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Kesra Nermend and

Cristina González-Morán

Received: 3 September 2021

Accepted: 16 September 2021

Published: 20 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Mechanical Engineering and Aeronautics, Rzeszow University of Technology,
al. Powstancow Warszawy 12, 35-959 Rzeszow, Poland; d.siwiec@prz.edu.pl
* Correspondence: app@prz.edu.pl; Tel.: +48-17-8651-390

Abstract: Photovoltaic electricity generation is key to achieving deep decarbonization with a high
degree of electrification. It is predicted that the energy sector will reduce carbon dioxide by producing
electricity mainly from photovoltaic (PV) power. Although dynamic development of the implemen-
tation of photovoltaic panels has been observed, their choice considering customer specificity is still
a problem. Therefore, the purpose of this study is to propose the model of choice photovoltaic panels
considering customers’ expectations. It can support the choice of a photovoltaic panel of a certain
quality (satisfaction of concrete customer) in combination with the cost of its purchase. The pro-
posed model includes acquiring and then processing customers’ expectations into technical criteria,
while simultaneously considering the weighting of these criteria. It is realized in a standardized
way, i.e., the zero-unitarization method (MUZ), after which normalized values of the quality of the
photovoltaic panels’ criteria are obtained. In turn, the quality of these products is estimated by the
weighted sum model (WSM) and then integrated with purchase cost in qualitative cost analysis
(AKJ). As a result, using the scale of relative states, it is possible to categorize customer satisfaction
from indicating qualitative cost and selecting the photovoltaic panel expected by customers (the
most satisfactory). The effectiveness of the model was demonstrated by a sensitivity analysis, after
which the key PV criteria were indicated. The proposed model is intended for any entity who
selects a photovoltaic panel for customers. The computerization of calculations may contribute to its
utilitarian dissemination.

Keywords: prediction; photovoltaic panels; multicriteria decision-making model; mechanical
engineering; zero-unitarization method; weighted sum model; qualitative cost analysis;
renewable energy source; quality; customers’ expectations

1. Introduction

Negative climate changes lead to the need to make effective decisions in the context
of sustainability [1–3]. This is mainly manifested in anthropogenic climate changes, of
which 90% arise from greenhouse gases [4]. An analysis by the Intergovernmental Panel
on Climate Change (IPCC) [5] showed that global emissions should be reduced to net-zero
within the next few decades. The analysis was a follow-up to the Paris Agreement, which
is an agreement to achieve carbon neutrality in emissions by 2050, with perspective to 2100.
The National Public Utilities Council points out that the earlier, the better, and most of the
commitments are set until around 2050. In this context, 137 countries have committed to
carbon neutrality, as confirmed, for example, by the Energy and Climate Intelligence Unit
or the Carbon Neutrality Coalition [6]. In order to reduce greenhouse gases, it is necessary
to use renewable energy sources (RES) [4,7], e.g., renewable energy in the form of water,
wind, solar, biomass, or geothermal energy [8]. It is considered that after 2050, 50% of the
global energy supply will be produced by RES, where the volume of RES is considered
as 140 times greater than the worldwide annual energy consumption [9]. According to
the International Energy Agency (IEA), the world will see an increase in total renewable
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energy of around 50% by 2040 [10]. Currently, all RES allow to achieve about 15–20% of the
world’s total energy [9]. In turn, to achieve the climate goal of limiting global warming
to below 2 ◦C, the share of RES in the final demand of energy needs to grow from 19% in
2017 to 65% in 2050. It is predicted that the share of RES in electricity generation will be
equal to 80% in 2050, whereas it was estimated at 25% in 2017 [11]. In European Union
(EU) countries, this level is currently at about 32%, where the main leader is Germany [12].
In the EU, the most popular RES used to produce electricity are solid biofuels (40.3%) [12].
Despite that, it is assumed that a significant increase in the total production of renewable
energy (even about 60%) will be provided by solar energy, where a key source will be
photovoltaic (PV) energy [10,13–17].

Photovoltaic energy is the direct production of electricity from solar energy, which is
a clean and safe RES [10,18]. The exploitation of PV systems exhibits minimal pollutions
during their lifetime. Hence, the probable influence of PV systems on the environment
from the production process until disposal cannot be ignored. During production, PV
systems produce hazardous contaminants, which are dangerous for water resources and
emissions of air pollutants. Additionally, the negative impact of the production of the PV
systems refers to land use and environmental factors. However, PV systems are still one of
the cleanest and safest RES [19]. For energy mainly used in passive heating systems [12],
the most often-used instrument to convert solar energy is photovoltaic (PV) systems [7,20].
Photovoltaic energy is becoming more and more popular because of fossil fuels’ shortages
as well as their negative impact on the environment [21]. In recent years, there has been an
increase in the share of solar energy in the production of electricity [12]. For example, in
2019, energy from photovoltaic systems generated a total of 633 GW of the world’s solar
power, whereas in 2014, it was only 177 GW [21]. Among EU countries, the biggest producer
of electricity from solar energy is the Czech Republic (22.5%), followed by Germany, The
Netherlands, and Italy (average 19.6%). In turn, the least electricity from solar energy is
produced in Finland, Poland, Austria, and Lithuania (average 1.9%) [12]. It is predicted
that the demand for solar systems will grow at a rate of 20% annually [18]. It depends on,
for example, the collector’s working surface, the availability of solar radiation throughout
the year, and the type of solar system [18]. Additionally, the industry purpose of the
generation of photovoltaic energy is to reduce electricity generation costs in comparison to
commercial electricity obtained from the electrical grid [7]. According to [16], photovoltaic
generation of electricity is a key to achieving deep decarbonization with a high degree
of electrification. In order to comply with the Paris Agreement, it is expected that the
energetic sector reduces carbon dioxide emissions by about 80% by 2040. To achieve this,
the production of electricity from photovoltaics should deliver 3518 TWh in 2030 and 7208
TWh in 2040. Additionally, globally, electricity demand growth exceeds all other fuels,
i.e., according to The International Energy Agency, electricity will account for 21% of the
global final energy consumption by 2030 [22]. The photovoltaic panels are commonly
installed in buildings, mainly in order to maintain thermal comfort and provide hot water
utilities [23]. Photovoltaic panels installed in household systems (utility-scale) constitute
over 33% of the global cumulative photovoltaic power [14], are becoming more and more
popular [15], and are developing faster than other RES [16,24]. Their development is
perceived as being due to subsidies supporting the installation of photovoltaic panels [16].
Programs supporting the use of RES by households, for example, include subsidies for
the purchase and installation of photovoltaic panels. In the last decade, households have
participated in a program driven by energy cost savings [25]. However, the use of solar
installations by one-family households remains relatively limited. The problem is choosing
a photovoltaic panel which will be the most satisfactory for the customer [23,26].

The choice of the most favorable photovoltaic panel for the customer is a current
problem, e.g., due to the dynamic growth of solar energy development (mainly from
photovoltaic), and a need to adapt photovoltaic panels to changing customer require-
ments [1,2,4,16]. Additionally, the global photovoltaic industry is undergoing a transfor-
mation, and the number of different kinds of photovoltaic panels continues to grow [27].
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This is an additional problem when determining the most favorable photovoltaic panel for
the customer. After conducting a literature review, it was concluded that are a few works
in which instruments used to choose a photovoltaic panel beneficial for the customer were
proposed. However, there is a lack of a single, coherent model supporting the choice of a
photovoltaic panel considering the customers’ expectations.

There is a lack of a model that helps to choose a photovoltaic panel based on a
qualitative cost indicator. This refers to a model where quality is determined taking into
account customers’ criteria (expected and rated for importance), which are processed
into technical criteria of photovoltaic panels. Determined in this way, the quality level is
integrated with the actual cost of purchase, where based on a qualitative cost indicator, an
expected photovoltaic panel is selected. The lack of this kind of model was considered as a
gap in the existing literature.

Hence, the purpose of this study is to propose a model that assists in choosing
a photovoltaic panel considering customers’ expectations. As part of the analysis, the
following hypotheses were assumed:

Hypothesis 1. It is possible to determine a qualitative cost indicator of photovoltaic panels
while simultaneously considering customers’ criteria and technical criteria, weighting of criteria
(importance of these criteria for the customer), and the actual cost of purchasing photovoltaic panels.

Hypothesis 2. Based on the qualitative cost indicator, it is possible to classify customer satisfaction,
and thus select the photovoltaic panel closest to the customers’ expectations.

These hypotheses were verified after testing the proposed model. Testing was carried
out for photovoltaic panels of key producers from Poland.

2. Literature Review

A literature review was conducted, showing that various methods of selecting solar
panels have been used. For example, the authors of [28] used the Analytical Hierarchy
Process (AHP) method to choose the best panel to design a photovoltaic system. In the
analysis, a few technical criteria (electric, mechanical, economic), environmental criteria,
and opinions from three customers were included. The AHP method was also used by
the authors of [29]. The aim of their study was to rate the sustainability of renewable
technology in the context of compromises between industry and the environment. Testing
of this method was carried out based on photovoltaic (PV) panels. In turn, in [30], a
model based on actual data from households was presented, i.e., costs, solar radiation
intensity variability, and net metering policy. The aim was to make the determination of
which photovoltaic system is the most efficient. Whereas authors of [31] proposed a model
of multi-criteria decision making (MCDM), which integrated the AHP method and the
(Multiplicative Multi-Objective Ratio Analysis (MULTIMOORA) method. In this model
were included, e.g.,: costs, both monetary and environmental, efficiency, and technical
indicators. Application of the model supported the choice of solar power plants as the
most favorable option for producing PV in Turkey. Another example is [15], in which the
technical-economic criteria of standalone photovoltaic (SAPV) were analyzed. This analysis
supported the designers and customers to make a choice of the most advantageous design
before the installation of SAPV. On the other hand, in [16] the motivation of customers
to install photovoltaic panels was analyzed. For this purpose, a questionnaire was used
in which, for example, the attitudes of customers towards the environment, and their
knowledge and perception of the responsibilities in the area of environmental protection
were verified. The results have shown that, e.g., knowledge, ecological awareness, and
environmental values have an impact on the purchase of PV. A survey was also used by
the authors of [32] to make a model of the segmentation groups of photovoltaic users.
Customers from households were separated into differing groups based upon criteria, i.e.,
voluntary implementation, involuntary (purchase house with PV), farm adapted, or not
adapted to implementation of PV. A different approach than expected for the selection
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of solar panels by a customer is presented in [33]. In this article, we combined quality
function deployment (QFD) with Pythagorean fuzzy sets (PFS). The idea of integrated
methods relied upon acquiring and processing the voice of customer (VoC) into precision
data. In turn, [34] presented a method to assess the influence of photovoltaic power on
customer reliability and the deployment of system reserves in a new environment. For this,
the Monte Carlo simulation was used. Another example is [27], in which the evolution of
photovoltaic business models was analyzed. The Business Model Canvas was used for that.
Therefore, authors of [35] assessed the use of photovoltaic systems in historic buildings.
The aim was to achieve better implementation of solar energy, with specific adaptations
based on technical compatibility, importance of historical building, its surroundings, energy
profitability, or impact RES on the external environment. Hence, customers’ opinions were
not included.

A review of the literature indicates that are few works in which were proposed the
instruments to choose a photovoltaic panel that was beneficial for customers. Mainly, this
choice relied on using the multi-criteria decision methods (MCDM) [4,28,29,31,35]. In the
analyses, the aim was to match precise customer expectations [32] and include different
aspects of chosen photovoltaic panels, e.g., costs, technical criteria, environmental criteria,
performance criteria [28,31], actual values from exploitation photovoltaic in households [30].
In addition, the development of photovoltaics was assessed [27,34], and motivation and
awareness of customers about the implementation of these products were examined [32].
However, a model of choice photovoltaic panels considering customer expectations was
not developed, where this choice includes criteria simultaneously expected by customers,
such as quality of photovoltaic panels and cost of their purchase. For this purpose, this
model was proposed, which is a support for experts (brokers and bidders) to determine
the most favorable photovoltaic panel, which was closest to customer expectations. The
literature review has shown that the choice of PV is based on the “quality” of modules, i.e.,
by including PV criteria. However, the customer’s expectations were not included in this
process. Following authors of [1,2,4], to achieve the satisfaction of customers (expected
quality level of product) it is necessary to include customer requirements in the design
process. Hence, the proposed model is a new instrument to choose photovoltaic panels
expected by customers and is a new area for scientific discussions. The concept and method
of the proposed model are shown in the next part of article.

3. Model

A model of choice photovoltaic panels, which considers customers’ expectations, was
developed. The model supports the determination of which photovoltaic panel will be the
most satisfactory for the customer, both in terms of quality level and cost of purchase. The
concept of the model relies on precise definition of customer expectations, i.e., the required
(expected) criteria of the photovoltaic panels and their importance for customers. Then,
customer expectations are processed onto technical criteria of photovoltaic panels. For this
purpose, a customer and technical criteria correlation matrix was used. Then, the quality
of technical criteria of photovoltaic panels related to customer expectations was estimated.
For that, a combination of methods was used, i.e., zero-unitarization method (MUZ) [36–40]
and a weighted sum model (WSM) [41–44]. The assessment of quality of criteria was done
on the Likert scale [45,46], and then normalized by the MUZ method. Next, the weighted
sum model (WSM) was used to calculate the quality of photovoltaic panels, taking into
account the importance (weighting) and quality of criteria. Then, in order to indicate
the most advantageous, in terms of quality and cost, the choice of the photovoltaic panel
for customer, the calculated quality of these panels was combined with their cost, and
the qualitative-cost analysis (AKJ) was applied [4,47–50]. Based on the qualitative-cost
indicators, it is possible to propose the customer’s most favorable photovoltaic panel. A
graphical presentation of the methods used in the model is shown in Figure 1.
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Figure 1. Simplified scheme of selection of methods to proposed model. Own study.

The exact characteristics of the mentioned methods are shown at individual stages
of the proposed model. In the following, the main benefits, determining the selection of
methods, are indicated.

The MUZ method is used to normalize values within the range <0; 1>. The main
benefits for choice of the MUZ method [36–40] were:

• Efficiency in normalization values in any range;
• Possibility of normalization of criteria characterized by negative, equal to zero, and

positive values;
• Normalization of equality of length and boundaries of intervals for all standardized

criteria and obtaining positive or equal to zero values of criteria after normalization.

The indicated elements for the MUZ method are characteristic of photovoltaic panels’
technical criteria. Therefore, this method was considered beneficial in the proposed model.

The WSM method is used to estimate product quality based on normalized criteria
values, where quality is calculated considering the weighting of these criteria. The selected
benefits for applying of the WPM method [41–44] were:

• Effective for matching several of the criteria of the product, where these criteria are
independent of each other;

• Effective in estimating the product quality based on the normalized quality of criteria;
• Allows estimation of product quality considering criteria weighting.

The AKJ method supports making a determination of which product is satisfactory
for customers in terms of quality and cost. The main benefits decisively for apply of the
AKJ method [4,47–50] were:

• Allowing for the combination of the product quality with actual cost of its purchase;
• Supports making determinations about the product preferred by customers based on

product quality level and cost of its purchase;
• This method allows the inclusion of product quality estimations by any method, where

quality has ranges from 0 to 1.

The proposed model was designed in ten main stages. The developed model and
instruments using at individual stages is shown in Figures 2 and 3.
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Figure 3. Model of choosing the most favorable photovoltaic panel—part 2. Own study.

3.1. Adopting a Purpose of Analysis

The aim is determined by the entity using the proposed model (bidder, broker, expert).
In the proposed approach, the purpose is to choose the photovoltaic panel that is best for
the customer, considering qualitative level and cost of purchase. In order to determine their
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aim, an initial interview with customer is preferred. During the interview, it is necessary to
determine allocate of PV, e.g., household, small and medium-sized enterprises (SME), or
others. For correct determine the purpose, it is adequate to use the specific, measurable,
achievable, relevant, time-bound, exciting, recorded (SMART-ER) method [51,52].

3.2. Initial Selection of Photovoltaic Panels

The initial selection of photovoltaic panels is done by the entity (bidder, broker, expert)
using options from the proposed model. That means, to select any number of photovoltaic
panels is at the disposal of entity. The selection is done with the inclusion of the initial cus-
tomer’s expectations, which were verified during the interview to determine the purpose.
Hence, it is beneficial to consider the differences between building integrated photovoltaics
(BIPV) [53,54] and building applied photovoltaics (BAPV) [53,55]. The BIPV can be in-
stalled in buildings as an alternative to building elements, i.e., roof, elevation. Hence, BIPV
has an influence on a building’s functionality and can be an integral part of an building’s
energy system [54]. In turn, the BAPV system allows the use of standard photovoltaic
molds on buildings, where this system is not an integral part of building [55]. Selected
photovoltaic panels will be verified in the next stages of the model. The classification of the
characteristics of photovoltaic panels are shown in [18,21].

3.3. Determination of the Technical Criteria of Photovoltaic Panels

The technical criteria of PV are determined by the entity (bidder, broker, expert) or
group of experts. After the literature review, e.g., [56–58], it was shown that it is preferred
to determine between 14 and 25 technical criteria. These criteria can be determined during
brainstorming (BM). It is advisable to use a catalog (specification) of photovoltaic panels.
These can be based on the key (basic) criteria of photovoltaic panels, on which their quality
largely depends. The technical criteria are measurable, therefore, it is easier to precisely
determine the quality level of a product. Additionally, the quality of photovoltaic panels
largely depends on technical criteria [1,4,18,21]. These criteria will be combined with
customer criteria (also qualitative criteria), as is shown in Stage 3.6. of the model. Hence,
the importance of other criteria, such as aesthetics, can be determined in the next stage of
the model. Additionally, the economic criteria are omitted at this stage, because the actual
cost of purchase of photovoltaic panels will be included in Stage 3.9. of the model.

3.4. Determination of Photovoltaic Panels Criteria Expected by Customer

At this stage, the customer determines the criteria which are important for them, in
view of the way in which they will use the photovoltaic panels. The aim is to select the main
criteria that a photovoltaic panel should be characterized by, so that it meets the customer’s
expectations. For this purpose, an interview may be conducted or a questionnaire may be
used (Figure 4). The purpose of the questionnaire is to support the customer in determining
their preferences and expectations [59–61]. Therefore, in questionnaire is preferable to
propose examples of product criteria, e.g., basic or innovation criteria about which the
customer is unaware.
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The problems associated with determining the criteria of PV is considered in works,
e.g., [53,62–64]. As shown by authors of articles [53,62], important is paying attention
to European Research projects, which were precisely described in mentioned articles.
Additionally, authors of article [62] suggested that an important criterion is the storage
capacity of PV to minimize costs of managing load variance storage. Hence, a bigger
energy storage capacity would imply a bigger facilities volume, and it generates difficulty
for aesthetic installation of PV in an urban environment. In this context, authors [62] also
mentioned that it is important to include criteria such as: aesthetic (visual presentation
of PV determined by physical characteristics, for example color, size, pattern, shape, and
also land or visibility) and social acceptance (determined for example by economic criteria,
education, perception of RES). In turn, authors of [53] have shown that installation of
photovoltaic panels is not preferred for historic and vernacular buildings. Therefore,
customers should consider this when determining their criteria of PV. As shown by authors
of [53], criteria should allow for high compatibility of PV by, for example, using similar
architectonic materials, e.g., several colors or patterns, special and low-reflecting glasses,
or innovative cost-competitive coating. For this reason, as shown in [53], it is necessary
to consider criteria, such as: flexibility of dimensional, easy install, safety, reliability, fire
security, thermal stability, and comfort.

There are several standards, deliverable by the International Energy Agency’s task.
For example, the enabling framework for the development of BIPV (Task 15) [63]. This task
refers to aesthetic criteria, and also reliability (technical criteria), and financial issues. In
this context, it is preferred to include criteria, such as building energy performance, the
functionality of building envelope, but, also, mentioned aesthetics. Another task of the IEA
SHC is task 41 ‘Solar Energy and Architecture’ [64]. This task included the issue of influence
of PV on the aesthetic of buildings. Therefore, as with the previous ones, it is necessary
to remember these issues during determining criteria of PV. Other proposed criteria are
shown in Figure 4. Additionally, customer should be possibilities to propose own criteria.
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The number of total criteria proposed by customer should be equal about from 14 to 25
criteria [56,58]. The customer specifies these criteria without using technical criteria.

3.5. Determination of Photovoltaic Panels Criteria Weighting

The criteria weightings (i.e., importance) are determined by customer. The criteria
weighting is of importance for criteria in the context of use in photovoltaic panels. The cus-
tomer determines weighting for all criteria (from Stage 3.4.). For this purpose, an interview
may be conducted or a questionnaire may be used. The customer determines weighting
only for criteria that were considered by him as of importance (necessary), i.e., determined
in Stage 3.4 (criterion marked X). Other criteria should be missed. Following [52,65,66],
it is effective to determine criteria weighting by distribution by customer of 100 points
among all expected criteria, where the more points, the more important the criterion. The
proportion of points are arbitrary but necessary is to include that more point is bigger
weight. The sum of all points determined to important criteria (necessary, i.e., marked X)
have to be equal to 100.

An example of a questionnaire that can be used to obtain customer expectations in
relation to photovoltaic panels criteria are shown in Figure 4.

After obtained of customer expectations is necessary to realize the next step of model.

3.6. Transformation Customer Expectations into Technical Requirements

The sixth stage is transformation customer expectations into technical requirements.
The aim is determining technical criteria expected by customer and its importance (weight-
ing). This stage is realized in two steps.

3.6.1. Transformation of Customer Criteria into Technical Criteria

The first step is transformation of customer criteria into technical criteria for photo-
voltaic panels. Transformation is realized by expert. The purpose is reduced technical
criteria only to criteria importance for customer. This step is carried out based on initial
defined technical criteria (Stage 3.3.) and customer criteria of photovoltaic panels (Stage
3.5.). It is preferred to prepare correlation matrix C = [cc × ct], where cc is customer criteria
in ith row, ct is technical criteria in jth column. Correlations are determined by expert by
writing X or 0, where X is correlation occurs, 0 is no correlation. Further analysis will only
include technical criteria correlated with customer criteria. The criteria without correlation
should be skipped [1]. Therefore, after this stage, a set of technical criteria are obtained
that should be taken into account in further analysis in order to select a photovoltaic panel
that satisfies the customer.

3.6.2. Transformation of Customer Criteria Weighting into Technical Criteria Weighting

The second step is transformation of customer criteria weighting into technical criteria
weighting. This stage is carried out based on criteria weighting determined by customers
(Stage 3.5.) and technical criteria correlated with customer criteria (Step 3.6.1.) The weight-
ing of criteria determined by customer are presented as fraction of the sum of points (i.e.,
100 points). For this purpose it is necessary to use Formula (1):

wc
i =

pi
100

, (1)

where: p is weight ith criterion determined by customer in range from 0 to 100 points, I is
photovoltaic panel criterion expected by customer.

The criteria weighting determined by the customer (wi) should be transformed to
technical criteria weighting. It relies on assigning appropriate weighting for technical
criteria correlated with customer criteria. The customer criteria can be correlated with one
or more technical criteria (according to Step 3.6.1.). Hence, transformation of customer
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criteria weighting into technical criteria weighting is calculated by arithmetic means in
Formula (2) [67]:

wt
i =

∑n
i=1 wc

i
n

, (2)

where: wc is weight ith customer criterion, n is number of customer criteria correlated with
ith technical criterion, wt is weight ith technical criterion, i is photovoltaic panel criterion
expected by the customer.

The sum of the estimated technical criteria weighting should be equal to 1. In another
case, it is necessary to normalize criteria weighting according to Formula (3) [67]:

wn
i =

wt
i

∑n
i=1 wt

i
, (3)

where: wn is normalized weight ith technical criterion, wt
i is arithmetic mean from weighting

ith technical criteria, i is photovoltaic panel criterion expected by the customer.
Technical criteria weighting will be included on Stage 3.8. of the model to determine

the quality of photovoltaic panels.

3.7. Assessment of Quality of Photovoltaic Panels Criteria

This stage is carried out by entity using the proposed model (bidder, broker, expert)
or group of experts. It should be estimated quality only for technical criteria related to
customer criteria (from Stage 3.6.). This stage is realized in three main steps.

3.7.1. Characterization of Photovoltaic Panels Criteria

The first step is characterization of photovoltaic panels criteria. It refers to assigning
each criterion a characteristic value, e.g., parameter (values) or rang of values. The criteria
values (parameters) are determined based on catalog (specification) of photovoltaic panels.
For this purpose, it is necessary to create matrix M1 = [m× n], where m is technical
parameters, n is photovoltaic panels. In matrix should be noted values (parameters) for all
photovoltaic panels.

3.7.2. Initial Estimate of the Quality of the Technical Criteria

The second step is the initial estimate of the quality of the technical criteria. This step
is carried out by an expert. Estimate quality of technical criteria are realized based on the
values (parameters) of technical criteria noted in matrix M1. The expert compares technical
criteria values with competitive photovoltaic panels values. The expert compares these
criteria and, based on these criteria, assessed the impact of performance of PV systems in
practice. The purpose is to estimate the quality of technical criteria to achieve by customer
really feel of difference at home. The Likert scale is used for this, where 1 is low criterion
quality, 5 is high criterion quality [45,46].

Initially, a twin matrix of M1 is created, i.e., M2 = [m× n], where m is technical
parameters of photovoltaic panels, n is photovoltaic panels. The matrix M2 is used to
determine the quality of photovoltaic panels quality, i.e., (4):

M2 =



q11 q12 q13 · · · q1j

q21
q31

q22
q32

q23
q33

· · ·
· · ·

q2j
q3j

...
qij

...
qij

... . . .
...

qij qij qij


, (4)

where: q is quality of photovoltaic panel criterion for ith photovoltaic panel and jth criterion.
Next, expert assessments all criteria for selected photovoltaic panels. As result, initially

estimated quality of technical criteria of photovoltaic panels is obtained.
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The quality was estimated based on different units of measurement for the technical
criteria of photovoltaic panels. Therefore, the obtained values should be normalized. It is
shown in the next step of the model.

3.7.3. Normalization of the Quality of Technical Criteria

The process of normalization of the quality of technical criteria is realized based
on the initially estimated quality of these criteria (from Step 3.7.2.). The normalization
consists in making transformations to standardize photovoltaic panels criteria values for
their effective comparison. It is realized by depriving titers of measurement results and
unification variables with respect to size. Absolute values are transformed into relative
values (i.e., transformed variable values). For this purpose, the MUZ method is used
(zero-unitarization method) [36–40].

Because the initially estimated quality (q) for ith different criteria was described by n
values (technical parameters), so-called transformed quality values should be shown in
matrix W (5) [36,37]:

W =


w11 w12 w13 · · · w1n
w21
w31

w22
w32

w23
w33

· · ·
· · ·

w2n
w3n

...
wi1

...
wi2

... . . .
...

wi3 · · · win

, (5)

where: nth is value of technical criterion of photovoltaic panel, ith is technical criterion of
photovoltaic panel.

Then, it is necessary to transform values of transformed quality from columns of the
matrix W into x11, x21, . . . , xm1. The normalized matrix Z is obtained (6) [38–40]:

Z =


z11 z12 z13 · · · z1n
z21
z31

z22
z32

z23
z33

· · ·
· · ·

z2n
z3n

...
zi1

...
zi2

... . . .
...

zi3 · · · zin

, (6)

where: zth is normalized value of technical criterion of photovoltaic panel, ith is technical
criterion of photovoltaic panel.

Technical categories can be determined as a simulator, destimulator, and nominee, as
shown in literature of the subject [36,37,40]. In order to cause aggregation, it is necessary
to split all transformed values into either simulator or destimulator. It is carried out by
Formulas (7)–(10) [36–40]:

x∗i = xmax − xi, (7)

x∗i = xmax + xmin − xi, (8)

x∗i =
1
xi

, (9)

x∗i =
xmax

xi
, (10)

where: x∗i is transformed criterion quality value, xmax is maximum value of quality, xmin is
minimum value of quality, i = 1, . . . , n.

After the normalization process by the zero-unitarization method (MUZ), the matrix
X is obtained. This matrix is devoid of titers in a specific range of variation from 0 to 1,
which correspond to the real quantities of the M matrix. The matrix X shows Formula
(11) [36,39,40]:
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X1 =


x11 x12 · · · x1w x1(w+1) · · · x1(w+s)

x21 x22 · · · x2w x2(w+1) · · · x2(w+s)
...

xr1

...
xr2

...
· · ·

...
xrw

...
xr(w+1)

. . .
· · ·

...
xr(w+s)

, where j = 1, . . . , w + s

for submatrix : X1 =


x11 x12 · · · x1w

x21 x22 · · · x2w

...
xr1

...
xr2

. . .
· · ·

...
xrw

, X2 =


x1(w+1) x1(w+2) · · · x1(w+s)

x2(w+1) x2(w+2) · · · x2(w+s)
...

xr(w+1)

...
xr(w+2)

. . .
· · ·

...
xr(w+s)



(11)

Hence, normalization formulas for criteria so-called simulant or destimulat are deter-
mined by Formula (12) [36–40]:

ZS
ij =

xij−min
i

xij

max
i

xij−min
i

xij
, Xj ∈ S, max

i
xij 6= min

i
xij

ZD
ij =

max
i

xij−xij

max
i

xij−min
i

xij
, Xj ∈ D

where :
max

i
xij, i = 1, . . . , m, j = 1, . . . , n − maxiumumithvarbiable

min
i

xij, i = 1, . . . , m, j = 1, . . . , n − minimumjthvarbiable

by conditions :

 zij = 0 ⇔ xij = max
i

xij

zij = 1 ⇔ xij = min
i

xij

(12)

Whereas, for nominee is used Formula (13) [39,40]:

zij =


xij−min

i
xij

x0j−min
i

xij
dla xij ≤ c0j

xij−max
i

xij

x0j−max
i

xij
dla xij > c0j

, Xij ∈ N, (13)

where: c0j is nominal value of criterion Xj
From Formula (14), conditions for normalized criterion are achieved [36,38,40]:

zij = 1 ⇔ xij = c0j

zij = 0 ⇔
(

xij = min
i

xij v xij = max
i

xij

)
, (14)

After applying the MUZ method, is obtained aggregation of values of quality of photo-
voltaic panels criteria (in the range <0; 1>), which is appropriate for this
method [37–39]. As a result, the quality of criterion of photovoltaic panels is estimated on
a scale from 0 to 1, where the more points the higher the quality.

3.8. Calculation of the Quality Level of Photovoltaic Panels

The eighth stage of the model is calculation quality level of photovoltaic panels. In
this aim, the weighted sum model (WSM) is used [41,42]. Applying the WSM method, it is
necessary to estimate quality for all photovoltaic panels (selected on Stage 3.2.), considering
normalized values quality of photovoltaic panels criteria (determined in Step 3.7.3.), and
weighting of technical criteria (determined in Step 3.6.2.).

The normalized, weighted decision matrix AWSM
i is created. For this purpose, the

Formula (15) is used [41–44]:

AWSM
i =

n

∑
i=2

wt
jxij = qi, (15)
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where: wt
i is weighting of technical criteria for ith criterion (from Step 3.6.2.), xij is normal-

ized values for quality of technical criterion of photovoltaic panel (from Step 3.7.3.).
Based on calculated values, it is possible to create a ranking of photovoltaic panels.

The maximum value (first position in the ranking) is the highest quality of photovoltaic
panel (i.e., expected by customer). The minimum value (last position in the ranking) is the
lowest quality of photovoltaic panel (i.e., unexpected by customer).

In order to choose a photovoltaic panel with simultaneously considering quality and
cost of purchase, it is necessary to realize the next step of the model.

3.9. Calculation of Qualitative-Cost Indicator of Photovoltaic Panels

The ninth step is calculation of qualitative-cost indicator of photovoltaic panels. For
this purpose, the qualitative-cost analysis is used (AKJ) [4,47–50].

The function of the qualitative-cost decision, in general terms, for the AKJ method is
as follows (16) [4,31]:

D = f (Q, K), (16)

where: D is decision, Q is quality of product (%), K is cost of purchase of product.
Therefore, in the AKJ method, it is possible to include the quality of photovoltaic

panels (from Stage 3.8.) and the cost of their purchase. The AKJ method is shown in 10
main steps.

3.9.1. Determination of Photovoltaic Panels Quality

The first step is determination of photovoltaic panels quality. It is necessary to deter-
mine the quality of all ith photovoltaic panels. In the proposed approach, the quality of
photovoltaic panels is equal qi (i.e., determined in Stage 3.8. of the model).

3.9.2. Determination Cost of Purchase of Photovoltaic Panels

In the second step is necessary to determine the cost of purchase of photovoltaic panels
(Ki). The cost of purchase for all ith photovoltaic panels should be determined. The cost is
determined by expert (broker) according to the cost of purchase proposed products.

3.9.3. Calculation of the Cost–Quality Index

The third step is calculation of the cost–quality Index (ck). It is the index that de-
termines how much cost one percent of quality of photovoltaic panel. The lower the
cost–quality index, the better for products. According to authors of works [4,47,48] this
index is calculated from Formula (17):

cki
=

Ki
Qi

, (17)

where: K is cost of purchase ith photovoltaic panel (from Step 3.9.1.), Q is quality ith
photovoltaic panel (from Step 3.9.2. in %).

3.9.4. Estimation of the Relative Cost

The fourth step is estimation of the relative cost (k). Following the authors of [49,50] it
is necessary to use Formula (18):

ki =
Kmax − Ki

Kmax − Kmin
, (18)

where: K is cost of purchase ith photovoltaic panel (form Step 3.9.1.), Kmax is maximum
cost from all cost of photovoltaic panels (from Step 3.9.1.), Kmin is minimum cost from all
cost of photovoltaic panels (from Step 3.9.1.).
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3.9.5. Estimation of the Cost–Quality Proportionality Index

The fifth step is estimation of the cost–quality proportionality index (E). For that,
Formula (19) is used [4,47,49,50]:

Ei =
ki
qi

, (19)

where: k is relative cost for ith photovoltaic panel (from Step 3.9.4.), q is quality ith photo-
voltaic panel (from Step 3.9.2.).

3.9.6. Estimation of the Decision Function Index

The sixth step is estimation of the decision function index (d). This index depends on
the value of the cost–quality proportionality index (E) as shown Formula (20) [4,47,50]:

f or Ei = < 0; 1 > di = 0.5× Ei,
f or Ei > 1 di = 0.5 + 0.5×

(
1− 1

Ei

) , (20)

where: E is cost–quality proportionality index for ith photovoltaic panel (from Step 3.9.5.).

3.9.7. Estimation of the Relative Cost Index

The seventh step is estimation of the relative cost index (c). According to authors of
works [47–49] this index is estimated as shown the Formula (21):

ci =
ckmaxi

− cki

ckmaxi
− ckmini

, (21)

where: ckmax is maximum the relative cost index for ith photovoltaic panel (from Step 3.9.3.),
ckmin

is minimum the relative cost index for ith photovoltaic panel (from Step 3.9.3.), ck is
cost–quality index for ith photovoltaic panel (from Step 3.9.3.).

3.9.8. Estimation of the Settlement Index for Technical Preference

The eighth step is estimation of the settlement index for technical preference (Rt).
According to authors of works [49,50] this index is determined according to Formula (22):

Rti =
αqi+βdi+γci+δki

α+β+γ+δ f or α : β : γ : δ = 8 : 4 : 2 : 1, (22)

Hence, the settlement index for technical preference is calculated from
Formula (23) [4,47,48]:

Rti = 0.0667(8qi + 4di + 2ci + ki), (23)

where: q is quality ith photovoltaic panel (from Step 3.9.1.), d is decision function index for
ith photovoltaic panel (from Step 3.9.6.), c is relative cost index for ith photovoltaic panel
(from Step 3.9.7.), k is relative cost for ith photovoltaic panel (from Step 3.9.4.).

3.9.9. Estimation of the Settlement Index for Economic Preference

The ninth step is estimation of the settlement index for economic preference (Re).
According to the AKC method, this index is estimated from dependencies (24) [4,48,50]:

Rei =
αki+βci+γdi+δqi

α+β+γ+δ f or α : β : γ : δ = 8 : 4 : 2 : 1, (24)

Therefore, the settlement index for economic preference is calculated from
Formula (25) [47,50]:

Rei = 0.0667(8ki + 4ci + 2di + qi), (25)

where: q is quality ith photovoltaic panel (from Step 3.9.1.), d is decision function index for
ith photovoltaic panel (from Step 3.9.6.), c is relative cost index for ith photovoltaic panel
(from Step 3.9.7.), k is relative cost for ith photovoltaic panel (from Step 3.9.4.).
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3.9.10. Estimation of the Decision Settlement Index

The tenth step is estimation of the decision settlement index (Rd). Following the
authors of works [4,47–50] this index is calculated from Formula (26):

Rdi
=

Rti − Rei

2
, (26)

where: Rt is settlement index for technical preference for ith photovoltaic panel (from Step
3.9.8.), Re is settlement index for economic preference for ith photovoltaic panel (from
Step 3.9.9.).

According to Rd Index, possible is to create the ranking of photovoltaic panels. Maxi-
mum Rd value (first position) is the photovoltaic panel the most satisfying for the customer
in terms of qualitative-cost. Minimum Rd value (last position) is the photovoltaic panel the
least satisfying for the customer in terms of qualitative-cost.

Based on the decision settlement index, it is possible to classify customer satisfaction
from photovoltaic panels and from the choice photovoltaic panel expected by the customer.

3.10. Classification and Choice of Photovoltaic Panel

The tenth step is classification and choice of photovoltaic panel expected by customer.
It relies on determinations of which photovoltaic panel will meet the customer’s expecta-
tions in terms of quality and cost. Classification is realized based on the decision settlement
index (Rd) estimated in Stage 3.9. of the model. For this purpose, the scale of relative states
is used (Figure 5).
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Figure 5. Relative states scale. Own study, based on [4,47–50].

On the basis of the proposed model, it is possible to select the photovoltaic panel
expected by the customer, i.e., satisfying the customer both in terms of quality and cost
of purchase. The model supports the entity (bidder, broker, expert) in the choice of a
photovoltaic panel that meets the criteria expected by customer, and subsequently allows
the customer to choose a satisfying photovoltaic panel.

4. Results

The test of the proposed model was carried out based on photovoltaic panels for key
Polish producers. However, any entity (bidder, broker, expert) can use the proposed model
to choose a photovoltaic panel that meets the criteria expected by the customer.

4.1. Adopting Purpose of Analysis

According to first stage, initial consultation with customer was done, and the aim
was determined. Customer looked for photovoltaic panel to installed in household. He
considered that quality of panel, and its cost of purchase are important to him. Therefore,
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purpose was to choice photovoltaic panel to install in household, and this panel will be the
most favorable for customer in terms of qualitative-cost.

4.2. Initial Selection of Photovoltaic Panels

According to second stage, the initial selection of photovoltaic panels was carried out.
As part of testing the model, ten different photovoltaic panels of a key Polish producer were
selected. In terms of customer preferences, these were photovoltaic panels for installation
in a household. These panels were contractually marked from P1 to P10.

4.3. Determination of Technical Criteria of Photovoltaic Panels

Based on third stage, technical criteria of the photovoltaic panels were determined.
The selection of technical criteria was carried out after a literature review [28,30,31]. Based
on the catalog (specification) of photovoltaic panels was carried out brainstorming (BM),
after which 22 criteria were selected:

• Electrical criteria: rated power (Wp), short-circuit current (A), maximum current (A),
idle voltage (V), maximum voltage (V), efficiency (%);

• Application criteria: maximum system voltage (VDC), color, warranty period (years);
• Temperature criteria: temperature coefficient of intensity (%/◦C), temperature coeffi-

cient of voltage (%/◦C), temperature power factor (%/◦C);
• Mechanical criteria: length (mm), width (mm), thickness (mm), weight (kg);
• Construction criteria: windshield (mm), frame, type of cells, number of cells, kind of

cells, kinematics.

All criteria are main criteria of photovoltaic panels. The characteristic of these param-
eters is shown in Table 1.

Table 1. Characteristics of main criteria of photovoltaic panels. Own study, based on [53,62–64].

Technical Criterion with Alternative Name Definition

rated power (Wp)
(installed power)

determines the value of potential size of electricity obtainable by
photovoltaic installation, i.e., disposition energy of devices

short-circuit current (A)
(current at maximum load, Impp)

current flowing at short circuit of cell, i.e., in a moment of
maximum load

maximum current (A)
(maximum output current) current, which can deliver PV to load

idle voltage (V)
(voltage without load or open circuit, Voc)

voltage achieve in situation when module is not connected to
any load

maximum voltage (V)
(critical voltage, Vmpp)

voltage in maximum power point (MPP); this voltage is when
PV works in Standard Test Conditions (STC)

efficiency (%)
efficiency informs how effectively the PV will change power

solar radiation into electricity, where the higher the value of this
parameter—the better; this value is given by producer

maximum system voltage (VDC)
maximum impassable possible voltage, which can be in

installation circuit of PV; limits number of PV which can be
combined in one chain

maximum power (MPP)

the value has maximum power achieved by photocell, this
power is available in standard test condition (STC), i.e., solar
radiation power 1000 W/m2, spectrum density AM 1,5, cell

temperature 25 ◦C); it is output parameter for most investors by
choice of PV

module efficiency

it is a percent of solar energy, which the PV can processed to
electricity; efficiency of total module is lower than a single link,
because not the entire surface of module process solar energy to
electricity; on efficiency of total module has also impact way of

linking cells
solar cell efficiency it is efficiency of a single cell included in module
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Additionally, characteristics of these parameters are generally available, e.g., in any
specifications of photovoltaic panels, and in subject literature [28].

4.4. Determination of Photovoltaic Panels Criteria Expected by Customer

According to fourth stage, photovoltaic criteria expected by customers were selected.
For this purpose, the proposed questionnaire was used. The customer pointed five expected
criteria, i.e., high power, high efficiency, color, long warranty period, ability to change
the setting, high temperature and fire resistance. Additionally, customers pointed to a
single criterion, i.e., availability of various shapes. The customers mentioned that the most
favorable color for the photovoltaic panel is black.

The rest of the proposed criteria were dismissed, because they were considered by
customers as not very important.

4.5. Determination of Photovoltaic Panels Criteria Weighting

In the fifth stage, customers determined the weighting of criteria of photovoltaic
panels. For this purpose, the proposed questionnaire was used. The customer designated
weighting by the distribution of 100 points between these criteria: high power—weight of
30 points, high efficiency—weight of 15 points, color—weight of 10 points, long warranty
period—weight of 15 points, ability to change the setting—weight of 10 points, high
temperature and fire resistance—weight of 5 points, availability of various shapes—weight
of 30 points.

Results from fourth and fifth stages are shown in Figure 6.
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4.6. Transformation of Customer Expectations into Technical Requirements

At the sixth stage, customer expectations were transformed into technical requirements
of photovoltaic panels.

As was shown in Step 3.6.1., customer criteria were transformed into technical criteria.
The purpose was to reduce the technical criteria to criteria important for the customer.
Hence, the correlation matrix was developed. In this matrix, correlations (X) or lack of
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correlations (0) between customer criteria and technical criteria were determined by the
expert. Results are presented in Table 2.

Table 2. Correlation matrix between customer criteria and technical criteria of photovoltaic panels.

Technical Criteria/Customer
Criteria
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Rated power (Wp) X 0 0 0 0 0 0
Short-circuit current (A) X 0 X 0 X X 0
Maximum current (A) X X 0 0 0 0 0

Idle voltage (V) 0 X 0 0 X X 0
Maximum voltage (V) X X X 0 0 0 0

Efficiency (%) X X X 0 X X 0
Maximum system voltage (VDC) X X 0 X 0 0 X

Temperature coefficient of
intensity (%/◦C) 0 0 X 0 X X 0

Temperature coefficient of
voltage (%/◦C) 0 0 X 0 X X 0

Temperature power factor
(%/◦C) X 0 X 0 X X 0

Length (mm) X X 0 0 0 0 0
Width (mm) X X 0 0 0 0 0

Thickness (mm) X X 0 0 0 0 0
Weight (kg) 0 0 0 0 0 0 0

Windshield (mm) 0 0 X 0 X X X
Frame 0 0 0 0 0 0 0

Type of cells X X X 0 X X 0
Number of cells X 0 0 0 0 0 0

Kind of cells X X X 0 X X 0
Kinematics 0 X X X 0 0 0

Color 0 0 0 0 0 0 X
Warranty period 0 0 X 0 0 0 0

It was shown that a lack of correlation between customer criteria and technical criteria
of photovoltaic panels for frame and weight. Therefore, these criteria were dismissed in
further analysis. Other technical criteria (i.e., 20 criteria) were considered adequate to
verify because were associated with customer criteria. As shown in Step 3.6.2., weighting
of customer criteria were transformed into weights of technical criteria of photovoltaic
panels. The Formula (1) was used for this. The result was shown in Table 3.
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Table 3. Weights of criteria of photovoltaic panels determined by customer.

Weight/Customer Criteria
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Weight determined in points ( pi) 30 25 15 19 5 5 10
Weight determined in decimal

form (wc
i ) 0.3 0.25 0.15 0.19 0.05 0.05 0.1

Then, the weight
(
wc

i
)

was noted for correlated technical criteria with customer criteria.
Weights of each technical criterion were estimated as arithmetic average with weights of
customer criteria

(
wt

i
)
. The Formula (2) was used for that. The sum of all criteria weights

was greater than 1. Therefore, according to Formula (3), the technical criteria weights were
normalized. The result is shown in Table 4.

Table 4. Normalized weights of technical criteria of photovoltaic panels.

Technical
Criteria/Customer

Criteria
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Rated power (Wp) 0.3 0 0 0 0 0 0 0.30 0.08
Short-circuit current (A) 0.3 0 0.15 0 0.05 0.05 0 0.14 0.04
Maximum current (A) 0.3 0.25 0 0 0 0 0 0.18 0.05

Idle voltage (V) 0 0.25 0 0 0.05 0.05 0 0.12 0.03
Maximum voltage (V) 0.3 0.25 0.15 0 0 0 0 0.23 0.06

Efficiency (%) 0.3 0.25 0.15 0 0.05 0.05 0 0.16 0.04
Maximum system voltage

(VDC) 0.3 0.25 0 0.19 0 0 0.1 0.21 0.06

Temperature coefficient of
intensity (%/◦C) 0 0 0.15 0 0.05 0.05 0 0.08 0.02

Temperature coefficient of
voltage (%/◦C) 0 0 0.15 0 0.05 0.05 0 0.08 0.02

Temperature power factor
(%/◦C) 0.3 0 0.15 0 0.05 0.05 0 0.14 0.04

Length (mm) 0.3 0.25 0 0 0 0 0 0.28 0.08
Width (mm) 0.3 0.25 0 0 0 0 0 0.28 0.08

Thickness (mm) 0.3 0.25 0 0 0 0 0 0.28 0.08
Windshield (mm) 0 0 0.15 0 0.05 0.05 0.1 0.09 0.02

Type of cells 0.3 0.25 0.15 0 0.05 0.05 0 0.16 0.04
Number of cells 0.3 0 0 0 0 0 0 0.30 0.08

Kind of cells 0.3 0.25 0.15 0 0.05 0.05 0 0.16 0.04
Kinematics 0 0.25 0.15 0.19 0 0 0 0.20 0.05

Color 0 0 0 0 0 0 0.1 0.10 0.03
Warranty period 0 0 0.15 0 0 0 0 0.15 0.04
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The normalized weights of technical criteria (wn
i ) of photovoltaic panels were consid-

ered in the future stage of analysis (i.e., during calculating the quality level of
photovoltaic panels).

4.7. Assessment of Quality of Photovoltaic Panels Criteria

According to seventh stage of the model, the quality of technical criteria was estimated.
As shown in Step 3.7.1. of the model, all photovoltaic panels were characterized relative to
technical criteria. The specification of selected photovoltaic panels was used for that. The
result is shown in Table 5.

Table 5. Parameters of photovoltaic panels for expected technical criteria.

Technical Criterion P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Rated power (Wp) 325 400 385 181 315 340 370 470 345 365
Short-circuit current (A) 9.99 10.31 11.53 7.06 9.94 11.62 11.41 11.53 10.54 11.43
Maximum current (A) 9.57 9.81 10.99 6.59 7.50 10.83 10.89 11.01 9.86 10.68

Idle voltage (V) 40.99 48.75 39.38 35 40.6 38.1 41.21 50.31 39.09 38.0
Maximum voltage (V) 33.97 40.83 32.96 27.5 33.7 31.4 33.98 42.69 32.61 34.2

Efficiency (%) 19.43 19.77 20.7 20.0 19.0 19.4 19.8 21.2 20.5 19.5
Maximum system voltage

(VDC) 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

Temperature coefficient of
intensity (%/◦C) 0.045 0.045 0.044 0.042 0.057 0.057 0.044 0.044 0.044 0.048

Temperature coefficient of
voltage (%/◦C) −0.276 −0.276 −0.272 −0.323 −0.286 −0.286 −0.272 −0.272 −0.272 −0.270

Temperature power factor
(%/◦C) −0.360 −0.360 −0.350 −0.460 −0.370 −0.370 −0.354 −0.350 −0.350 −0.350

Length (mm) 1665 1990 1769 1667 1672 1762 1774 2122 1689 1776
Width (mm) 1005 1005 1052 994 991 994 1052 1053 996 1052

Thickness (mm) 40 40 35 45 35 35 36 36 35 40
Windshield (mm) 3.2 3.2 3.1 2.9 2.8 3.2 2.0 2.3 2.1 2.2

Type of cells Mono Mono Mono Mono Mono Mono Mono Mono Mono Mono
Number of cells 66 72 120 60 120 120 120 144 120 120

Kind of cells A A A A A A A A A A
Kinematics Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Color Black White Black Black Black White Silver Silver Black Black
Warranty period 12 12 12 12 12 12 12 12 12 12

As assumed in Step 3.7.2. of the model, the quality of the technical criteria of pho-
tovoltaic panels was estimated. It was based on Table 4. The same parameter values
characterized the criteria, i.e., maximum system voltage, type of cells, kind of cells, kine-
matics and warranty period. Therefore, these criteria were not included in the next analysis,
i.e., there is no justification for comparing these criteria with each other. The matrix M2 was
done, in which a team of experts assessed the quality of other criteria of photovoltaic panels
(i.e., 15 criteria). This assessment was done on the Likert scale and was on a comparison
of criteria of the same kind. Additionally, assessment of color criterion resulted from
preference customer, where the most favorable color was black. The result is shown in
Table 6.
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Table 6. Assessment of quality of photovoltaic panels technical criteria in Likert scale.

Technical Criteria P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Rated power (Wp) 4 2 3 5 4 4 3 1 4 3
Short-circuit current (A) 4 3 2 5 4 2 2 2 3 2
Maximum current (A) 3 3 4 2 2 4 4 5 3 4

Idle voltage (V) 4 5 3 1 4 2 4 5 3 2
Maximum voltage (V) 4 5 4 3 4 4 4 5 4 4

Efficiency (%) 5 4 2 3 5 5 4 3 2 5
Temperature coefficient of

intensity (%/◦C) 3 3 4 5 1 1 4 4 4 2

Temperature coefficient of
voltage (%/◦C) 4 4 5 2 3 3 5 5 5 5

Temperature power factor
(%/◦C) 4 4 5 2 3 3 5 5 5 5

Length (mm) 5 2 3 5 4 3 3 1 4 3
Width (mm) 4 4 3 5 5 5 3 2 5 3

Thickness (mm) 3 3 5 2 5 5 4 4 5 3
Windshield (mm) 2 2 2 3 3 2 5 4 5 4
Number of cells 4 4 3 5 3 3 3 2 3 3

Color 5 1 5 5 5 4 4 4 5 5

According to Step 3.7.3., the normalization process was realized, i.e., unify values of
photovoltaic panels criteria to their effective comparison. The MUZ method was used for
that. The expert determined categories as destimulants and simulants, where the higher the
destimulant value, the better the quality of photovoltaic panel criterion, while the higher
the stimulant value, the worse the quality of photovoltaic panel criterion. The result is
presented in Table 7.

Table 7. Normalized quality of photovoltaic panels criteria.

Technical Criteria
and Kind of Criterion

(D-destimulant, S-simulant)
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Rated power (Wp) S 0.75 0.25 0.50 1.00 0.75 0.75 0.50 0.00 0.75 0.50
Short-circuit current (A) S 0.67 0.33 0.00 1.00 0.67 0.00 0.00 0.00 0.33 0.00
Maximum current (A) D 0.67 0.67 0.33 1.00 1.00 0.33 0.33 0.00 0.67 0.33

Idle voltage (V) D 0.25 0.00 0.50 1.00 0.25 0.75 0.25 0.00 0.50 0.75
Maximum voltage (V) D 0.50 0.00 0.50 1.00 0.50 0.50 0.50 0.00 0.50 0.50

Efficiency (%) S 1.00 0.67 0.00 0.33 1.00 1.00 0.67 0.33 0.00 1.00
Temperature coefficient of

intensity (%/◦C) S 0.50 0.50 0.75 1.00 0.00 0.00 0.75 0.75 0.75 0.25

Temperature coefficient of
voltage (%/◦C) S 0.67 0.67 1.00 0.00 0.33 0.33 1.00 1.00 1.00 1.00

Temperature power factor
(%/◦C) S 0.67 0.67 1.00 0.00 0.33 0.33 1.00 1.00 1.00 1.00

Length (mm) S 1.00 0.25 0.50 1.00 0.75 0.50 0.50 0.00 0.75 0.50
Width (mm) S 0.67 0.67 0.33 1.00 1.00 1.00 0.33 0.00 1.00 0.33

Thickness (mm) S 0.33 0.33 1.00 0.00 1.00 1.00 0.67 0.67 1.00 0.33
Windshield (mm) S 0.00 0.00 0.00 0.33 0.33 0.00 1.00 0.67 1.00 0.67
Number of cells S 0.67 0.67 0.33 1.00 0.33 0.33 0.33 0.00 0.33 0.33

Color D 0.50 0.00 0.50 1.00 0.50 0.50 0.50 0.00 0.50 0.50

Normalized values of quality of technical criteria were in range <0; 1>. Therefore, the
process of normalized was carried out correctly.

4.8. Calculation Quality Level of Photovoltaic Panels

In the eighth stage of the model, the quality level of photovoltaic panels was calculated.
For this purpose, the weighted sum model (WSM) was used. The normalized values of
technical criteria quality (from Stage 4.7.) and weights of technical criteria (from Stage 4.6.)
were used to estimate the quality of photovoltaic panels. The result is presented in Table 8.
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Table 8. Weights of criteria and normalized values of photovoltaic panels quality.

Technical Criteria wn P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Rated power (Wp) 0.08 0.75 0.25 0.50 1.00 0.75 0.75 0.50 0.00 0.75 0.50
Short-circuit current (A) 0.04 0.67 0.33 0.00 1.00 0.67 0.00 0.00 0.00 0.33 0.00
Maximum current (A) 0.05 0.67 0.67 0.33 1.00 1.00 0.33 0.33 0.00 0.67 0.33

Idle voltage (V) 0.03 0.25 0.00 0.50 1.00 0.25 0.75 0.25 0.00 0.50 0.75
Maximum voltage (V) 0.06 0.50 0.00 0.50 1.00 0.50 0.50 0.50 0.00 0.50 0.50

Efficiency (%) 0.04 1.00 0.67 0.00 0.33 1.00 1.00 0.67 0.33 0.00 1.00
Temperature coefficient of

intensity (%/◦C) 0.02 0.50 0.50 0.75 1.00 0.00 0.00 0.75 0.75 0.75 0.25

Temperature coefficient of
voltage (%/◦C) 0.02 0.67 0.67 1.00 0.00 0.33 0.33 1.00 1.00 1.00 1.00

Temperature power factor
(%/◦C) 0.04 0.67 0.67 1.00 0.00 0.33 0.33 1.00 1.00 1.00 1.00

Length (mm) 0.08 1.00 0.25 0.50 1.00 0.75 0.50 0.50 0.00 0.75 0.50
Width (mm) 0.08 0.67 0.67 0.33 1.00 1.00 1.00 0.33 0.00 1.00 0.33

Thickness (mm) 0.08 0.33 0.33 1.00 0.00 1.00 1.00 0.67 0.67 1.00 0.33
Windshield (mm) 0.02 0.00 0.00 0.00 0.33 0.33 0.00 1.00 0.67 1.00 0.67
Number of cells 0.08 0.67 0.67 0.33 1.00 0.33 0.33 0.33 0.00 0.33 0.33

Color 0.03 0.50 0.00 0.50 1.00 0.50 0.50 0.50 0.00 0.50 0.50

The quality of photovoltaic panels was calculated based on Table 7. The Formula (15)
was used for that. The result is shown in Table 9.

Table 9. Quality of photovoltaic panels.

Technical Criteria P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Rated power (Wp) 0.06 0.02 0.04 0.08 0.06 0.06 0.04 0.00 0.06 0.04
Short-circuit current (A) 0.03 0.01 0.00 0.04 0.03 0.00 0.00 0.00 0.01 0.00
Maximum current (A) 0.03 0.03 0.02 0.05 0.05 0.02 0.02 0.00 0.03 0.02

Idle voltage (V) 0.01 0.00 0.02 0.03 0.01 0.02 0.01 0.00 0.02 0.02
Maximum voltage (V) 0.03 0.00 0.03 0.06 0.03 0.03 0.03 0.00 0.03 0.03

Efficiency (%) 0.04 0.03 0.00 0.01 0.04 0.04 0.03 0.01 0.00 0.04
Temperature coefficient of

intensity (%/◦C) 0.01 0.01 0.02 0.02 0.00 0.00 0.02 0.02 0.02 0.01

Temperature coefficient of
voltage (%/◦C) 0.02 0.02 0.02 0.00 0.01 0.01 0.02 0.02 0.02 0.02

Temperature power factor
(%/◦C) 0.03 0.03 0.04 0.00 0.01 0.01 0.04 0.04 0.04 0.04

Length (mm) 0.08 0.02 0.04 0.08 0.06 0.04 0.04 0.00 0.06 0.04
Width (mm) 0.05 0.05 0.03 0.08 0.08 0.08 0.03 0.00 0.08 0.03

Thickness (mm) 0.03 0.03 0.08 0.00 0.08 0.08 0.05 0.05 0.08 0.03
Windshield (mm) 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.02 0.02 0.02
Number of cells 0.06 0.06 0.03 0.08 0.03 0.03 0.03 0.00 0.03 0.03

Color 0.01 0.00 0.01 0.03 0.01 0.01 0.01 0.00 0.01 0.01
qi 0.48 0.30 0.37 0.58 0.50 0.43 0.39 0.16 0.51 0.37

Ranking 4 8 7 1 3 5 6 9 2 7

Based on values of photovoltaic panels’ quality level (qi) was created ranking. The
result is shown in Figure 7.
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It was demonstrated, that the photovoltaic panel marked P4 has the highest quality
level (0.58) and is the most favorable for customer during quality. Other photovoltaic
criteria were characterized by relatively lower quality levels. As part to determine a
qualitative-cost index was carried out next stage of the model.

4.9. Calculation of Qualitative-Cost Indicator of Photovoltaic Panels

In stage ninth of the model, the qualitative-cost indicator of photovoltaic panels was
calculated. The AKJ method was used for that.

According to Step 3.9.1., it was considered that quality of photovoltaic panels are
determined by values (qi). According to Step 3.9.2., the approximate purchase cost of a
single photovoltaic panel was determined. Then, steps of the model from 3.9.3. to 3.9.10.
were carried out. The results are shown in Table 10 and Figure 8.

Table 10. Qualitative-cost analysis for photovoltaic panels.

AKJ P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

qi 0.48 0.30 0.37 0.58 0.50 0.43 0.39 0.16 0.51 0.37
qi (%) 47.83 29.87 36.52 57.58 50.08 43.08 38.55 15.96 50.91 37.14
Ki (€) 120.34 124.72 143.19 118.16 135.66 140.04 160.39 161.92 124.06 131.29

cki 2.52 4.18 3.92 2.05 2.71 3.25 4.16 10.15 2.44 3.53
ki 0.95 0.85 0.43 1.00 0.60 0.50 0.03 0.00 0.87 0.70
Ei 1.99 2.85 1.17 1.74 1.20 1.16 0.09 0.00 1.70 1.88
di 0.75 0.82 0.57 0.71 0.58 0.57 0.05 0.00 0.71 0.73
ci 0.94 0.74 0.77 1.00 0.92 0.85 0.74 0.00 0.95 0.82
Rti 0.64 0.53 0.48 0.70 0.59 0.53 0.32 0.09 0.64 0.55
Rei 0.89 0.78 0.53 0.93 0.68 0.60 0.25 0.01 0.84 0.71
Rdi 0.77 0.66 0.51 0.82 0.63 0.56 0.28 0.05 0.74 0.63

Ranking 2 4 7 1 5 6 8 9 3 5
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After simultaneously considering the quality and cost of photovoltaic panels, it was
considered that panel P2 (Rd = 0.82) was still the most favorable for the customer. This panel
has the highest quality level and relatively the lowest cost of purchase. Subsequently, the
qualitative-cost indicators were classified and a photovoltaic panel satisfying the customer
was selected.

4.10. Classification and Choice of Photovoltaic Panel

In the tenth stage of the model, photovoltaic panels were classified and the most
favorable photovoltaic panel was selected. It consisted of clustering the decision settlement
index (Rd) according to relative states scale. The result is shown in Table 11.

Table 11. Customer satisfaction from qualitative-cost indicator of photovoltaic panels.

Product Rd Ranking Decision

P1 0.77 2 beneficial
P2 0.66 4 satisfactory
P3 0.51 7 moderate
P4 0.82 1 distinctive
P5 0.63 5 satisfactory
P6 0.56 6 moderate
P7 0.28 8 unfavourable
P8 0.05 9 bad
P9 0.74 3 beneficial
P10 0.63 5 satisfactory

It was demonstrated, that the choice of photovoltaic panel P4 is a distinctive decision.
This panel has the highest indicator Rd (0.82), which, in this case, is the highest quality
level and the lowest cost of purchase. Therefore, finally, we demonstrated that the choice of
photovoltaic panel P4 is the most preferred for this customer. In this case, it was turned out
that not always the highest cost of purchase is equal to the highest quality level. This proves
the suitability and effectiveness of the proposed model to precise choice of photovoltaic
panel expected by customer.
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5. Discussion

Meeting customer expectations is the basic activity of successful organizations [68–70].
In the era of increased demand for the implementation of renewable energy sources
(RES) [2,4,10], it is effective to install and develop photovoltaic panels. It resulted from the
perspective of the use of these products as a key tool to reduce negative climate changes
and produce electrical energy [10,13–16]. The most popular are the photovoltaic panels
installed in households [9,10], whose assembly for individual customers develops faster
than other RES [16,24]. However, customers chose photovoltaic panels that supports the
criteria expected by customers [28,30,31]. Therefore, the purpose was to propose a model
of choice photovoltaic panels considering customers’ expectations. The test of the model
was carried out for key Polish producers of photovoltaic panels. As a result, a photovoltaic
panel was selected that met the customer’s expectations, both in terms of quality and cost.

Testing of the proposed model, the difference between rankings of the photovoltaic
panel for quality level (q) and qualitative-cost indicator were verified (Rd). The summary
of these rankings is presented in Table 12.

Table 12. Comparison of rankings of quality level and qualitative-cost indicator for photovoltaic panels.

Quality Level Qualitative-Cost Indicator

Product K (€) q Ranking Product K (€) Rd Ranking

P4 118.16 0.58 1 P4 118.16 0.82 1
P9 124.06 0.51 2 P1 120.34 0.77 2
P5 135.66 0.50 3 P9 124.06 0.74 3
P1 120.34 0.48 4 P2 124.72 0.66 4
P6 140.04 0.43 5 P5 135.66 0.63 5
P7 160.39 0.39 6 P10 131.29 0.63 5
P3 143.19 0.37 6 P6 140.04 0.56 6
P10 131.29 0.37 7 P3 143.19 0.51 7
P2 124.72 0.30 8 P7 160.39 0.28 8
P8 161.92 0.16 9 P8 161.92 0.05 9

Under the accepted conditions, it was concluded that considering the cost of purchase
of photovoltaic panels has an impact on the satisfied customer from photovoltaic panels.
For assessments of this customer, we simultaneously considered that the quality and cost
allowed to increase their satisfaction for the panels, i.e., P1 (from 4 to 2), P10 (from 7 to 5),
P2 (from 8 to 4). On the other hand, a decrease in customer satisfaction was observed for
the panels, i.e., P9 (from 2 to 3), P5 (from 3 to 5), P6 (from 5 to 6), P3 (from 6 to 7), P7 (from
6 to 8). Only for photovoltaic panels P4 and P8, no difference was observed, i.e., P4 (first
position in both rankings—the highest quality level and the lowest cost), and P8 (ninth
position in both rankings—the worst quality level and the highest cost). In the adopted
assumptions, the increase in customer satisfaction resulted from a relatively high level of
quality and low purchase cost of photovoltaic panels. On the other hand, a decrease in
customer satisfaction was observed for relatively low levels of quality and higher purchase
costs of photovoltaic panels. In the analyzed case, it was turned out that not always the
highest quality is equal to the highest cost of purchase. However, the obtained ranking
relies on individual adopted assumptions, therefore it will be different due to change
expectations of customer.

Then, the sensitivity analysis was done. The purpose was to verify (post-factum) the
influence of elements included in the model on the final choice of a photovoltaic panel. A
sensitivity analysis was carried out in program STATISTICA 13.3. For this purpose, the
neuron network model was created. The input variables (explanatory) were selected, i.e.,
normalized values of photovoltaic criteria quality (xij), quality level of photovoltaic panel
(qi), and the cost of purchase of photovoltaic panel (Ki). The output variable (explained) was
a qualitative-cost indicator (the decision settlement index, Rd), based on which classified
and choice photovoltaic panel expected by customer. The input and output variables
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were quantitative variables. A simplified scheme of input variables processed into output
variables by the neural network is presented in Figure 9.
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The model was carried out as part of multiple sampling, using a random sampling
method. In order to increase the network’s ability to data generalization, according to the
authors of articles [4,71], it was assumed: training sample (70%), test sample (15%), and
validation sample (15%), number of samples equal to 2, and the initial generator value was
1000. The selection of the final neural network was based on multiple tests of differing
models, for example, the number of neurons in the hidden layer or the type of activation
function. Finally, the network type of multilayer perceptron (MPL) was selected [71]. It was
the network of MPL 17-15-1 characterized by 17 input neurons, 15 hidden layer neurons,
and 1 output neuron. Information about the selected neural network is shown in Table 13.

Table 13. Information about the neural network to sensitivity analysis of the proposed model.

Neural Network MLP 17-15-1

Quality (learning) 0.973
Quality (testing) 0.000

Quality (validation) 0.000
Error (learning) 0.002
Error (testing) 0.000

Error (validation) 0.001
Learning algorithm BFGS 8

Error function SOS
Activation (hidden) Linear
Activation (output) Exponential

Results from applying created neural network to global sensitivity analysis are shown
in Table 14.

In the assumed conditions for testing the model, sensitivity analysis demonstrates
that photovoltaic panels criteria were selected in the correct way (values above 1 or near
1). In this case, these criteria had an important impact on choice of a photovoltaic panel.
In an assumed assessment of quality and costs, the greatest impact on the final choice of
photovoltaic panel was the cost of its purchase (4.880). The least significant impact was the
efficiency criterion (0.989). The carried out sensitivity analysis demonstrates that research
was correctly realized. It has been shown that the customer’s preferred photovoltaic panel
has been properly identified. At the same time, the correctness of the adopted hypotheses
was confirmed.

It was shown that it is possible to determine qualitative-cost indicator of photovoltaic
panels with simultaneously considering customer’ criteria and technical criteria, weights of
criteria (importance of these criteria for customer), and actual cost of purchase photovoltaic
panels. Additionally, it was concluded that, based on qualitative-cost indicator it is possible
to classify customer satisfaction, and, thus, select the photovoltaic panel closest to the
customer’s expectations.
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Table 14. Results of global sensitivity analysis from neural network MLP 17-15-1.

Variable of Neural Network Result

Rated power (Wp) 1.412
Short-circuit current (A) 1.328
Maximum current (A) 1.422

Idle voltage (V) 1.111
Maximum voltage (V) 1.015

Efficiency (%) 0.989
Temperature coefficient of intensity (%/◦C) 2.507
Temperature coefficient of voltage (%/◦C) 1.270

Temperature power factor (%/◦C) 1.319
Length (mm) 1.300
Width (mm) 1.873

Thickness (mm) 1.340
Windshield (mm) 1.059
Number of cells 1.292

Color 1.006
Cost of purchase of photovoltaic panels

Quality of photovoltaic panels
4.880
1.244

The main advantages of the proposed model:

• The precise choice of photovoltaic panel considering customer expectations;
• The possibility of choice of the photovoltaic panel, simultaneously taking into account

quality of photovoltaic panel and cost of purchase;
• The predicting customer satisfaction from qualitative-cost indicator of photovoltaic

panel;
• The possibility estimate product quality level for photovoltaic panel criteria which are

important for customer;
• The systematic reduction in multiple technical criteria for photovoltaic panels to

criteria which are important and expected for customer;
• Additionally, the proposed model has business benefits, i.e.:
• A low-cost instrument to support the entity (bidder, broker, expert) to choose a

photovoltaic panel with criteria expected by the customer;
• Supporting customers in determining their requirements and expectations about

photovoltaic panel;
• The possibility to verify a photovoltaic panel and its criteria;
• The increase in customer satisfaction with the products offered;
• Obtaining information about customer requirements to predict the expected photo-

voltaic panels.

The disadvantage of the proposed model is that there is no possibility for general-
ization of the selection of photovoltaic panels for many customers. It results from the
character of the proposed model, where the choice of photovoltaic panel is closely related
to individual customer expectations. Additionally, the proposed model is not resistant to
changing customer requirements in the future. Another disadvantage of the model is the
fact that obtained rankings of choice photovoltaic panels rely on customer preference and
types of analyzed photovoltaic panels.

As part of future research, we have planned to implement the model in software and
an extension of the model with other criteria, e.g., environmental criteria. Additionally,
future research will be concentrated on the implementation of the algorithm to predict
customer expectations.

6. Conclusions

Negative climate changes generate a need to making effective actions. In this area,
a beneficial instrument are renewable energy sources (RES). In the last decade, there has
been a significant development of the perspective around solar energy, mainly photovoltaic
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energy. In view of a need for the adaptability of photovoltaic panels to changing customer
expectations, a model which supported the choice of photovoltaic panel which considered
customer expectations was developed.

Therefore, the purpose was to propose a model of choice photovoltaic panels which
considered customers’ expectations. The model helps to determine which photovoltaic
panel will be the most satisfactory for customer, both in terms of its quality level and
purchase cost. An idea of the model relies on an estimation of the quality of photovoltaic
panels by connecting customer criteria with technical criteria, while simultaneously in-
cluding weighting (importance) of these criteria. The combined methods were used for
that, i.e., zero-unitarization method (MUZ) and weighted sum model (WSM). Then, the
quality of photovoltaic panels was connected with the actual cost of their purchase. The
AKJ method (qualitative-cost analysis) was used for this. Additionally, by implemented in
model the relative state scale, it is possible to classification customer satisfaction and choice
of photovoltaic panel expected by customer. Based on the qualitative-cost indicator, it was
possible to propose the photovoltaic panel that was the most favorable for the customer.

A test of the model was carried out for ten photovoltaic panels of key Polish produc-
ers. The verification was carried out for 22 key technical criteria of photovoltaic panels,
i.e., rated power (Wp), short-circuit current (A), maximum current (A), idle voltage (V),
maximum voltage (V), efficiency (%), maximum system voltage (VDC), warranty period
(years), temperature coefficient of intensity (%/◦C), temperature coefficient of voltage
(%/◦C), temperature power factor (%/◦C), length (mm), width (mm), thickness (mm),
weight (kg), windshield (mm), frame, type of cells, number of cells, kind of cells, and
kinematics. For the testing of the model, an adequate questionnaire was to obtain cus-
tomer expectations. The customer pointed to six expected criteria of photovoltaic panels
and determined their weighting (importance). For this purpose, customers designated
weighting by distribution of 100 points between these criteria, i.e., high power—weighting
of 30 points, high efficiency—weighting of 15 points, color—weighting of 10 points, long
warranty period—weighting of 15 points, ability to change the setting—weighting of 10
points, high temperature and fire resistance—weighting of 5 points, availability of various
shapes—weighting of 30 points. Customer criteria were combined with technical criteria
of photovoltaic panels. It was shown a lack of correlation between customer criteria and
technical criteria of photovoltaic panels for frame and weighting. Therefore, these criteria
were dismissed in further analysis. Other technical criteria (i.e., 20 criteria) were considered
adequate to verify because they were associated with customer criteria. Then, the quality
of photovoltaic panels criteria were assessed. The same parameter values characterized
the criteria, i.e., maximum system voltage, type of cells, kind of cells, kinematics, and
warranty period. Therefore, these criteria were not included in the next analysis, i.e.,
there is no justification for comparing these criteria with each other. Hence, the quality of
photovoltaic panels was estimated for fifteen criteria. This quality included the weighting
(importance) of criteria that were determined by the customer. The combined methods
were used for that, i.e., zero-unitarization method (MUZ) and weighted sum model (WSM).
It was demonstrated that the photovoltaic panel marked P4 has the highest quality level
(0.58) and is the most favorable for customer during quality. Other photovoltaic criteria
were characterized by relatively lower quality levels. Then, the quality of photovoltaic
panels was compared with the cost of its purchase. The AKJ method (qualitative-cost
analysis) was used for this. After classification (i.e., clustering the decision settlement
index (Rd) according to relative states scale) of the customer satisfaction, it was concluded
that the most favorable photovoltaic panel is P4. This panel was characterized by the
highest quality level and the lowest cost of purchase (Rd = 0.82). It consisted of clustering
the decision settlement index (Rd) according to relative states scale. However, the results
will be different in terms of customer preference, types of photovoltaic panels, or selected
criteria and their weighting. After sensitivity analysis, it was shown that the proposed
model is effective and allows to choose photovoltaic panels based upon a consideration of
customer expectations.
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The proposed model can be used by any entity (bidder, broker, expert) to choose
the photovoltaic panel expected by customer. Additionally, the model can be an effective
tool supporting the dynamic development of photovoltaic panels. The use of the model
can help the customer to define his preferences, and, thus, contribute to the increase in
customer satisfaction with photovoltaic panels. The computerization of calculations may
contribute to its utilitarian dissemination.
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7. Węgierek, P.; Pastuszak, J.; Dziadosz, K.; Turek, M. Influence of Substrate Type and Dose of Implanted Ions on the Electrical

Parameters of Silicon in Terms of Improving the Efficiency of Photovoltaic Cells. Energies 2020, 13, 6708. [CrossRef]
8. Liczmańska-Kopcewicz, K.; Pypłacz, P.; Wiśniewska, A. Resonance of Investments in Renewable Energy Sources in Industrial

Enterprises in the Food Industry. Energies 2020, 13, 4285. [CrossRef]
9. Kumar, M. Social, Economic, and Environmental Impacts of Renewable Energy Resources. In Wind Solar Hybrid Renewable Energy

System; IntechOpen Limited: London, UK, 2020; pp. 1–11. [CrossRef]
10. Jie, Y.; Ji, X.; Yue, A.; Chen, J.; Deng, Y.; Chen, J.; Zhang, Y. Combined Multi-Layer Feature Fusion and Edge Detection Method for

Distributed Photovoltaic Power Station Identification. Energies 2020, 13, 6742. [CrossRef]
11. Solaun, K.; Cerda, E. Climate change impacts on renewable energy generation. A review of quantitative projections. Renew.

Sustain. Energy Rev. 2019, 116, 109415. [CrossRef]
12. Energy from Renewable Sources in 2019. Available online: https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/

energia/energia-ze-zrodel-odnawialnych-w-2019-roku,3,14.html (accessed on 23 August 2021).
13. Pacana, A.; Siwiec, D. Analysis of the Possibility of Used of the Quality Management Techniques with Non-Destructive Testing.

Tech. Gaz. 2021, 28, 45–51. [CrossRef]
14. International Energy Agency. Renewables 2019. 2019. Available online: https://www.iea.org/reports/renewables-2019 (accessed

on 23 August 2021).
15. Behrouz, B.; Appadoo, S.S.; Thavaneswaran, A.; Hoque, M.E. Modeling of Short-Term Electricity Demand and Comparison of

Machine Learning Approaches for Load Forecasting. In Proceedings of the 2020 IEEE 44th Annual Computers, Software, and
Applications Conference (COMPSAC), Madrid, Spain, 13–17 July 2020; IEEE: Madrid, Spain, 2020; pp. 1302–1307. [CrossRef]
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