators of generation estimate and technical parameters. The location of a consumer
unit can indicate the solar incidence [56], the solar position [108], and the amount of shading since
the photovoltaic modules work best when the lighting is uniform across the light-sensitive surface
[109].

Other factors that can be monitored by electricity distributors are the knowledge of advanced
technologies and the workforce of integrators, which can result in problems associated with the
implementation and maintenance of renewable energy projects [110] and cause significant impacts
on the distribution network. The respondents also mentioned the issue of technical knowledge and
the experience of integrators. They highlighted that integrators need specialized training, stating that
the technology is still incipient in the market, and there are few qualified professionals. Furthermore,
they highlight technical issues related to the distribution grid and state that the massive photovoltaic
penetration implies possible problems and the need for investments and modernization of the
electricity grids. Among the main technical factors that affect the distribution network, it can be
highlighted the peak load shaving, voltage profile, system losses, reliability, power quality, line
loading, stability, and protection [111]. These aspects can cause difficulties and resistance by the
distributors regarding photovoltaic diffusion due to the resulting economic and financial impacts.

The incentive program indicator, as well as the expenses with electricity, are part of the cost—
benefit topic and also has a high relevance (80%). This variable covers public policies, government
incentives, and discounts by integrators to encourage adherence to photovoltaic technology,
corroborating with Ref. [112], who emphasizes the importance of public policies for the diffusion of
distributed photovoltaic generation. Respondents pointed out that one of the main motivations of the
government to encourage consumers to adhere to photovoltaic technology was to transfer the
responsibility of generation directly to consumers. Furthermore, they pointed out that government
actions should be accompanied by education and awareness campaigns by all agents and that the
choice to adopt a photovoltaic system is inherent to the individual and must be respected by the
government, which must formulate policies that contribute systemically to the sector. In this sense,
electricity distributors must adhere to public policies and tax incentives in their regions of operation.
One of them is the exemption from the Tax on the Circulation of Goods and Services (ICMS), a
politico-economic aspect that can increase adoption of photovoltaic technology [61].

The cost-benefit topic is still structured by the interest rate indicator, which represents the credit
options that the market has to finance the purchase of photovoltaic systems, given that the Brazilian
population is heavily dependent on bank financing for the acquisition of photovoltaic systems [61].
The interest rate indicator has a relevance of 73%, the lowest within the dimension of economic
viability, but is of great importance for forecasting the adoption, as consumer access to finance is a
good indicator of adherence that should be monitored by distribution system operators. When asked
about photovoltaic diffusion, respondents argued that incentive economic policies are relevant and
that taxes are a consequence of public policy and the economy of the country. Also, they stated that
greater legal security and a continued economic recovery are necessary for the country, as these issues
may generate instability in the scenario of diffusion of photovoltaic technology, causing difficulties
in measuring this type of information in the long term.

In the current scenario, Germany, Italy, Japan, Spain, the USA, China, France, Belgium, Czech
Republic, and Australia are the world's top 10 producers of solar energy. Like Brazil, they depend
mainly on their policies, with liquid measurement instruments and green certification, low-interest
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bank loans, renewable portfolio standards, and national renewable energy targets [113]. Regarding
the measurement by electricity utilities, the separation of consumers by tariff groups seems to be a
viable alternative, since each group represents an economic class and has access to different financing
mechanisms. Thus, groups that have easy access to obtain financing have advantages and a greater
tendency to join photovoltaic systems.

The return on investment and the financial capacity to buy a photovoltaic system are the key
decision-makers for consumers to adopt this technology. The authors of [67] affirm that the economic
aspect is more critical for the adopters of the photovoltaic system because when installing it, the
customer is concerned about the financial benefit. Respondents stated that there is a need for greater
clarification from the population regarding the costs and benefits of photovoltaic systems, and one
of the most significant aspects for consumers’ acquisition is the cost-benefit, reiterating that the
economic viability directly influences the adoption of photovoltaic technology. The authors of [92]
point out that without the economic viability of photovoltaic systems in Brazil, only a small number
of companies and private households will invest in these systems due to the lack of profitability.

In Greece, unlike the Brazilian reality, consumers can adopt photovoltaic systems despite the
lack of direct economic incentives [49]. Thus, it is safe to say that, to predict the adoption of
photovoltaic technology in Brazil and countries with similar characteristics, the indices that measure
economic viability for the customer are significant. Regardless of the methods used, understanding
how people behave economically and the variables that involve their financial return ensures the best
estimate to predict and understand photovoltaic diffusion.

It is possible to observe that the most relevant indicators, such as electricity cost (tariffs and
consumption), are parameters that can be monitored internally by the distribution system operators.
The indicator estimation of generation (location, roof area, solar incidence, and solar position) can be
measured through the union of the distributor's database with georeferencing databases, facilitating
and substantially reducing the costs for the development of forecasting models. Other economic
issues, such as the cost of photovoltaic systems offered in the region of electricity concessionaires, are
also highly relevant, reaffirming the importance of monitoring the costs to consumers and integrators
since these parameters have a strong influence on the migration to photovoltaic technology.

4.2. The Dimension of Behavioral Viability

This topic describes the aspects related to behavioral viability that influence consumer decision
making through personal benefit and financial capacity to acquire a photovoltaic system. The act of
buying a photovoltaic system is a decision, where potential users often invest substantial time and
consideration before deciding [95]. It is necessary to understand the aspects related to the topics of
consumer’s profile and life standard to predict behavioral viability, as well as the variables that
compose them, which are presented in Table 5.

Table 5. Hierarchical order of behavioral viability dimension indicators according to relevance index.

Topic Indicator Relevance Index
Profile Influence of other agents 74.00%

Life standard Lifestyle 73.00%

Life standard Housing value 73.00%

Life standard Residential 71.00%
Profile Consumer knowledge 60.00%
Profile Environmental concern 58.00%

The influence indicator of other agents, which is part of the profile topic, occupies the most
important aspect (74%) within the behavioral viability dimension. This result is consistent with the
studies by Ref. [78], Ref. [79], and Ref. [62], who highlight interpersonal communication and
adaptation to the norms as reasons for this relationship. The authors of Refs. [114-116] emphasize
that the acquisition of a photovoltaic system by other individuals is a motivating factor because it
helps to overcome the uncertainties associated with the adoption of photovoltaic panels. Moreover,
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it is observed that social incentives can generate drastic changes in clients’ behavior [117]. The
interviewee's opinion corroborates the literature, arguing that one of the most critical issues for the
adherence corresponds to the influence the people who already have this technology have on other
people. Ref. [67] mentions that with the increase in adopters of the photovoltaic system, it will
consequently influence more people to access this technology.

When comparing photovoltaic diffusion in different countries, it is noticeable that developed
countries like Japan and Canada are considered models for developing countries like China and India
[118]. Since Brazil is a developing country, its interaction and learning regarding photovoltaic
technology are likely the results of the influence of other countries. This relationship is vital for
Brazilian electricity distributors since solutions already established in developed countries can have
a connection and impact in the Brazilian scenario. However, for distribution system operators to
monitor photovoltaic diffusion, the use of internal information from consumer units already opting
for photovoltaic systems is useful in forecasting adoption. It is because the electricity distributor can
map its consumer units and indicate which consumers are affected by this type of influence, taking
into account their operating characteristics [119].

The life standard stands out, dealing with information such as the residence value, where people
live, their salary, or how they live. This information helps to identify the customer’s financial capacity
to acquire and purchase photovoltaic technology. Among the indicators that form this topic, lifestyle
stands out, which has the relevance of 73% and involves the income of consumers and their habits as
stated by Ref. [67], and it should be considered customer income when it is desired to predict
adherence to photovoltaic technology. Nevertheless, social categories and lifestyles and a variety of
elements may be associated with an individual's decision to invest in a photovoltaic system [56]. The
acquisition decisions are often linked to specific human characteristics such as gender, education, or
income [74], which matches the opinion of respondents. They stressed that the costs of photovoltaic
systems are still high, leading to more significant acquisition by people with more financial resources.
It is noteworthy that when it comes to lifestyle, some information should be evaluated, such as
consumer behavior, places where the individual goes to, and travel. Thus, considering the amount of
data that makes up this variable, it is difficult to obtain a standard or accurate measurement.

The use of other external databases to monitor the income and habits of consumers can be
included in the planning of distribution operators to structure the forecasting models with a higher
assertiveness based on these indicators [51]. However, certain internal information present in the
electricity utility databases can be relevant to measure the financial capacity of consumers, such as
the number of consumer units linked to each holder consumer to know their purchasing power. The
load curve is also relevant and can indicate how electricity is consumed in the consumer unit,
characterizing an indication of consumers' lifestyle [104].

Another factor that reflects on the consumers’ purchasing power is the value of housing, which
indicates the ability to pay for technology [86] through the economic value of their residence [81]. In
this case, information such as address [56,86], which indicates if the individual lives in a good
neighborhood, the built area [85], and the amount he pays for tax are considered as indicators. The
respondents viewed the value of this index as a way to measure the financial capacity of customers,
giving it a 73% relevance level. They argued that the customer purchasing power influences adoption.
Thereby, it is noted that the value of housing should not be overlooked when seeking to predict
consumer acquisition.

The residential indicator is structured through the socioeconomic information that involves both
the economic and social aspects, encompassing data such as the number of residents, number of cars,
and other data that can assist in predicting the people uptake to the photovoltaic technology.
According to Ref. [74], those living in rented houses are extremely unlikely to install photovoltaic
systems. The authors of [81] mention that residential data reflect the consumer socioeconomic
scenario. However, as Ref. [88] says, these data individually do not become representative for the
adoption, as aspects of cognition, social position, and communities of like-minded individuals seem
to explain the variability in adoption intentions rather than standardized socioeconomic variables.
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The characteristics of consumers can vary from one country to another, presenting different
socioeconomic profiles and consumption behaviors. The authors of [120] highlight these differences
in socioeconomic and consumption patterns when analyzing disparities in energy efficiency in a city
in the USA. This country has a less renewable matrix than Brazil. The respondents also had this
perception and saw the importance of this element, giving it the relevance of 71%. It indicates that an
effort should be made to measure and consider it whenever it is possible. The internal attributes of
electricity distributors that can structure this topic are the required power and the load profile of the
consumer unit since this information can indicate how consumers use electricity. It can mean the
purchasing power of consumers linked to the consumer unit.

Customer knowledge is another element that integrates the profile topic, but unlike the influence
of other agents, it presented lower representativeness in the degree of relevance (60%). For the
respondents, prior knowledge of technology by the customer has representativeness for the
prediction of adherence to photovoltaic technology. Still, if it is not possible to measure it, perhaps
this would not significantly change the result of the forecast. The literature confirms that adopters
need knowledge of a product to motivate themselves to seek more information about the subject
[121]. The interviewees did not specifically comment on consumer knowledge of photovoltaic
technology. Still, they reported that the customer needs to be better aware of this technology and
need to be created better ways to disseminate this information. The lack of knowledge is one of the
main barriers to the acquisition of photovoltaic systems [95,116], and it is important to note that
people with higher levels of education are the ones who decide to buy this system [99]. Therefore, it
is plausible to relate the diffusion and photovoltaic maturity of countries like the USA [47], Germany,
and Canada [55] to a high educational level. In contrast, Brazil and other developing countries have
a lower educational level [122]. For the distribution system operators to be able to measure this topic,
an alternative is to add the education of the holder consumer to the internal record of the electricity
distributor

The last aspect of the profile topic is the indicator of environmental care, which indicates the
customer level of concern with the environment. The authors of [123] note that environmentally
conscious people are more likely to pay higher prices and will be more aware of carbon emissions
into the atmosphere. The authors of [124] consider that environmental values have a positive impact
on the ecological lifestyle and intentions of the solar energy system. However, in Brazil, domestic and
business cultures are not sufficiently concerned about the environment and sustainable development
[125]. It is possible to observe this point in the interviewees' classification, regarding the relevance of
the indicator (58%), which can be dispensed when it is not possible to measure it. As Brazil is a
developing country, it may tend materialism, as well as what happens in Lithuania [126], which can
reduce environmental concerns.

It can be concluded that the profile topic provides a degree of importance that should not be
ignored, despite being the least significant when the objective is to predict consumer adoption to
photovoltaic technology. When possible, it should be measured. The aspects related to the profile
refer to the decisions and personal influences of individuals, and each person has different influences
that must be considered. Although they have a certain level of impact on the forecasting process, the
dimension of behavioral variability indicates the specialists that have less relevance than those of the
economic viability. The indicators with commercial bias stand out as the most representative when it
is intended to predict consumer adoption. These results are representative of Brazil and other
countries with similar realities, while developed countries in North America, Europe, and Asia may
have different views on the elements analyzed.

5. Conclusions

In this article, most important factors and indicators to predict consumer adoption to
photovoltaic technology were investigated, considering the perspective of distribution system
operators, which were later analyzed and evaluated by experts from the electricity sector. The results
of the analysis of these indicators show that photovoltaic agents are optimistic about the prospects
for the diffusion and adoption of photovoltaic technology, especially with the reduction of costs, the
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increased financial attractiveness of such projects, and the potential contribution for the electricity
sector. Electricity specialists are also optimistic, but more cautiously, as they view potential
regulatory and economic problems, especially regarding the sustainability of distribution.

Technical and economic indicators related to photovoltaic systems are seen as crucial success
factors linked to the economic viability of the consumer. They can be measured by distributors to
some extent through the use of proprietary data already existing in electricity distribution companies,
enabling the reduction of costs in the accomplishment of the adoption forecast. For a more accurate
result, the combination of these parameters with the consumer's values, and ability to invest capital,
represented by the behavioral viability indicators, can yield better results when assisting the
electricity distributors in their decision making. It is also worth noting that the scenarios vary between
different countries due to the personal characteristic of photovoltaic adoption, mainly due to the
dependence on public policies. Thus, although some factors are compatible for use in different
scenarios, the distribution system operators must stick to their reality, thus ensuring greater
assertiveness in the measurement of photovoltaic adoption in their area of operation.

This research contributes to the theory by determining factors and indicators for predicting
consumer accession to photovoltaic technology from the perspective of electricity distributors and
assessing its relevance. Moreover, it presents the view from agents and specialists involved in the
electricity and photovoltaic sector, serving as an assessment of the current scenario of photovoltaic
technology in Brazil. It is noteworthy that other studies have already been carried out in the country,
as well as in developing economies that have raised aspects that contribute and others that reduce
the consumers' acquisition of this system. However, this research brings a new perspective by
surveying the most relevant factors and indicators to be used in forecasting models, i.e., it takes into
account the reasons for people to adhere to photovoltaic technology, which is necessary to predict
this accession, and which variables need to be present in the forecasting models so that electricity
distributors sustainably anticipate consumers and plan.

The results also showed that Brazilian experts consider that economic issues are more important
for consumers to make decisions regarding the adoption of photovoltaic systems. It is possible to
observe that the influences of other agents are relevant in the Brazilian reality, but economic issues
related mainly to the investment in photovoltaic systems and electricity costs stand out from the
perspective of the interviewees. It may demonstrate a specific characteristic of Brazil or of developing
countries, which have lower educational levels, less concern for the environment, and less purchasing
power. This result indicates the high relevance attributed to economic issues by the experts
interviewed, since the financial aspects have a more significant impact on the reality of the Brazilian
population, in contrast to developed countries, which are more concerned with behavioral issues.

Regarding political implications, it is observed that predicting the adoption of photovoltaic
panels by consumers is extremely important for the planning of studies about the electric system
since the decision to access this type of system is up to each individual and not the centralized
government decision from the government. The unique characteristics of each individual making this
decision have implications for the entire electricity sector. Thus, it is crucial to assist the regulatory
agencies and government entities in developing better public policies aiming at the sustainability of
the sector. Additionally, the study contributes in a practical way to the distribution companies, which
are suffering impacts caused by photovoltaic diffusion according to the opinion of the interviewees.
Thereby, with the possibility of forecasting the adherence of their consumers, power concessionaries
can reduce their impacts and also improve their business models. It is noted that new opportunities
for cooperation between governments, stakeholders, and the general public are increasingly present,
and any insight gained in such fields is likely to motivate regional planners, entrepreneurs, and
national authorities to engage in the energy transition process.

For future research, it is possible to highlight a better understanding of the factors and reasons
that influence the prediction of adoption to photovoltaic technology. Also, its effects and the
development of forecasting models for the distribution sector can be studied, since there is still much
to be explored for the development of this sector. Besides that, these indicators can be analyzed and
evaluated through interviews with customers who have photovoltaic systems or are potential buyers
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of it. It is noteworthy that this study was conducted in Brazil. Still, it is believed that many of the
findings are relevant to underdeveloped countries or regions of developed countries, where the
presence of solar panels is still incipient.
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Appendix A —Interview for Measuring the Relevance of Indicators Associated with the
Forecasting of Photovoltaic Technology

Appendix A.1. Photovoltaic system

Appendix A.1.1. System costs (investment and maintenance, etc...)

What is the level of relevance that the costs of the system represent for the decision of consumer
adoption to the distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant

(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.1.2. Technical parameters (quantity, power, efficiency, lifetime, etc...)

What is the level of relevance that the technical parameters represent for the decision of consumer
adoption to distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.1.3. Estimated generation (solar irradiation, roof area, etc...)

What is the level of relevance that the on-site generation capacity estimate represents for the
consumer’s decision to join photovoltaic distributed generation?

(a) Irrelevant
(b) Little relevant
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(c) Indifferent
(d) Relevant
(e) Very Relevant

Appendix A.2. Cost-Benefit

Appendix A.2.1. Cost with electricity

What is the level of relevance that the cost of electricity represents for the decision of consumer
adoption to distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.2.2. Incentive programs

What is the level of relevance that government incentive programs or tax discounts represent for
consumers’ decision to join photovoltaic distributed generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.2.3. Interest rates

What is the level of relevance that interest rates (bank, consortium, among others) represent for the
decision of consumer adoption to distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.3. Profile

Appendix A.3.1. Environmental concern

What is the level of relevance that the environmental concern represents for the decision of consumer
adoption to the distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.3.2. Knowledge level

What is the level of relevance that knowledge about photovoltaic technology represents for the
decision of consumer adoption to distributed photovoltaic generation?

(a) Irrelevant
(b) Little relevant
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(c) Indifferent
(d) Relevant
(e) Very Relevant

Appendix A.3.3. Agent interactions

What is the level of relevance that other consumers with photovoltaic systems can represent in the
decision of consumer adoption to distributed photovoltaic generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.4. Life standard

Appendix A.4.1. Lifestyle

What is the level of relevance that consumers’ lifestyles can play in deciding whether or not the
consumer will adhere to photovoltaic distributed generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.4.2. Residential data

What is the level of relevance that the number of residents and other residential data (appliances,
number of cars, among others) can exert for the decision of consumer adoption to photovoltaic
distributed generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.4.3. Housing value

What is the level of relevance that the value (financial and local) of housing can exert for the decision
of consumer adoption to photovoltaic distributed generation?

(a) Irrelevant

(b) Little relevant
(c) Indifferent

(d) Relevant

(e) Very Relevant

Appendix A.5. Discursive questions:

Appendix A.5.1. What is your opinion about photovoltaic diffusion (technical, political and
economic implications, among others)?

Appendix A.5.2. What supplemental information would you use to monitor and predict the
consumer’s decision to purchase photovoltaic systems? Why?
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