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Abstract: The sustainability of products remains a challenge, mainly due to the lack of consistent
approaches for simultaneously taking into account the key criteria of the concept in the process.
This research aims to develop an eco-innovative QLCA method to create new product solutions
that integrate quality (customer satisfaction) and environmental impact assessment throughout
the product life cycle. The QLCA method includes: (i) product prototyping according to quality
and environmental criteria; (ii) prospective assessment of the quality of prototypes, taking into
account customer requirements; (iii) prospective life cycle assessment of product prototypes using
a cradle-to-grave approach in accordance with ISO 14040; and (iv) setting the direction of product
development while taking into account the fulfilment of customer expectations and the need to care
for the environment throughout the product life cycle. Owing to the lack of previous research in
this area, as well as the popularity of photovoltaic (PV) panels in reducing greenhouse gases, an
illustration was obtained and test of the method was carried out on the example of silicon photovoltaic
panel modules (Crystalline Si PV Module). In accordance with the adopted assumptions, the results
of the QLCA method test showed that the modelled PV prototypes will, in most cases, be satisfactory
for customers, but they still require improvement actions to reduce carbon dioxide (CO2) emissions
throughout their life cycle. These activities should be consistent so as to achieve quality that satisfies
customers. The QLCA method can be used by designers, managers, and decision-makers at the early
stages of design, but also during the product maturity phase for its sustainable development.

Keywords: LCA; quality; photovoltaic panels; sustainable development; entropy method;
importance–performance analysis; customer requirement; mechanical engineering; production
engineering

1. Introduction

Activities aimed at achieving the climate goals of the European Union (EU-27) for
2050 [1] mean that heating and cooling technologies, such as photovoltaic (PV) panels, are
becoming increasingly important in reducing negative climatic changes by improving air
quality and reducing carbon dioxide (CO2) emissions [2]. They reduce negative climatic
changes by having beneficial impacts on improving air quality and reducing carbon dioxide
emissions [3]. Despite this, they require the increased use of limited materials, which are
increasingly being considered recyclable [4], but also in the form of obtaining high-quality
materials [5]. Furthermore, global climate change makes it important to switch to more
sustainable electricity production techniques, including ensuring environmental protection
throughout the life cycle (LCA) of green energy generation technologies [6]. Among the
key ones are photovoltaic systems [7]. In a life-cycle context, they enable the use of fewer
resources than conventional electricity sources. However, it is necessary to consider the
environmental impact of these products in terms of their entire life cycle, which can also
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be applied to the acquisition and extraction of materials, the production process, and the
mentioned use and recycling [8].

There have been studies covering the life cycle assessment of photovoltaic panels,
e.g., [9–11]. However, achieving carbon neutrality in the implementation of PV should
not only focus on eliminating the negative impact on the natural environment. It is also
necessary to adapt photovoltaic panels to customer requirements [12]. This means taking
into account the voice of customers (VoC) [13] during the design and improvement process
of these types of products so that they are satisfactory to customers during their use. This
is related to the increased public awareness of environmental protection and customer
needs regarding functionality [14,15]. Examples of PV improvement that take into account
customer requirements are presented in studies of the authors of this article, e.g., [16,17].

The research gap is the lack of a coherent approach and methods supporting the
process of making product development decisions from a qualitative and environmental
perspective in relation to their life cycle (LCA). At the same time, there is a lack of research
that includes the improvement of energy-producing products taking into account their
quality (customer satisfaction with the use of the product) and environmental impact
throughout the life cycle. Including the environmental dimension in the process of de-
signing and improving photovoltaic panels can support the activities of manufacturing
companies towards sustainable development.

Attempting to meet these challenges, this research aims to develop an eco-innovative
QLCA method to create new product solutions that integrate quality (customer satisfaction)
and environmental impact assessment throughout the product life cycle. The method was
developed in a general way so that it could be used for various types of products. However,
an illustration was obtained and a test was carried out for photovoltaic panels, which
have not yet been improved via the qualitative and environmental approach presented.
Therefore, the QLCA method is dedicated to manufacturing companies in the process
of designing innovative products, including when improving products in terms of their
sustainable development. The results of the QLCA method can support decision-making by
designers, managers, and decision-makers regarding the direction of product development
in accordance with the expected level of customer satisfaction and taking into account the
need to protect the environment.

This study was systematised as follows: Section 2. Review of the subject literature
regarding improving the quality of photovoltaic panels and assessing their life cycle;
Section 3. Presentation of the QLCA method, general idea, concept, assumptions, algorithm,
and description of the procedure; Section 4. Illustration and test of the QLCA method for
the example of photovoltaic panels.

2. Literature Review

A literature review was conducted covering the photovoltaic (PV) panels that were
selected for the illustration and testing of the proposed QLCA method. A photovoltaic
panel review was carried out in the field of work on improving the quality of photovoltaic
panels and assessing their life cycle. The works were obtained from the Web of Science
(WoS) database, where the search terms for the works were as follows: “quality”, “life cycle
assessment”, and “photovoltaic panels”. These works were searched for their title, abstract,
and keywords. The time period covered the available time frame in the WoS database, with
the literature review carried out in July 2024. Twenty-four works were identified, which
were subsequently subjected to preliminary verification based on the title and abstract.
Ultimately, 15 works were selected, which, according to the authors, corresponded to the
adopted scope of this research. Therefore, they were further verified using bibliometric
analysis, frequency analysis, keyword analysis, and synthetic content analysis.

Initially, the type of study was analysed. Thirteen scientific articles and two post-
conference studies were selected for analysis. It can be concluded that the area of research
is becoming important from a utilitarian point of view and has found little application
in practice.
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Then, the number of studies published per year was analysed. The purpose of this
analysis was to determine the pace of development of the research area, as shown in
Figure 1.
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It was observed that the first works from the given research period were created
relatively recently, in 2010. In recent years, 2010–2024 (up to July), the number of works has
been relatively small, because one work was published per year, excluding 2020 (3) and
2024 up until July (4). Therefore, it can be concluded that the selected research area that
covered the improvement of photovoltaics in terms of quality and at the same time limiting
their negative impact on the environment in LCA is in the initial development phase. This
research topic is not popular and may have numerous research gaps.

Subsequently, the keywords included in all the analysed studies were verified. There
were 84 total keywords, which were keywords indicated by the authors of these studies.
The keywords most frequently repeated are presented in a word cloud in Figure 2.
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The most frequently repeated words were “LCA” (including life-cycle assessment,
life-cycle assessment) (12 occurrences) and “photovoltaic panel” (including solar panel
(5 occurrences). However, this could have resulted from the given entry when searching
for work for verification. Other keywords often appeared: design, quality, objective
optimisation, or production engineering. Therefore, it was considered that the main
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thematic scopes of the selected works included PV life cycle assessments and were focused
on PV design and quality, or process optimisation in the context of energy and materials.

Later, the citation of selected works was analysed. Citation of the works was verified
on the basis of data from the WoS database, which took into account the number of citations
from all databases. The process of this type of verification was designed to select the work
that had the greatest impact on the analysed research area. Among those analysed, Ref. [18]
had the highest number of citations (113), in which the authors presented the possibilities
of recovering precious and crystalline metals from recycling silicon photovoltaic waste.
The research was focused on the possibilities of the recovery of these materials from the
perspective of the PV life cycle. Various recycling scenarios were applied throughout the life
cycle of these products, including a focus on secondary raw materials. The results presented
in the mentioned study showed that efficient recycling contributes to the production of
high-quality materials, such as silicon, glass, and silver. However, processes aimed at
recycling to produce high-quality materials may have greater negative environmental
impacts, so environmental burdens should be considered, not only for quality-performing
recycled materials, but also for the processes themselves that contribute to producing them.

Subsequently, the works that were relatively frequently cited were studies [19] (36)
and [5] (34). In study [19], an eco-energy analysis of the life cycle of materials and com-
ponents for photovoltaic power plants was carried out. The analysis covered the entire
life cycle of power plants in Poland. The results of the analysis showed that, of all the
elements analysed, the photovoltaic panels in their LCA had one of the highest negative
environmental impacts. This impact mainly concerned photovoltaic materials that were
stored after use, had the highest energy demand, and were characterised by high CO2
emissions. It has been observed that the most harmful materials concern materials such as
silver, nickel, copper, lead, and cadmium. Hence, their recycling is dedicated to eliminating
the negative impact of photovoltaic energy throughout their life cycle.

However, in [5], the so-called digital twin for the silicon PV lifecycle was discussed. It
was a predictive model that analysed in detail the environmental burden of CO2 emissions
when recycling this type of photovoltaic. The results of these studies identify unit processes
that need to be improved across all PV technologies.

The analysis of the most frequently cited works showed that the key studies for the
development of the analysed research area focused on the photovoltaic recycling process,
mainly silicon panels, including the possibility of improving this process to obtain high-
quality materials. Furthermore, these studies included an evaluation of the PV life cycle
in terms of the environmental burden criterion, which is carbon dioxide (CO2). This
underscores the importance of considering both environmental impact and customer
satisfaction in the sustainable development of photovoltaic panels.

The remaining studies selected for analysis were cited less frequently; therefore,
synthetic verification is carried out for them later in this article. The remaining studies
selected for analysis are summarised and presented in Table 1.

Based on the literature review on the design and improvement of photovoltaic panels
in terms of quality and environmental aspects during the life cycle, it was concluded that
the research area:

• Becomes important from a utilitarian point of view and has found little practical
application;

• Is in the initial development phase;
• Is not popular and may have numerous research gaps;
• Covers mainly life cycle assessment, and to a small extent, it covers both quality

improvement and optimisation of production processes in the context of energy and
materials;

• In particular, developed on the basis of research on PV recycling, mainly silicon panels,
including the possibility of improving this process to obtain high-quality materials;

• Most often related to the assessment of the life cycle in terms of the environmental
burden criterion, which is carbon dioxide emissions (CO2).
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Table 1. Synthetic analysis of studies referring to LCA and quality of PV.

Study Short Description of Study Rules, Methods, Tools

[20]

Development of passive solar energy technology integrated with air ventilation
attached to the building, where it was shown that integrating PV with ventilation
was more beneficial than independently functioning PV, and these benefits were

visible in economic aspects and were more environmentally friendly in LCA

CML-2001 method using
Sustainability Tool

[21]

A proposal of a method for examining the impact of gross energy demand load
profiles for autonomous photovoltaic systems was considered, where various

parameters were considered to modify the PV dimensions, showing that minimising
the storage capacity with cyclic changes generated a limitation in PV dimensions,

including affecting the quality of products, costs, and customer satisfaction

NSGA-II genetic algorithm

[8]

Comparison of changes occurring through the use of solar panels in terms of different
prioritisations of the return of environmental costs with traditional consideration of
the intensity of solar lighting, where the analyses covered the entire life cycle and the
payback period of environmental outlays, including the interpretation of differences
in the potential of solar energy, the electric energy basket-tric, and impact categories

Environmental payback
period (EPBP), LCA

[22]

Photovoltaic life cycle analysis based on the category of environmental burden of
greenhouse gas emissions, including photovoltaic optimisation in terms of the

possibility of storing hydrogen in batteries as a more favourable form of energy
storage

Hybrid optimisation model
for electric renewable program

[23]
Model supporting the PV design process at an early stage of development, where

quality criteria (regarding customer satisfaction) and environmental criteria are taken
into account, adequate in their applicability to product life cycle assessment

Criteria from LCA databases,
Weighted Sum Model (WSM)

[24]

Comparison of alternative energy generation solutions, that is, photovoltaic, wind
turbines, fuel cells, and diesel generators, in the context of environmental burdens on
human health and ecosystem quality in LCA, where photovoltaic energy was found

to be more harmful to the environment than other energy generation products

Eco-Indicator 99

[25]
QCE indicator takes into account aspects of quality (customer satisfaction with use),

purchase costs, and environmental impact in the product life cycle, where the
indicator is dedicated to the selection of PV

FAHP (fuzzy analytic
hierarchy process),

cost-effectiveness analysis
(CEA), and LCA

[26]

Assessment of environmental indicators, i.e., cumulative energy demand, global
warming potential, and ecological deficiencies, where this assessment was carried

out in terms of the life cycle according to the “cradle-to-grave” approach, including
various scenarios using prefabricated facade elements and PV

LCA

[27]

Aggregation of unit processes in life cycle assessment carried out in the ecoinvet
database so that it was possible to carry out analyses at the national level, including
regionalising trade and taking into account consumption baskets and product origins

in different regions; the analyses were carried out for PV, and it was shown, for
example, that there were differences in the effects of climate change when the

suppliers of components and energy baskets are from different regions of the country

[28]

Evaluation of environmental costs related to the flow of silicon used in photovoltaic
panels, where, for example, the quality of the wafers was considered, including
energy consumption in the two main countries producing solar panels, i.e., the

United States and China, and the analyses concerned the life cycle of silicon from
production until decommissioning

[29]
Presentation of cases on the need to integrate scales (spatial and temporal) but also
dimensions (social, environmental, and economic) that apply to different scenarios

and thus drive innovation in LCA, where tests were carried out for PV

[4]

Analyses of various solutions regarding the materials used in photovoltaic energy in
terms of their life cycle, thus considering the introduced innovative programmes of

heating and cooling technologies that influence the improvement activities
undertaken within PV
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It was observed that there is a lack of research covering the improvement of energy-
generating products while taking into account their quality (customer satisfaction with the
use of the product) and environmental impact throughout the life cycle. There is a lack of a
coherent approach and methods supporting the process of making development decisions
from a qualitative and environmental perspective in relation to the life cycle; hence, it was
considered a research gap.

Therefore, the QLCA method was developed to predict new product solutions taking
into account their quality (customer satisfaction with use) and environmental impact during
the life cycle. The method was illustrated and tested on the example of photovoltaic panels,
and its general methodology was presented so that it could also be applied to other types
of products as part of their sustainable development.

3. Methodology

The QLCA method was developed to support the sustainable product improvement
process. The method is dedicated to product development, taking into account quality
and environmental aspects, where quality concerns customer satisfaction with the use of
products, while environmental aspects include the product’s impact on the environment
during its life cycle. Hence, Q—product quality, LCA—life cycle assessment in the offered
approach interpreted as an indicator of the environmental burden of the product throughout
its life cycle.

The model presented included the different methodology and validation tools, i.e., sur-
veys, the entropy method, life cycle assessment in OpenLCA 2.0.0 program with Ecoinvent
database, normalisation and aggregation methods, IPA model (importance–performance
analysis), and non-parametric tests to compare two dependent samples (variables) in
Statistica 13.3.

This part of the study presents the ideas, conceptual outline, and characteristics of the
QLCA method.

3.1. General Idea and Concept of QLCA Method

The idea of developing the QLCA method resulted from the need to support the
process of making decisions about the direction of product development in terms of
its sustainable development, where these decisions also include customer satisfaction
and environmental impact in the product life cycle. The QLCA method is intended to
support designers at the product prototyping stage, where various production alternatives
(prototypes) are considered.

The concept of the method refers to the creation of prototypes based on a reference
product (current, on sale), which will be improved in the future, both in terms of quality
(customer satisfaction) and environmental impact in LCA [30]. Product prototypes are
characterised according to the main quality criteria, that is, those that have the greatest
impact on customer satisfaction with the use of the product [31]. The customer evaluates
product quality criteria in terms of importance, but they are also assessed in terms of the
state of parameters characterising the product and its prototypes [32,33]. On the basis of
the weight assessments and criteria quality assessments, the quality index of the reference
product and its prototypes is determined. The quality index (Q) is determined using the
entropy method [34].

Then, a life cycle assessment of the reference product is performed, as a well as model
of inventory data for a prospective life cycle assessment of prototypes [35,36]. Life cycle
assessment is carried out for one environmental load criterion, and the methodology is
consistent with the ISO 14040 standard [37]. The dedicated approach is “from the cradle to
the grave”, that is, taking into account the phases of material extraction and processing,
production, use, and end of life [38]. In this way, the life cycle environmental index (LCA)
is obtained.

The developed quality and environmental indicators are aggregated into one QLCA
decision-making indicator, and its interpretation is carried out according to the pro-
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environmental approach of the IPA model (importance–performance analysis) [39]. Based
on the QLCA indicator, it is possible to determine the direction of product development in
terms of its sustainable development.

3.2. Assumptions of QLCA Method

In accordance with the review of the literature on the subject and previous research
by the authors of this article, e.g., [19,23,40], assumptions for the QLCA model were made.
They are as follows:

• The product to be tested is optional and its selection results from the needs of the
entity using the proposed method [41];

• The current product (on sale) is the so-called reference product and its alternative
production solutions are prototypes [42];

• The total number of the product and its prototypes should be greater than five in
accordance with the principles of decision support [43];

• The quality of the product and its prototypes refers to customer satisfaction with use
and is calculated based on the current and modified states of the product’s quality
criteria, including customer requirements regarding the validity of these criteria in the
product [44];

• The number of quality criteria results from the complexity of the product and usually
ranges from 10 to 15 main criteria (having a significant impact on customer satisfaction
with use) [45];

• The environmental impact of the product and its prototypes is the environmental
impact calculated according to the criterion of environmental load in the life cycle of the
reference product, including the modelled environmental load of its prototypes [46].

Detailed assumptions for the QLCA method are presented in individual stages of the
method, as presented later in this article.

3.3. Algorithm and Description of QLCA Method

The QLCA method was developed in four main stages, i.e., (1) product selection
and definition of its prototypes, (2) obtaining customer expectations and estimating the
quality index of the product and its prototypes (Q), (3) product life cycle assessment and
prospective assessment of its prototypes (LCA), (4) aggregation of indicators in QLCA and
interpretation of results. The algorithm of the method is presented in Figure 3.

The characteristics of the stages of the QLCA method are presented later in this article.

3.3.1. Stage 1. Product Selection and Definition of Its Prototypes

The test product can be anything. Its choice depends on the nature of the analysis and
the needs of the enterprise, e.g., a product requiring improvement activities, being in the
maturity phase or competitive on the market. This product should be described by the
main criteria that influence customer satisfaction with its use [47]. The selection of criteria
depends on the team of experts and can be carried out as part of team work, including
on the product catalogue. The number of main criteria results from the complexity of the
product, usually ranging from 10 to 15, which results from the decision support principles
presented in [43,45]. The main criteria are characterised by parameters in the current state,
which can be expressed as a value, a range of values, or a description. The parameters
are obtained from the product catalogue. Then, based on the current product (on sale),
prototypes (alternative production solutions) are developed. Prototypes are developed
by an expert team, e.g., including a designer [48]. The proposed approach assumes the
development of more than five prototypes, as confirmed in [43,45]. The prototypes are
created by modifying the state of the current criterion. This modification occurs as a change
in the value of the criterion parameter by an assumed value or a range of values greater
than or less than the current one. The prototypes offered should be presented in a collective
table so that they can be further analysed at subsequent stages of the method.
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3.3.2. Stage 2. Obtaining Customer Expectations and Estimating the Quality Index of the
Product and Its Prototypes (Q)

In order to take into account the voice of customers (VoC) [13], the proposed method
included conducting a survey, questionnaire, or interview [49]. The number of customers
participating in the study can be determined on the basis of dedicated methods, e.g., [50–52],
including the method offered by the authors of this article, i.e., [53]. Obtaining customer
requirements supports the process of sustainable product development, including increas-
ing the likelihood of customer satisfaction with the offered products, which additionally
contributes to the company’s profit and its competitiveness on the market. It is assumed
that customers determine the importance of the product’s main criteria, i.e., the weight of
these criteria. Obtaining this type of information is the first of the key stages in the process
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of planning a queue of improvement activities, where the more important the criterion for
the client, the higher the priority for its improvement. Therefore, the weights of the product
criteria are set on a scale of 0 to 1, where 0—the criterion is not important for the customer,
and 1—the criterion is absolutely the most important for the customer [54]. Customers
evaluate all the main criteria selected in the first stage of the method. If the number of
customers is greater than 1, the arithmetic mean of these weights should be calculated from
the weights obtained from the criteria. The weights of the criteria (w) were used to estimate
the quality index of the product and its prototypes.

The quality index (Q) was calculated according to the multi-criteria decision support
method (MCDM) [55], which is the entropy method [56]. The choice of this method resulted
from the possibility of processing various information and decision-making data according
to the information entropy [34,57]. Entropy is applicable to the analysis of any criteria;
therefore, it was considered appropriate for the proposed method. Within entropy, the
input data are the values of the criteria parameters of the product and its prototypes (from
stage 1), which are subsequently processed to take into account the importance of the
criteria, and then normalised according to Formula (1) [58]:

rij =
wjqij

∑m
i=1 qij

(1)

where: w—weight of criteria, q—quality of criteria states, m—number of alternative design
solutions, and i, j = 1, 2, . . ., n.

The so-called entropy values are as shown in Formula (2) [34,57]:{
ej = −h∑m

i=1 rijln rij, j = 1, 2, . . . , n

h = 1
ln m

(2)

where: m—number of alternative design solutions, r—normalised quality value of the
criterion state, and i, j, = 1,2, . . ., n.

Then, the entropy vector (O) should be calculated, which is normalised as part of a
standardised comparison of the values obtained in further stages of the method. The Q
index is a quality index (3) [56,58]: 

Oj =
1−ej

∑n
j=1(1−ej)

Qj =
Oj−minOj

maxOj−minOj

(3)

where e—entropy value and j = 1, 2, . . ., n.
The values of the Q indicator should be in the range of 0 to 1. According to the Q

values, it is possible to determine the level of customer satisfaction with the quality of
products, where the higher the value of this indicator, the more favourable the product is
for customers in terms of quality.

3.3.3. Stage 3. Product Life Cycle Assessment and Prospective Assessment of Its Prototypes
(LCA)

The concept of the model assumes that the reference product will be evaluated in
terms of its environmental impact during its life cycle (LCA). Life cycle assessment is a
method for analysing the inputs and outputs of environmental loads that occur during the
life of a product and process [38]. It is one of the key methods for assessing environmental
impacts, where the basic assessment approach is “from the cradle to the grave”, that
is, considering the environmental impact in the phase of extraction and processing of
materials, production, use, and end of life (EoL) [59]. The LCA method can be carried out in
accordance with the ISO 14040 standard, including determining the purpose and scope of
the research, inventories, impact assessment, and interpretation [37]. It is assumed that life
cycle assessment is carried out for the reference product and subsequently prospectively for
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its prototypes. The idea of the model includes carrying out a life cycle assessment according
to a selected environmental load criterion that is adequate for the subject of research [60].
LCA can be supported by computer programmes.

As part of a life cycle assessment, it is essential to adopt a functional unit. This unit
allows the data to be standardised so that they are comparable. The unit is a quantitative
description of the product’s function; therefore, it can be used to perform calculations for
various environmental loads [61]. The unit can be any, but should be selected appropriately
based on the subject of research. Additionally, the life cycle assessment method requires
defining the boundaries of the system being examined, i.e., a set of criteria that define
individual processes, but also the inputs, outputs, and environmental loads according to
which the assessment is carried out [62]. As mentioned, in the proposed method, these
boundaries should cover LCA phases from the cradle to the grave and may also focus
on selected phases of the life cycle with a defined geographical area and time period and
inventory data.

Inventory data should be determined for the reference product (current, on sale) [63].
Then, these data should be adequately modelled for the offered product prototypes. This
means estimating the inventory data for prototypes prospectively by an expert [64,65]. In
this way, the so-called production solution scenarios are subject to life cycle assessment [66].
In this simplified way, the values of the environmental load of product prototypes are
predicted, which are marked as EI index values. As part of their standardised analysis
with the quality indicator values, the EI values should be normalised to form a life cycle
environmental burden indicator (LCA), as shown in Formula (4):

LCAj =
maxEIj − EIj

maxEIj − minEIj
(4)

where: EI—value of the environmental burden of the product in its life cycle, and j = 1, 2,
· · · , n.

The higher the value of the LCA indicator, the greater the product environmental
burden in the life cycle or its prototype. Accordingly, a product ranking can be created,
where the lower the value of the LCA indicator, the less likely the prototype will have a
negative impact on the environment during its life cycle.

3.3.4. Stage 4. Aggregation of Indicators in QLCA and Interpretation of Results

The Quality Indicator (Q), relating to customer satisfaction with the use of products,
and the Environmental Indicator (LCA), relating to the environmental burden of products
during their life cycle, are aggregated into a coherent quality and environmental indicator
(QLCA). The purpose of aggregation is to ensure a simultaneous analysis of products and
their prototypes in terms of their quality and environmental impact on the life cycle. This is
possible because both indicators are normalised on a scale of 0 to 1. The aggregation of the
Q indicator with the LCA indicator into one QLCA indicator takes place using the modified
IPA (importance–performance analysis) model [67]. IPA is a simple technique that can be
applied in the analysis of any area, including those related to product development [68]. In
the proposed QLCA method, it is used for simultaneous qualitative and environmental
analysis, as shown in Figure 4.

On the basis of the IPA model, product prototypes that are most satisfactory to cus-
tomers in terms of quality are selected and, at the same time, have the lowest negative
environmental impact on the life cycle. These will be prototypes from the “concentrate
here” area, i.e., with a high quality index and a low environmental index. Next, one should
pay attention to prototypes in the area of “keep up the good work”, which have a high
quality index, but also have a high environmental index, which means that they will be
satisfactory in terms of quality, but have a high environmental burden during their life
cycle. Later, one may also be interested in “low-priority” prototypes because they have a
small, negative environmental impact during their life cycle. However, these prototypes
will not be satisfactory in terms of quality. However, “possible overkill” prototypes should
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be rejected because they will not be suitable for customers in terms of quality and will have
a high environmental impact during the life cycle.
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Product development decisions are made based on the aggregated QLCA indicator of
the IPA area. The final decision on the choice of the prototype in which the product should
be developed depends on the company, and these decisions may result from the company’s
production capabilities or available resources.

4. Results

The QLCA method was illustrated and tested for photovoltaic panels, which are
photovoltaic modules made of crystalline silicon (Crystalline Si PV Module) [70]. The
choice of this research resulted from the relatively low level of research advancement in the
area of simultaneous improvement of PV in terms of quality and environmental protection
during its life cycle so that their sustainable development is possible, as also confirmed
in [28]. Modules of this type are considered the most popular [71] and the most used, which
has been confirmed by the significant increase in their installation over the last decade by
90% (from 104 to 1053 GW) [72]. These types of photovoltaic panels are characterised by a
multi-layer structure, and each layer has its own specific role, e.g., functional and protective,
i.e., frame, front glass, encapsulant, solar cells, encapsulant, backing film, junction box, as
discussed in detail in [71,72].

4.1. Product Selection and Definition of Its Prototypes

The product analysed was the above-mentioned photovoltaic (PV) panels, i.e., pho-
tovoltaic modules made of crystalline silicon (Crystalline Si PV Module). Based on the
PV catalogue presented in [73], as well as on the basis of previous studies by the authors,
e.g., [17,25], PV was characterised by seven main criteria: (1) number of cells, width,
(2) number of cells, length, (3) cell size (length), (4) factor of cell area, (5) cell efficiency
(encapsulated), (6) module width (w/o frame), (7) module length (w/o frame), (8) module
area (w/o frame), (9) module perimeter (frame length), (10) number of cells, (11) module
power, and (12) module efficiency (glass area, excl. frame). These criteria were characterised
according to the parameters in the current state and their modifications (in the future) were
proposed. This resulted in 15 production solutions (1 current solution and 14 prototypes),
as shown in Table 2.
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Table 2. Prototypes of PV according to attributes from (1) to (12).

P1 P2 P3 P4 P5 P6 P7 P0 P8 P9 P10 P11 P12 P13 P14

5.00 3.00 8.00 4.00 7.00 10.00 9.00 6.00 12.00 14.00 11.00 13.00 16.00 15.00 17.00
6.00 8.00 3.00 9.00 4.00 5.00 7.00 10.00 13.00 11.00 15.00 17.00 12.00 14.00 16.00
8.58 6.24 3.90 10.92 13.26 10.92 1.56 15.60 24.96 17.94 29.64 20.28 31.98 27.30 22.62
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
10.08 12.24 3.60 1.44 5.76 7.92 5.76 14.40 20.88 25.20 16.56 25.20 18.72 29.52 27.36
39.44 29.58 69.02 88.74 59.16 78.88 49.30 98.60 138.04 118.32 157.76 128.18 167.62 147.90 108.46
97.20 64.80 32.40 32.40 129.60 64.80 97.20 162.00 226.80 324.00 356.40 194.40 388.80 291.60 259.20
1.36 1.20 1.52 1.12 1.28 1.44 1.04 1.60 1.84 2.00 1.92 2.16 2.08 1.68 1.76
4.95 4.17 3.65 4.69 4.43 3.39 3.91 5.21 6.25 6.51 5.73 7.03 5.47 6.77 5.99
48.00 18.00 36.00 24.00 30.00 42.00 54.00 60.00 66.00 78.00 72.00 90.00 102.00 84.00 96.00
42.00 126.00 84.00 168.00 84.00 168.00 42.00 210.00 420.00 504.00 336.00 462.00 294.00 378.00 252.00
9.90 9.24 12.54 11.22 11.88 10.56 8.58 13.20 15.84 14.52 13.86 15.18 17.82 17.16 16.50

where: P0—current product, P1–P14—prototypes.

4.2. Obtaining Customer Expectations and Estimating the Quality Index of the Product and Its
Prototypes (Q)

In the second stage of the method, expectations were obtained from five customers,
where the sample was selected as part of pilot and test studies of the method. Customers
were people using PV in their homes. They rated the importance of the PV criteria on a
scale of 0 to 1, and based on their ratings, the arithmetic mean of these weights was derived,
as shown in Table A1. It was observed that the most important criteria for customers were
cell efficiency (encapsulated) and the power module. Then, the entropy method was used
to determine the prototype quality index (Q). Using Formula (1), the weighted value of the
quality of the criteria was calculated and normalised. The result is presented in Table A2.
Based on Formula (2), the entropy value was calculated, which in this case depended on
12 criteria, hence the value h = 0.402. The results are presented in Table A3. Finally, using
Formula (3), the prototype quality index (Q) was calculated, as shown in Table 3.

Table 3. Preliminary estimation of the total change in the values of prototype criteria parameters
relative to the reference PV.

P P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

O 0.05 0.07 0.06 0.08 0.06 0.07 0.05 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.06
Q 0.00 0.62 0.31 0.93 0.30 0.60 0.15 0.51 0.84 1.00 0.70 0.87 0.54 0.62 0.37

Rank 14 6 11 2 12 7 14 9 4 1 5 3 8 6 10

where: P0—current product, P1–P14—prototypes, O—entropy vector, and Q—quality indicator.

Prototype P9 was found to have the highest quality index. It could be considered the
most advantageous in terms of quality, followed by prototypes P3 and P8. If the company
only wanted to increase the quality of PV, it should rely on this ranking. However, the
offered approach takes into account further criteria of sustainable development, such as the
environmental impact in the life cycle. Therefore, a life-cycle assessment of the reference
PV and its prototypes was carried out sequentially.

4.3. Product Life Cycle Assessment and Prospective Assessment of Its Prototypes (LCA)

At this stage, a life cycle assessment of the photovoltaic system and its prototypes was
carried out. As adopted, the assessment was carried out according to the “cradle-to-grave”
approach. The LCA method was implemented according to the ISO 14040 standard, in-
cluding the use of the Ecoinvent 3.10 database of the OpenLCA 2.0.0 program [74]. The
use of the LCA method in the proposed case was intended to verify the correctness of
the QLCA method concept and the assumptions adopted, including the idea of data mod-
elling. Therefore, the LCA method for photovoltaics and its prototypes was implemented
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in a basic manner, only to obtain a reliable environmental load index according to the
approach developed.

Hence, following the authors of studies [75–78], it was assumed that the functional
unit was one crystalline silicon photovoltaic module (Crystalline Si PV Module), which
produced 1 kWh of electricity. The system boundaries were established taking into account
the phases of extraction and processing of materials, production, use, and end-of-life
(recycling). Owing to the test nature mentioned for the QLCA method, the geographical
data were generalised to Europe, while the time limits included data from 2006 (they were
a reference to inventory data [73]), including data from the Ecoinvent 3.10 database used
for LCA. A graphical presentation of the system boundaries is shown in Figure 5.
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It was assumed that the boundary of the system would concern the four main phases
of the LCA. Individual phases were covered with data on materials, electricity, and waste.
The indicated elements in the system, including materials, were used, among others, to
connect cells, create and attach PV frames (copper, silicone), rinse glass (water), laminate,
test (electricity), etc. Inventory data were specified for the reference PV (current, on sale),
and the appointment was accepted after the authors of the study, that is, [73]. On the basis
of these data, data for the life cycle assessment of PV prototypes were also modelled, as
shown in Table 4.

Additionally, data for the life cycle assessment of the reference photovoltaic and
its prototypes were subjected to statistical analysis. The aim was to determine whether
there were statistically significant differences between the inventory data adopted for
the reference photovoltaics and the data modelled suggestively by the expert for the PV
prototypes. Statistical analysis was performed in Statistica 13.3. For this purpose, a non-
parametric test was performed to compare two dependent samples (variables). It was a
sign test applicable in the case of analyses in which it is impossible to clearly assign values
to given pairs of variables in an unambiguous way [79]. Therefore, it was applicable to
data defined in a model manner. It was assumed that statistically significant differences
occurred for p-value < 0.05 [80]. The results obtained are presented in Table 5.



Energies 2024, 17, 3841 14 of 22

Table 4. Inventory data of reference PV and its prototypes.

P P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

E1 59.050 67.078 44.395 62.099 53.239 88.173 28.710 61.200 25.357 50.229 66.656 63.691 56.057 63.718 72.659
E2 4.052 4.603 3.047 4.262 3.654 6.051 1.970 4.200 1.740 3.447 4.574 4.371 3.847 4.373 4.986
E3 0.289 0.329 0.218 0.304 0.261 0.432 0.141 0.300 0.124 0.246 0.327 0.312 0.275 0.312 0.356
E4 15.534 17.646 11.679 16.336 14.006 23.196 7.553 16.100 6.671 13.214 17.535 16.755 14.747 16.763 19.115
E5 2.345 2.663 1.763 2.466 2.114 3.501 1.140 2.430 1.007 1.994 2.647 2.529 2.226 2.530 2.885
E6 0.174 0.197 0.131 0.183 0.157 0.259 0.084 0.180 0.075 0.148 0.196 0.187 0.165 0.187 0.214
E7 0.009 0.010 0.007 0.009 0.008 0.013 0.004 0.009 0.004 0.007 0.010 0.009 0.008 0.009 0.011
E8 0.005 0.005 0.004 0.005 0.004 0.007 0.002 0.005 0.002 0.004 0.005 0.005 0.005 0.005 0.006
E9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
E10 0.013 0.014 0.009 0.013 0.011 0.019 0.006 0.013 0.005 0.011 0.014 0.014 0.012 0.014 0.015
E11 0.020 0.023 0.015 0.021 0.018 0.030 0.010 0.021 0.009 0.017 0.023 0.022 0.019 0.022 0.025
E12 0.188 0.214 0.141 0.198 0.169 0.281 0.091 0.195 0.081 0.160 0.212 0.203 0.178 0.203 0.231
E13 1.689 1.918 1.269 1.776 1.522 2.521 0.821 1.750 0.725 1.436 1.906 1.821 1.603 1.822 2.078
E14 32.806 37.266 24.664 34.499 29.577 48.985 15.950 34.000 14.087 27.905 37.031 35.384 31.143 35.399 40.366
E15 20.610 23.412 15.495 21.674 18.582 30.774 10.020 21.360 8.850 17.531 23.264 22.230 19.565 22.239 25.360
E16 0.012 0.013 0.009 0.012 0.011 0.018 0.006 0.012 0.005 0.010 0.013 0.013 0.011 0.013 0.014
E17 0.154 0.175 0.116 0.162 0.139 0.231 0.075 0.160 0.066 0.131 0.174 0.167 0.147 0.167 0.190
E18 0.116 0.132 0.087 0.122 0.104 0.173 0.056 0.120 0.050 0.098 0.131 0.125 0.110 0.125 0.142

where: P0—current product, P1–P14—prototypes, E1—solar cells, E2—aluminium, E3—polyphenylenoxid, E4—
glass sheet, low-iron, tempered, E5—ethyl vinyl acetate, black foil, E6—copper, E7—tin, E8—lead, E9—nickel,
E10—soldering flux, E11—cleaning fluid, E12—silicone, silicone kit, E13—cardboard, E14—tap water, E15—
electricity, medium voltage, E16—solar cells waste, E17—solar glass, low-iron, for recycling, E18—ethyl vinyl
acetate, foil, for waste incineration.

Table 5. Statistical analysis results of modelled data of PV prototypes.

Compared Pair of PV Number of
Unrelated Z p-Value

P0 and P1 16 3.750 0.00018
P0 and P2 17 3.881 0.00010
P0 and P3 13 3.328 0.00087
P0 and P4 17 3.881 0.00010
P0 and P5 17 3.881 0.00010
P0 and P6 17 3.881 0.00010
P0 and P7 13 3.328 0.00087
P0 and P8 17 3.881 0.00010
P0 and P9 17 3.881 0.00010
P0 and P10 16 3.750 0.00018
P0 and P11 15 3.615 0.00030
P0 and P12 16 3.750 0.00018
P0 and P13 15 3.615 0.00030
P0 and P14 17 3.881 0.00010

The statistical analysis performed showed that there were statistically significant
differences between the reference PV and its prototypes. This was confirmed by the p-
value, which was <0.05 in each of the cases considered. Therefore, it was confirmed that
the modelled data of the PV prototypes can constitute a basis as inventory data in the
prospective assessment of their life cycle.

Therefore, by sequentially using the Ecoinvent 3.10 database in OpenLCA 2.0.0., a
life cycle assessment of the reference PV and its prototypes was carried out. The carbon
footprint (CF), which is derived from the ecological footprint, was adopted as a criterion
for environmental burden [81]. The carbon footprint is the total amount of CO2 (carbon
dioxide) emissions that are directly and indirectly by a product [82]. In LCA, it is the
equivalent of carbon dioxide (eCO2) [83].

According to the adopted methodology, the environmental load of the reference
photovoltaic and its prototypes was estimated for the carbon footprint load category. Then,
using Formula (4), these values were normalised and based on them, the PV ranking was
developed, as shown in Table 6.
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Table 6. LCA indicators of PV prototypes.

P P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

EI 891.03 859.73 976.60 646.37 904.10 775.12 1283.73 418.00 369.20 731.28 970.48 927.30 816.20 927.64 1057.81
LCA 0.43 0.46 0.34 0.70 0.42 0.56 0.00 0.95 1.00 0.60 0.34 0.39 0.51 0.39 0.25
Rank 8 7 12 3 9 5 13 2 1 4 12 11 6 11 10

It was observed that the lowest environmental burden regarding the creation of a
carbon footprint in the PV life cycle could be achieved by the P8 prototype followed by the
P7 prototype. However, the highest environmental burden was associated with prototype
P6. If PV development decisions were only concerned with environmental aspects, then
product development decisions should focus on the P8 prototype. However, in the proposed
QLCA method, development decisions include both qualitative and environmental aspects;
hence, the next stage of the method is implemented.

4.4. Aggregation of Indicators and Interpretation of Results

The last stage of the method is the aggregation of the quality indicator (Q) and the
life cycle environmental indicator (LCA) into one QLCA indicator. The rankings of PV
prototypes according to the adopted indicators are presented collectively in Table 7.

Table 7. Ranking of PV prototypes.

P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

Q 0.00 0.62 0.31 0.93 0.3 0.6 0.15 0.51 0.84 1.00 0.7 0.87 0.54 0.62 0.37
Rank 14 6 11 2 12 7 14 9 4 1 5 3 8 6 10

LCA 0.43 0.46 0.34 0.7 0.42 0.56 0.00 0.95 1.00 0.6 0.34 0.39 0.51 0.39 0.25
Rank 8 7 12 3 9 5 13 2 1 4 12 11 6 11 10

The aggregation of indicators into one QLCA indicator was carried out according to
the modified IPA model. As the Q and LCA indicators ranged from 0 to 1, it was assumed
that the areas in the IPA model would be distributed according to the value of 0.50, which
was half of the numerical range of the values of these indicators. The IPA model for PV
prototypes is shown in Figure 6.

The results of the QLCA method made it possible to organise improvement activities
within PV. It was observed that none of the photovoltaic prototypes stood out in any
particular way, both in terms of quality and the environment, as evidenced by the lack of
prototypes in the conventionally called “concentrate here” area. In turn, several prototypes
were selected, which constituted relatively advantageous production solutions in terms
of quality and environment. They are presented in the “Keep up the good work” area.
These prototypes are as follows: P7, P8, P12, P5, P3 and P9. They are characterised by a
satisfactory level of quality, but their environmental impact in LCA was also relatively high.
Therefore, improvement activities undertaken for the reference PV should be undertaken to
achieve any selected prototype from the “Keep up the good work” area, along with possible
consideration of taking additional actions to limit their negative environmental impact in
LCA. Final development decisions depend on the entity using the offered method, and
may depend on, for example, the financial capabilities of the company.
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5. Discussion

The sustainable development of energy-producing products remains a challenge [84].
One of the key issues is the search for solutions conducive to environmental protection, for
example, reducing greenhouse gases [85], but also solutions aimed at meeting customer
satisfaction, for example, with product use [86]. Definitely important in this sense is the
popularisation of renewable energy sources (RESs) [87], among which photovoltaic (PV)
panels appear to be the pioneer in their use in homes and beyond [88,89]. They belong to
the so-called green energy-producing products [90]. However, as shown by the literature
review, photovoltaics have not yet been designed or improved taking into account the
above-mentioned qualitative and environmental aspects.

Therefore, the QLCA method was developed, which, although of a general nature,
was focused on its applicability to photovoltaic panels. The effectiveness of the offered
method was confirmed by an example carried out for silicon photovoltaic modules.

The main benefits of the offered QLCA method include:

• Undertaking preparatory activities as part of product improvement through proto-
typing, followed by qualitative assessment and life cycle assessment of alternative
production solutions;

• Ensuring product development taking into account the voice of customers (VoC) at
the stage of assessing the quality of prototypes;

• Supporting the life cycle assessment process of product prototypes in the form of
simplified modelling with inventory data of the reference product;

• Creating a ranking of prototypes according to the quality and environmental indicator
(QLCA), including the selection of prototypes that are the most advantageous for the
customer in terms of quality and the most environmentally friendly.

Additionally, the QLCA method has business benefits, including:
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• Supporting decision-making at the early stages of product development and during its
improvement, where these decisions can be made by designers, managers, and experts;

• Supporting the company in the production process of a competitive product, where
this product will be up to date with the needs of the market, including meeting the idea
of sustainable development, mainly in the context of meeting customer requirements
and environmental protection regarding the product life cycle;

• Reducing the waste of resources in the form of prospective evaluation of product
prototypes in order to direct improvement activities to the most appropriate ones.

However, some limitations of the QLCA method are its effectiveness in the case of the
availability of and ability to use programmes dedicated to product life cycle assessment.
However, free software is available for this, e.g., OpenLCA or Footprint calculator. Ad-
ditionally, a certain limitation is the purpose of the QLCA method for life cycle analysis
according to an environmental load criterion, which requires a thorough analysis of an im-
portant criterion from the point of assessment of the selected research subject. It should also
be remembered that product prototypes are subjected to a prospective life cycle assessment,
which is based on modelled inventory data. Therefore, these results can be considered as a
kind of estimate of the environmental burden.

Therefore, future research will aim to adapt the QLCA method for analysing more
environmental burden criteria in LCA. It is also planned to take into account other types
of aspects of sustainable development, e.g., financial, on which product development
decisions largely depend.

6. Conclusions

A lack of clear techniques and methodologies was observed that would facilitate the
identification of beneficial product solutions, taking into account key aspects of sustainable
development. Hence, the research gap was the lack of a coherent approach and methods
supporting the process of making product development decisions from a qualitative and
environmental perspective in relation to their life cycle (LCA). At the same time, there
was a lack of research that would include the improvement of energy-producing products
taking into account their quality (customer satisfaction with the use of the product) and
environmental impact in the life cycle. Including the environmental dimension in the
process of designing and improving photovoltaic panels can support the activities of
manufacturing companies towards their sustainable development. Therefore, the aim
of this research was to develop a QLCA method for predicting new product solutions
taking into account their quality (customer satisfaction with use) and environmental impact
during the life cycle. The method was created in four main stages: (1) product selection
and definition of its prototypes, (2) obtaining customer expectations and estimating the
quality index of the product and its prototypes (Q), (3) product life cycle assessment and
prospective assessment of its prototypes (LCA), and (4) aggregation of indicators in QLCA
and interpretation of results.

The method was tested for photovoltaic modules made of crystalline silicon (Crys-
talline Si PV Module). As part of the offered method, a qualitative indicator and an
environmental burden indicator were determined throughout the life cycle, which were ag-
gregated into one QLCA indicator. Using the IPA method to analyse the value of the QLCA
index, several key PV prototypes were selected that may be advantageous in terms of pro-
duction. These were six prototypes that were characterised by a satisfactory level of quality,
but a relatively high environmental burden during their life cycle. Therefore, improvement
actions should be taken towards the reference photovoltaic system (PV) in order to achieve
a freely selected prototype from among those that are most advantageous in terms of
quality and environment, where this decision depends on the company’s capabilities.

Therefore, the QLCA method can be used by manufacturing companies in the process
of designing innovative products, including when improving products in terms of their
sustainable development. The results of the QLCA method can support decision-making by
designers, managers, and decision-makers regarding the direction of product development
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in accordance with the expected level of customer satisfaction and taking into account the
need to protect the environment.
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Appendix A

Table A1. Weights of PV criteria.

Criteria Unity Weights (Importance for Customers)

Number of cells, width pcs 0.40
Number of cells, length pcs 0.40

Cell size (length) cm 0.35
Cell area factor pcs 0.30

Cell efficiency (encapsulated) % 0.75
Module width (w/o frame) cm 0.50
Module length (w/o frame) cm 0.50
Module area (w/o frame) m2 0.55

Module perimeter (frame length) m 0.60
Number of cells pcs 0.62
Module power Wp 0.70

Module efficiency (glass area, excl. frame) % 0.65

Table A2. Normalised weighted value of quality state criteria of PV prototypes.

P 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A1 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A2 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A3 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.00 0.02 0.01 0.02 0.01 0.02 0.02 0.02
A4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A5 0.03 0.05 0.05 0.02 0.01 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.04 0.04
A6 0.14 0.13 0.09 0.23 0.21 0.15 0.16 0.16 0.12 0.09 0.14 0.11 0.14 0.12 0.11

P 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A7 0.23 0.32 0.19 0.11 0.08 0.33 0.13 0.31 0.20 0.24 0.31 0.16 0.32 0.24 0.27
A8 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A9 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
A10 0.11 0.19 0.06 0.15 0.07 0.09 0.11 0.21 0.07 0.07 0.08 0.09 0.11 0.09 0.12
A11 0.42 0.19 0.51 0.39 0.55 0.30 0.49 0.19 0.52 0.52 0.40 0.54 0.34 0.44 0.37
A12 0.02 0.04 0.03 0.05 0.03 0.04 0.03 0.04 0.02 0.01 0.02 0.02 0.02 0.02 0.02

where: P—product and prototypes (0—current product, 1–14—prototypes), A1—number of cells, width, A2—
number of cells, length, A3—cell size (length), A4—cell area factor, A5—cell efficiency (encapsulated), A6—module
width (w/o frame), A7—module length (w/o frame), A8—module area (w/o frame), A9—module perimeter
(frame length), A10—number of cells, A11—module power, and A12—module efficiency (glass area, excl. frame).
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Table A3. Entropy values of quality state criteria of PV prototypes.

P 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A1 −0.03 −0.06 −0.03 −0.08 −0.04 −0.06 −0.07 −0.09 −0.04 −0.04 −0.04 −0.04 −0.05 −0.05 −0.06
A2 −0.05 −0.07 −0.07 −0.04 −0.07 −0.04 −0.04 −0.07 −0.04 −0.03 −0.05 −0.05 −0.04 −0.04 −0.06
A3 −0.06 −0.08 −0.06 −0.04 −0.07 −0.09 −0.07 −0.02 −0.06 −0.04 −0.07 −0.05 −0.07 −0.07 −0.07
A4 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01
A5 −0.11 −0.15 −0.16 −0.07 −0.03 −0.08 −0.09 −0.10 −0.10 −0.10 −0.08 −0.11 −0.09 −0.12 −0.14
A6 −0.28 −0.26 −0.21 −0.34 −0.33 −0.29 −0.30 −0.29 −0.26 −0.21 −0.27 −0.24 −0.27 −0.26 −0.25

P 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A7 −0.34 −0.36 −0.31 −0.24 −0.20 −0.37 −0.27 −0.36 −0.32 −0.34 −0.36 −0.30 −0.37 −0.34 −0.35
A8 −0.02 −0.03 −0.02 −0.03 −0.02 −0.02 −0.02 −0.02 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01
A9 −0.04 −0.08 −0.06 −0.06 −0.06 −0.06 −0.04 −0.06 −0.03 −0.03 −0.03 −0.04 −0.03 −0.03 −0.04
A10 −0.24 −0.32 −0.18 −0.28 −0.19 −0.22 −0.24 −0.33 −0.19 −0.19 −0.20 −0.22 −0.24 −0.21 −0.26
A11 −0.36 −0.32 −0.34 −0.37 −0.33 −0.36 −0.35 −0.31 −0.34 −0.34 −0.37 −0.33 −0.37 −0.36 −0.37
A12 −0.09 −0.13 −0.12 −0.16 −0.12 −0.13 −0.10 −0.12 −0.07 −0.06 −0.06 −0.07 −0.08 −0.07 −0.09

where: P—product and prototypes (0—current product, 1-14—prototypes), A1—number of cells, width, A2—
number of cells, length, A3—cell size (length), A4—cell area factor, A5—cell efficiency (encapsulated), A6—module
width (w/o frame), A7—module length (w/o frame), A8—module area (w/o frame), A9—module perimeter
(frame length), A10—number of cells, A11—module power, A12—module efficiency (glass area, excl. frame).
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