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Abstract: The current situation in the energy market contributes not only to the sales growth of
photovoltaic panels (PV) but also to the intense search for possibilities for its improvement. The
purpose of this research was to develop a model to determine, where possible, the most beneficial
modifications to improve products. The model used combination techniques, i.e., the SMARTER
method, brainstorming (BM), the 7 ± 2 rule, questionnaire, ant colony optimization (ACO), and
importance-performance analysis (IPA). In addition, an algorithm supporting ACO was proposed in
the MATLAB program. The test was carried out on PV and showed that it is possible to determine the
way of product (PV) improvement by determining a sequence of modifications for product criteria
states while simultaneously considering customers’ expectations. It was shown that each state of the
short-circuit electricity and peak power was satisfactory for customers. It was necessary to modify
the maximum current and idle voltage. In addition, the selected modification states of the weight and
dimensions will be more satisfactory compared to the current states. The proposed model is based on
searching for the best changes in product criteria to achieve the highest possible customer satisfaction
(i.e., product quality level). Originality is the ability to define a product improvement method (PV)
depending on customer expectations but also taking into account the requirements of the company.

Keywords: quality of product; decision making; ant colony optimization (ACO); importance perfor-
mance analysis (IPA); production engineering; mechanical engineering

1. Introduction

The widely understood use of renewable energy and sustainability has the aim of
reducing environmental losses and climate change [1]. In this area, the improvement of
the product is also a challenge for production companies [2,3]. It results from the need to
adjust products to simultaneously change with customer expectations and the dynamic
market [4,5]. This can be seen in the case of photovoltaic panels (PV), which are developing
rapidly and are the main tool of renewable energy sources (RES) [6,7], according to the
newest reports, e.g., [8–10], the PV market still grows. For example, the cumulative global
power of PV in 2021 was equal to 942 GW, and the total annual increase amounted to
175 GW [1]. Photovoltaic panels are relatively profitable for customers because they are
considered a clean, renewable, and widely available energy source [1]. However, only a
small part of it is a so-called energy mix in the world [5]. The efficiency of photovoltaic
energy is dependent on many other factors, e.g., solar radiation, ambient temperatures,
or wind speed. Therefore, achieving customer satisfaction with its quality is especially
difficult [11,12]. According to the climate and energy framework, by 2030, it will need
to improve energy efficiency by about a minimum of 32.5%, where 32% participation is
predicted in RES [13]. Therefore, photovoltaics is one of the most preferred solutions to
meet the global energy demand [14–18].
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In view of that, a review of the literature was carried out for the improvement actions
of PV as part of the consideration of customers’ expectations. For example, the authors of
article [11] proposed a method of simulation and design following solar energy according
to the operating principles of photovoltaic energy. The latitude and the duration of the
sunshine were used for this. Whereas in study [6], the possibility of including PV and
energy storage systems (ESS) in a unified power converter for micro-DC networks was
analyzed. Another example is study [17] in which the authors verified the possibility of
installing photovoltaics on the roof of electric cars to satisfy customers’ satisfaction. Similar
analyses were carried out by the study authors of [12], whose purpose was to minimize
the cost of electric energy and the peak demand of a smart home through the optimal
operation of electric vehicles and an electricity storage system. It was based on decision
methods, such as AHP (analytic hierarchy process). The author of study [19] analyzed the
law regulations introduced in 2022 in Poland, which refer to electric energy and renewable
micro-installations. The research was aimed at customers’ expectations, i.e., orchard farms,
whereas in study [5], PVs were verified in terms of their installation, operation, and dis-
posal in SMEs in Mexico. On the other hand, the authors of [14] defined, for example, the
theoretical range of the optimal sawtooth profile for PV. The deficiencies of incident light
on photovoltaics that are not covered by solar cells have been shown to still be verified.
The authors of the studies [20–22], carried out research on improving products to achieve
customer expectations, where tests were carried out based on PVs. In the article [20], a
model was developed from combined methods, such as the SMARTER method, brainstorm-
ing (BM), survey with the Likert scale, weighted sum model (WSM), and naive Bayesian
classifier (NBC). The customer expectations were obtained and processed using WSM to
determine the quality of the photovoltaic system considering the weights of the PV criteria.
NBC was used to determine the direction and development of these products. However, in
article [22], a single model combined techniques, including the zero-unitarization method
(MUZ) and qualitative cost analysis (AKJ). The purpose was to propose a model to support
the choice of PV which would be the most favorable for customers considering different PV
criteria and the cost of purchase. In turn, in study [21], a single model combined different
techniques, including the DEMATEL method (decision-making trial and evaluation labora-
tory), the AHP method, and the weighted product model (WPM). Using this combination
of methods, PV quality was predicted by taking into account customer expectations.

After a review of the literature, it was concluded that different approaches were used
to improve photovoltaics. Some of these considered customers’ expectations. The focus was
on the principles of their operation, materials, and the possibility of initiating them on other
products (e.g., electric cars). They also developed models supporting the determination
and prediction of quality. Despite this, there were no studies that concentrated on ways
of determining the best solutions in proposed PV modifications so that PV could develop
these products. There was also a lack of studies that would suggest the producers’ best
changes in the qualitative criteria of PV, which simultaneously would include customer
expectations. This was considered a research gap that we have undertaken to fill.

Therefore, the purpose of the investigation was to develop a model to determine the
best modification of products considering customer expectations. During the development
of the model, the following hypothesis was assumed:

Hypothesis 1. It is possible to determine product improvement by determining a sequence of
modifications for the product criteria states while simultaneously considering customer expectations
toward the quality and importance of product criteria.

The model was carried out by a key producer of UE photovoltaic panels from UE.
The originality of this research is the ability to define a product improvement method (PV)
depending on customer expectations while also taking into account the requirements of the
company.
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2. Model
2.1. General Concept and Choice Tools Supporting Model

The concept of this research consisted of the development of a model that could
support the improvement of products by changing (modifying) the selected product criteria
with significant customer expectations. The general plan of the developed model aimed
to support entities (expert, broker, and bidder) in product improvement by reaching for
the most favorable changes in the product criteria to achieve the highest possible level of
customer satisfaction (i.e., the level of product quality). The intuitive idea behind the model
is shown in Figure 1.

Figure 1. General concept of model.

It was assumed that this would be made possible through the use of a combined way
to select the rules, methods, and tools, supporting decision-making, quality management,
and the optimization of solutions, i.e., the SMARTER method (S—specific, M—measurable,
A—achievable, R—relevant, realistic, or reward, T—‘based on timeline’ or timebound,
E—exciting or evaluated, R—recorded or reward), brainstorming (BM), the rule 7 ± 2,
questionnaire, ant colony optimization (ACO), and importance-performance analysis (IPA).
This combination of selected rules, methods, and tools to support decision-making, quality
management, and the optimization of solutions has not yet been used. Therefore, it is
another added value of this study.

The SMARTER method is one of the basic methods supporting the development and
purpose of analysis, e.g., the process, results, impact, or even personal factors. It is the
method that allows determining actions, terms, knowledge, and other aspects adequate
for the problem [23]. Therefore, this method was used in the first stage of the model to
determine the purpose of the research.

The brainstorming method (BM) is a method of teamwork [24] and was used in all
stages of the model. This was due to the purpose of this method, which was to generate
ideas in the area of the analyzed problem.

The rule 7 ± 2 [25] is the rule of multi-criteria decision-making (MCDM). According
to this rule, it is possible to effectively assess (compare) the product criteria, where the
decision maker can simultaneously compare from five to a maximum of nine criteria. For
this reason, this principle was adopted in the stage of assessing the product criteria and the
states that characterize them.
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The questionnaire was used to obtain the customers’ expectations of the product. The
choice of the questionnaire resulted from its popularity. Additionally, it is an easy way to
obtain customers’ expectations, as shown by the authors of the previous studies, e.g., [26].

Ant colony optimization (ACO) was the first algorithm of ACO. Depending on the
way of the activation of the pheromone trail, there are three types of this algorithm,
i.e., ant density—the constant amount of pheromone during the route determination;
ant-quantity—inversely proportional to the length of the edge of the road under construc-
tion; and the ant-cycle—leaving the pheromone after building the entire road. According
to the authors of studies [27,28], the most favorable results are achieved after using the ant
cycle algorithm. Therefore, it was used in the proposed model. Its application resulted from
a need to solve the traveling salesman problem, where the purpose was to make a decision
on which product criteria states will be the most favorable for customers in comparison to
the current (actual) criteria states and other possible modified states of the criteria. This
tool was used because it involved searching for which product criteria state (modifications,
variants of current criteria states) allowed the most satisfactory product quality level to
be achieved. According to the authors of study [29], ACO effectively solves these types
of problems by using the goal function, which includes concepts related to quality and
logistics. The detailed characteristics of the ACO are presented in the studies, e.g., [29–33].

Importance performance analysis (IPA) is a simple but efficient tool that allows for
the verification of criteria according to their importance and efficiency (quality). IPA is
a graphic tool that supports making decisions based on the importance and quality of
criteria. IPA allows for the combination of values (assessments) to signify the importance
(weight) of criteria with values (assessments) and by the quality of these criteria. Next,
in a graphic way, it is possible to make the best decision for analysis, as shown authors
of studies [10,34,35]. Therefore, IPA was used to combine the weights of the criteria and
quality of their states to choose the criteria necessary for modification. As a result, it was
possible to take action to improve the product in a way that ensured a noticeable increase
in customer satisfaction.

It is possible to apply the proposed model to other sectors, as the model is developed
in a general way. The stages of the model contain assumptions selected on the basis of
the literature on the subject of products (physical products); therefore, their fulfillment
determines the possibility of using the model for any products and other sectors.

This research is important for experts because it shows an original approach to product
improvement depending on customer expectations while also taking into account the
company’s requirements. Furthermore, the study shows a new and, so far, an unused
combination of selected rules, methods, and tools that support decision-making, quality
management, and the optimization of solutions. Furthermore, after reviewing the literature,
it was concluded that there were no studies in this regard, which were concentrated on
a way to determine the best solutions in proposed PV modifications to develop these
products. This model allowed us to fill this research gap.

2.2. Assumptions of the Model

The assumptions for the model are assumed based on the literature review and
according to the methods (tools) supporting the proposed model. These assumptions were
as follows:

• The type of product to analyze is unlimited [20,21];
• The number of criteria to verify is 7 ± 2 [22,25];
• The number of product states to verify is 7 ± 2 [3,25];
• The number of customers from which expectations should be obtained results from a

need of entity (expert, bidder, broker) and can be equal, even 1 [36], but it is possible
to meet the choice of customers by using the method shows in the study [37];

• Each customer distributes 100 points between the states of the criteria of the product,
where less is better, and the arithmetic mean of all the points is calculated, which
determines the importance of the criteria [38];
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• Each customer distributes 100 points between the product criteria states, where less
is better, then the arithmetic mean of all the points calculated, which determine the
quality of the criteria [22];

• The number of ants in ACO is equal to 20;
• The number of iterations in ACO is equal to 50;
• The improvement of the product should be the beginning of the change in criterion

states, as the most important for customers.

Based on these assumptions, the stages of the model were developed, as shown in the
rest of the study.

2.3. Algorithm and Characteristics of the Model

The model was developed in six main stages, as shown in Figure 2. The characteristics
are shown in the next part of the study.

Figure 2. Framework of the proposed model supporting the selection of heat pumps with significant
consideration of customer expectations.
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2.4. Stage 1. Choice of Product to Verification and Determine Purpose of Research

The idea of a model relies on predicting how to modify the product to achieve customer
expectations (requirements). It was assumed that this modification would be designated to
different criterion states of a single type of product. Therefore, the products to verify are
unlimited, e.g., in the maturity phase or requiring the introduction of improvement actions
due to the dynamics of market change. The final selection of the product results from the
preferences of an expert (bidder, broker, entity), e.g., the company manager.

The purpose of this research should be the need to predict modifications of the product
which will be the most favorable for customers. The purpose is determined by an entity
(bidder, broker, expert) depending on the product choice to verify. During the determination
of the purpose of the research, it is possible to use the SMARTER method (S—specific,
M—measurable, A—achievable, R—relevant, realistic, or reward, T— ‘based on timeline’
or timebound, E—exciting or evaluated, R—recorded or reward) [23].

2.5. Stage 2. Characteristic of Product and Obtain Customers’ Expectations
2.5.1. Step 2.1. Choice of Product Criteria

The product selected for verification should be characterized by the criteria (attributes)
that designate its quality level. These criteria are in the safety data sheets. These should
be the basic criteria that have the biggest impact on the use of products by customers.
The choice of criteria should be made during brainstorming (BM), as shown, e.g., in [24].
According to the authors of study [3,22,25], for the effective comparison of pairs, it is
necessary to select the 7 ± 2 criteria. Additionally, the number should not be much bigger
in view of the assumed research method, where all product criteria and their states will be
verified according to ant colony optimization. As shown by the authors of study [39], a large
number of criteria increases the time consumption of ACO, and in this case, approximate
algorithms are more effective.

2.5.2. Step 2.2. Determine Product Criterion States

All product criteria should be described by their states, e.g., value or description. The
product criterion states are available in the specification (catalog) of the product. Each
criterion (attribute) of the product should have a single current state which characterizes
the actual product. Despite the current state, it is necessary to determine the minimum
of five states that are different from the current state (so-called modified states). The
number of modified states is determined as the number of criteria, i.e., according to the
7 ± 2 rule [25] and the limitations of ACO [26,39–41]. The validity (significance) of the
criteria for customers and the quality of the criteria states are assessed. Following the
authors of studies [42–44], it was assumed that assessments could be awarded by dividing
by 100 points, where fewer points are better. If the customer has a problem with filling
out the questionnaire, e.g., a lack of adequate knowledge of the product criteria, it is
recommended that the entity (expert) helps the client to complete it. The universal example
of a questionnaire is shown in studies [21,22].

The number of customers for whom it is necessary to obtain the expectations to predict
the quality of the product can be estimated according to the method presented in the
study [37]. Generally, it can be assumed that as part of the improvement of products on
the largest scale, the number of customers should be equal to 100 [43]. The model also
has applications for unit production (creating a product based on individual customer
expectations). Therefore, the number of customers can be small (even equal to 1), as shown
in studies [20,36,44,45].

2.5.3. Stage 3. Processing Customers’ Expectations

The assessments obtained from more than a single customer should be processed
for the realized next stages of the model. It refers to the calculation of the weights of
the product criteria and the quality of the states of the product criteria. In this aim, the
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arithmetic average from the values granted by all the customers for the criteria weights are
calculated, as shown in Formula (1) [37,43,46]:

x =
∑n

i=1 xi

n
, (1)

where x—the score value for a criterion or the product criterion status; n—the number of
observations (customers).

The arithmetic average values calculated for the weights of the criteria mean the impor-
tance (weights) of these criteria, whereas values of the arithmetic average for the product
criteria states are analyzed in the decision matrices which are popular in MCDM (multi-
criteria decision-making), e.g., in the FAHP (fuzzy analytic hierarchy process) [36,47,48].
It is necessary to create separate matrices for the comparison of pairs for each criterion.
The rows and columns of the matrix are the states of a given product criterion, and the
corresponding arithmetic mean values determine the quality of the criterion state according
to the customers. The comparison in pairs of the states of the criteria is realized to obtain
the difference between the quality of the states of these criteria. Therefore, the matrix is
filled according to Formula (2):

ak
ij =

∣∣∣bk
i − bk

j

∣∣∣, (2)

where b—the value of arithmetic average for k criterion, which determines the quality of
state of this criterion; k—product criterion, i, j—1,2,3 . . . , n.

The developed matrices are used to determine variants for the solutions of the qualita-
tive criteria.

2.5.4. Stage 4. Determining Solution Variants of Criteria Qualitative

At this stage, it is necessary to determine the possible variants for qualitative solutions
to the criteria. It refers to the determination of a sequence (ranking) for the benefits of
change (modification) to the state of the product criteria. The first position is the current
state (the so-called state from which it is necessary to begin modification), and the next
position is the modified state, which will allow the greatest customer satisfaction to be
achieved. The farther you are in the queue from the current state, the less desired the state by
customers. This is a traveling salesman problem (TSP), i.e., the optimization of tasks consists
of determining the minimum (the shortest) path for solving the problem. In this case, it is
the determining queue (ranking) of the product criteria states (modification, variants of
current criteria states), where this ranking determines the possibility of increasing customer
satisfaction. Hence, variants to the qualitative solutions of criteria are determined according
to ant colony optimization (ACO). The analysis includes customer assessments granted to
the product criteria states, which are shown in the decision matrix.

The principle of the operation of ACO is the following: each of the ants puts pheromone
in adequate pheromone variables, which correspond to the edge of the road on which
they were moving. These edges are more attractive to other ants. Later, the ants die. In
this algorithm, pheromone evaporation is realized by alternating the ant’s activity. For
this reason, the amount of pheromone τij(t) left on the edge (i, j) shows an attractive road
from point i to point j according to this edge. The pheromone information changes with
the experience the ants gain during the solution of problems. However, the amount of
pheromones is proportional to the quality of the designated road, that is, the shorter the
path, the more pheromone. Therefore, it is possible to move the ants in the right direction.
The evaporation of the pheromone allows us to avoid the situation where all ants move on
the same road. It is assumed that ants remember k visited places but also i places to which
they have to go. The ant determines the graph of the state space and, in this way, finds the
most favorable road to continue down [28,30,31].
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Ants follow the designated trail according to the decision matrix Ai =
[

ai
j(t)
]

Ni
, which

is created according to node i and is developed from local values of the pheromone trail
and local heuristic values, as shown in Formula (3) [28,30]:

aij(t) =
τij(t)

[
ηij
]β

∑l∈Ni
τij(t)

[
ηij
]β
∀j ∈ Ni, (3)

where τij(t)—the amount of pheromone on the edge (i, j) in the moment t; ηij =
1

dij
—the

heuristic shift value from point i to point j; Ni—the set of nearby (neighboring) points to
point i; β—the coefficient determining the weight of heuristic values.

The probability with which the ant k makes a decision that transitions from point i to
point j ∈ Nk

i as part of building the road in the t-th iteration of the algorithm is determined
by Formula (4) [28,31]:

pk
ij(t) =

aij(t)

∑l∈Nk
i

aij(t)
, (4)

where Nk
i ⊆ Ni—the set of nodes near node i not visited by an ant k (where a member of

ant k−Mk allows choice nodes in Nk
i from set Ni).

After the ants have travelled all the way, it is possible to evaporate the pheromone on
all edges. Later, each ant k leave pheromones ∆τk

ij(t) on the visited edges (5) [28,30,31]:

∆τk
ij(t) =

{ qij

Lk(t) when (i, j) ∈ Tk(t)
0 when (i, j) /∈ Tk(t)

, (5)

where Tk(t)—the road found by ant k in the iteration of t; Lk(t)—the length of the finding
road; q—the dose factor of the pheromone left by the ant.

Therefore, it can be concluded that the value ∆τk
ij(t) depends on the length of the road

travelled by the ant, i.e., the shorter the path, the greater the amount of pheromone. The
process of pairing and leaving the pheromone by ants is carried out for all the edges, as
shown in the Formula (6) [28,30]:

τij(t)← γτij(t) + ∆τij(t) when ∆τij(t) = ∑m
k=1 ∆τk

ij(t) , (6)

where m—the number of ants in each iteration, γ ∈ (0, 1] .
According to ACO, it is necessary to analyze the values of the developed decision

matrices. It is necessary to assume that the so-called cost matrix is the decision matrix
developed for each criterion. Therefore, the number of necessary analyses depends on the
number of selected product criteria and, simultaneously, the number of states determined
for them. ACO can be implemented in MATLAB software, as shown by the author of
study [49]. Then, the calculation process is effective and less complicated. The results of
this stage are the ranking of modifications to the current criteria states. In the next stage of
the model, this ranking will depend on the weight (importance) criteria for customers.

2.5.5. Stage 5. Determining Product Criterion States Prioritize for Customers

The purpose of this stage is: (a) to determine which product criteria should be modified
first to achieve customers’ expectations and (b) to determine which product criteria states
can provide the greatest increase in customer satisfaction. The results of this stage will
show which criteria and their states should be changed first to improve the quality product
level. Having the weight of the product criteria and quality of the product criteria states, it
is possible to use importance-performance analysis (IPA) and its alternative version. The
alternative IPA directs the analysis to a specific distinction between the impact of weight
and the quality (performance) of the criterion. IPA graph examples are shown in Figure 3.
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Figure 3. IPA chart: (a) basic, (b) alternative. Own study based on [22].

Following the authors of study [31], it was assumed that to use an alternative version
of IPA would be to predict which criteria and states of the criteria allowed the satisfaction
of customers. The weight of the product criteria (wij) and the quality of product criteria
states (qij) were calculated in the third stage of the model as arithmetic averages from the
points obtained from customers. Initially, the IPA chart should be developed, which will
show the relation of importance (weights) to all the product criteria for the current state of
these criteria. The use of this chart is to identify which product criteria should be modified
first to meet customer expectations. Then, it is necessary to develop the IPA chart separately
for each product criterion. In these charts, it is necessary to show the relations between the
criterion and their possible states (current and modified). The results of these charts allow
us to determine which product criteria states can allow the greatest increase in customer
satisfaction.

Ultimately, the results of IPA can be confronted with the results from the ACO analysis.
First of all, action should be taken to improve those criteria in the product which are the
most important for the customer (i.e., the area “concentrate here” from the IPA). Product
improvement actions should be performed initially for those product criteria states that are
both in the “concentrate here” area of the IPA and rank first in the ACO ranking. The final
decision on the possible improvement actions belongs to the entity (expert, broker) and
may depend on the production and financial capabilities or the possibility of correlating
various modifications of the criteria states with each other.

3. Test of Model

A test of the model was carried out on photovoltaic panels of one of the key UE
producers. The choice of photovoltaics resulted from the fact that it was one of the most
popular RES [50,51]. The increased demand for these products but also the different
preferences of these customers generated the need to adapt PV to changing customer
expectations and a turbulent environment. Therefore, adjusting these products to customers’
expectations is extremely important. It was recognized that the results of the test showed
not only the effectiveness of the model but also methodical support for searching for the
best solutions for these products. The test of the model was carried out according to an
assumed algorithm, that is, in the five main stages.

3.1. Stage 1. Choice of Product to Verification and Determine Purpose of Research

According to the first stage, the product for verification was selected. As mentioned,
the product for verification was a photovoltaic panel (PV), one of the key producers from
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UE. Then, the purpose of the research was determined. The purpose was determined
by the entity (the bidder) using the SMARTER method. The purpose was to determine
modifications for the current photovoltaic system to meet customer expectations.

3.2. Stage 2. Characteristic of Product and Obtain Customers’ Expectations

The team of experts selected the criteria (attributes) of PV. The choice was made during
brainstorming (BM) and according to the catalog of the product. As assumed, the basic
PV criteria were selected, and these numbers were in the range of 7 ± 2. These criteria
were [21,52–54]:

• Short-circuit electricity (A)—this refers to electricity at a maximum load, so the inten-
sity of electricity is achieved at the moment of a short circuit of the cell;

• Peak power (W)—this is the highest average load measured or calculated over a
specified time period;

• Maximum electricity (A)—this is the electricity that powers the PV panel during the
load;

• Idle voltage (V)—this is the maximum (critical) voltage reached at the moment of
maximum power that occurs under standard photovoltaic operating conditions;

• Weight (kg)—total weight of the solar panel;
• Dimensions (mm)—this refers to the length, width, and thickness of the solar panel.

After this, all PV criteria were characterized (described) by the current and modified
states. The current state is the state that is currently in the photovoltaic panel selected
for verification. The current states are available in the catalog (specification) of PV. The
modified states are future states, which differ from the current state. The modified states
were determined on the basis of the catalogs of other photovoltaic panels. The current and
modified PV criteria were determined by a team of experts during brainstorming. As was
assumed, the number of states of the criterion was in the range of 7 ± 2. All states of the PV
criteria are characterized by international metric units, as shown in Table 1.

Table 1. States of PV criteria.

Criteria of PV State 1 State 2 State 3 State 4 State 5 State 6 State 7

Short circuit
electricity (A) 0.62 1.11 1.84 2.6 3.27 3.06 7.94

Peak power (W) 10 20 30 45 55 50 130
Maximum

electricity (A) 0.56 1.11 1.67 2.43 2.97 2.78 7.22

Idle voltage (V) 21.6 21 21.7 22.2 22.2 21.6 21.6
Weight (kg) 1.1 1.7 2.2 4.2 3.6 3.4 8.5
Dimensions

(mm) 430 × 190 × 25 430 × 345 × 25 545 × 345 × 25 450 × 660 × 25 640 × 540 × 30 636 × 505 × 30 1190× 669× 35

State 1—current state; states 2–7—modified states.

Then, the customers’ expectations were obtained. The questionnaire was used for this.
As part of the model test, a test sample of customers was obtained equal to seven customers
(including the authors of the article). The importance of the PV criteria and the satisfaction
of the state of the criteria. As assumed, the evaluations were made by dividing 100 points
between the PV criteria and then the states of these criteria, where fewer points were more
favorable.

3.3. Stage 3. Processing Customers’ Expectations

At this stage, the customers’ expectations were processed. In this regard, according
to Formula (1), the arithmetic average was calculated for the weights of the PV criteria
(Table 2) and the quality of the PV criteria (Table 3).
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Table 2. Weights of PV criteria.

Criteria of PV Weight (w)

Short circuit electricity (A) 25.43
Peak power (W) 18.71

Maximum electricity (A) 20.71
Idle voltage (V) 12.14

Weight (kg) 9.14
Dimensions (mm) 6.57

Table 3. Values of the arithmetic means determining the quality of the PV criteria states.

Criteria of PV State 1 State 2 State 3 State 4 State 5 State 6 State 7

Short circuit electricity (A) 32 23 15 8 11 6 5
Peak power (W) 31 18 15 12 10 8 6

Maximum electricity (A) 42 16 14 9 8 6 3
Idle voltage (V) 18 59 13 10 - - -

Weight (kg) 6 9 10 19 14 12 29
Dimensions (mm) 21 16 18 14 15 7 9

State 1—current state; states 2–7—modified states.

Based on the arithmetic average for the criteria states, decision matrices (d) were
developed, which determined the differences between the quality of the states according to
the criteria. The matrices were developed for each PV criterion, and Formula (2) was used
for this. An example of one of these matrices is shown in Table 4.

Table 4. The decision matrix for the PV criterion (short circuit electricity) with differences between
the quality of states for this criterion according to customers.

Short Circuit
Electricity (A)

State 1
(32)

State 2
(23)

State 3
(15)

State 4
(8)

State 5
(11)

State 6
(6)

State 7
(5)

State 1 (32) 0.00 9.57 16.71 23.86 21.43 26.14 27.29
State 2 (23) 9.57 0.00 7.14 14.29 11.86 16.57 17.71
State 3 (15) 16.71 7.14 0.00 7.14 4.71 9.43 10.57
State 4 (8) 23.86 14.29 7.14 0.00 2.43 2.29 3.43
State 5 (11) 21.43 11.86 4.71 2.43 0.00 4.71 5.86
State 6 (6) 26.14 16.57 9.43 2.29 4.71 0.00 1.14
State 7 (5) 27.29 17.71 10.57 3.43 5.86 1.14 0.00

State 1—current state; states 2–7—modified states.

Decision matrices were developed in the same way as for other PV criteria. On the
basis of this, the possible variants of the qualitative solutions were determined.

3.4. Stage 4. Determining Solution Variants of Criteria Qualitative

Decision matrices and MATLAB software were used to determine the solution variants
of the PV criteria. In the MATLAB program, the algorithm was implemented, which was
developed based on the example shown in study [49].

The first criterion to analyze the ACO was the criterion of “short circuit electricity”.
The fragment of the algorithm supporting the calculation of the ACO for this criterion
is shown in Figure 4. This algorithm was developed on the basis of work [49] and then
appropriately initiated in the MATLAB program. The presented calculation method is
characterized later in the study.
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Figure 4. Fragment of algorithm initiated in MATLAB program for PV criterion: (a) first part, (b)
second part.

Initially, the decision matrix (d) for short-circuit electricity was initiated. Then, the
visibility (h) between the quality of the current states and the modified states for this
criterion were determined. It consisted of determination of the reciprocal of the decision
matrix for this criterion, as in Formula (3), i.e., ηij =

1
dij

—the heuristic shift value from
point i to point j. The results are shown in Table 5.

Table 5. Values determining the visibility of the distance between the quality of states of the PV
criterion, i.e., short-circuit electricity.

Short Circuit
Electricity (A) State 1 State 2 State 3 State 4 State 5 State 6 State 7

State 1 0.00 0.10 0.06 0.04 0.05 0.04 0.04
State 2 0.10 0.00 0.14 0.07 0.08 0.06 0.06
State 3 0.06 0.14 0.00 0.14 0.21 0.11 0.09
State 4 0.04 0.07 0.14 0.00 0.41 0.44 0.29
State 5 0.05 0.08 0.21 0.41 0.00 0.21 0.17
State 6 0.04 0.06 0.11 0.44 0.21 0.00 0.88
State 7 0.04 0.06 0.09 0.29 0.17 0.88 0.00

State 1—current state; states 2–7—modified states.



Energies 2022, 15, 8102 13 of 21

Then, as in Formula (3), the same amount of pheromone τij = 1 was used for each
state of this criterion. In the proposed approach, it was assumed that the current state
was the reference state, i.e., the state that defined how to modify the current criterion to
make it satisfactory to customers. Therefore, the ranking of the modification began from
state 1 (current). In view of that, the values from the column that determined state 1 were
equal to 1 (i.e., in Table 5). The other values in Table 5 remained unchanged. As shown by
Formula (4), the probability with which the first ant k would decide that it would go from
state 1 to the modified states j ∈ Nk

i was calculated as part of building the road in the i-th
iteration of the algorithm, where α = 1 and β = 2.

Initially, the probability of the distance from the current state to all the modified states
was calculated, as shown in Formula (7):

τ12[η12]
2 = 0.0109

τ13[η13]
2 = 0.0036

τ14[η14]
2 = 0.0018

τ15[η15]
2 = 0.0022

τ16[η16]
2 = 0.0015

τ17[η17]
2 = 0.0013

, (7)

The total value of the probability of traveling this way from the current state by all
the modified states was equal to 0.0012. Then, according to Formula (4), the probability of
travel for the first ant from the current state to all the modified states was calculated. The
results are shown in Formula (8):

p1
12 = 0.0109

0.0012 = 0.5140

p1
13 = 0.0036

0.0012 = 0.1686

p1
14 = 0.0018

0.0012 = 0.0827

p1
15 = 0.0022

0.0012 = 0.1025

p1
16 = 0.0015

0.0012 = 0.0690

p1
17 = 0.0013

0.0012 = 0.0632

, (8)

Next, the cumulative value was calculated (cpk
ij) for the probability of travel from

the current to the modified state of the short-circuit electricity. The results are shown by
Formula (9):

cp1
12 = 0.5140

cp1
13 = 0.1686 + 0.5140 = 0.6826

cp1
14 = 0.0827 + 0.6825 = 0.7653

cp1
15 = 0.1025 + 0.7653 = 0.8678

cp1
16 = 0.0690 + 0.8678 = 0.9368

cp1
17 = 0.0632 + 0.9368 = 1.0000

, (9)

Then, following the author of study [49], a random number was drawn in the computer
system (MATLAB). This number was equal to 0.8147. This number was comparable (but
not higher) than the fifth cumulative value cp1

15, where 0.8147 ∼= 0.8678. Therefore, from
the current (first) state, the first ant followed the fifth state of the short-circuit electricity
criterion.

Again, all values in the fifth status column (that is, in Table 5) were zeroed. At the
same time, the column for the first state was still zeroed, whereas the other values in Table 5
remained unchanged. Later, calculations were carried out as for state 1. Therefore, in
accordance with the previous assumptions, the probability of the distance from the fifth
state to all the other modified states was calculated, as shown in Formula (10):

τ52[η52]
2 = 0.0071

τ53[η53]
2 = 0.0451

τ54[η54]
2 = 0.1694

τ56[η56]
2 = 0.0451

τ57[η57]
2 = 0.0291

, (10)

The total value of the probability of traveling from the fifth state through all the other
modified states was 0.2957. Later, the transition of the probability of the first ant from the
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current state to all the modified states was calculated according to Formula (4). The results
are presented in Formula (11):

p1
52 = 0.0071

0.2957 = 0.0240

p1
53 = 0.0451

0.2957 = 0.1524

p1
54 = 0.1694

0.2957 = 0.5726

p1
52 = 0.0451

0.2957 = 0.1524

p1
52 = 0.0291

0.2957 = 0.0985
, (11)

Then, a cumulative value (cpk
ij) from the value probability of travelling from the fifth

modified state to other states was calculated (12):

cp1
52 = 0.0240

cp1
53 = 0.1524 + 0.0240 = 0.1765

cp1
54 = 0.5726 + 0.1765 = 0.7491

p1
56 = 0.1524 + 0.7491 = 0.9015

p1
57 = 0.0985 + 0.9015 = 1.0000

, (12)

After this, again following the author of study [49], the random number was drawn
by using the MATLAB program. This number was equal to 0.9058. The number was
comparable (but not higher) to the seventh accumulated value cp1

57, where 0.9058 ∼= 1.0000.
Therefore, from the fifth state, the first ant followed later to the seventh state of the short-
circuit electricity criterion. The procedure was the same for the remaining states of the
short-circuit current criterion as before until the verification of all the states of this criterion.
The first ant’s path (i.e., the order of modification of the current state of the short-circuit
electricity) was as follows (13):

r1 = [State 1; State 5; State 7; State 6; State 4; State 3; State 2; State 1] (13)

The transition of the first ant back to its present state was even r1 = 54.57. Then, the
algorithm in the MATLAB program was started, an example of which was shown by the
author of study [49]. It was assumed that the number of iterations (the number of ant
passes) was equal to 50. The number of ants was equal to 20. After traveling all roads
with the ants, it was possible to pair pheromones on all edges. Later, each ant k left the
pheromone ∆τk

ij(t) on the edge, which was visited, as shown in Formulas (5) and (6). As a
result, the most favorable order of modification for the current state was determined for
the photovoltaic criterion, such as short-circuit electricity (14):

rshort−circuit electricity
the best tour = [State 1; State 2; State 3; State 5; State 4; State 6; State 7; State 1] = 54.56 (14)

The passage of all 20 ants with 50 repetitions from the current state and back was
equal to rshort−circuit electricity

the best tour = 54.56. Hence, this order of modification was adopted for the
“short-circuit electricity” criterion.

Subsequently, all other PV criteria were verified. The calculations for the remaining
criteria were carried out in accordance with the methodology presented for the “short-
circuit electricity” criterion. In this way, the most advantageous order of modification for
the current states was determined for all the verified photovoltaic criteria. The ACO result
for the states of the PV criteria is shown in Table 6.

Table 6. Results from ACO for the most favorable order of modification of the PV criteria state.

Short Circuit
Electricity (A)

Peak
Power (W)

Maximum
Current (A)

Idle
Voltage (V)

Weight
(kg) Dimensions (mm)

State 1 32.14 State 1 30.71 State 1 42.29 State 1 17.71 State 1 6.29 State 1 21.14
State 2 22.57 State 2 18.14 State 2 16.43 State 3 58.71 State 2 9.14 State 3 18.00
State 3 15.43 State 3 14.71 State 3 14.29 State 4 13.14 State 3 10.43 State 4 7.14
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Table 6. Cont.

Short Circuit
Electricity (A)

Peak
Power (W)

Maximum
Current (A)

Idle
Voltage (V)

Weight
(kg) Dimensions (mm)

State 5 10.71 State 4 10.43 State 4 9.29 State 2 10.43 State 6 12.43 State 5 15.14
State 4 8.29 State 5 11.57 State 5 8.14 State 1 17.71 State 5 13.71 State 2 15.71
State 6 4.86 State 6 6.43 State 6 6.14 State 4 19.43 State 6 14.00
State 7 6.00 State 7 8.00 State 7 3.43 State 7 28.57 State 7 8.86
State 1 32.14 State 1 30.71 State 1 42.29 State 1 6.29 State 1 21.14

The length of the best tour of modification for PV criterion states

54.56 48.48 77.71 96.57 44.58 31.42

State 1—current state; states 2–7—modified states.

3.5. Stage 5. Determining Product Criterion States Prioritize for Customers

At this stage, the IPA (importance-performance analysis) was used. As in the assumed
method, first the PV criteria and then simultaneously the states of these criteria were
analyzed. At this stage, the weights of the PV criteria were combined with the states of
the quality of the PV criteria (from stage 3, i.e., Tables 2 and 3). Initially, an IPA chart was
developed with the importance of all PV criteria only for the current states of these criteria
(Figure 5).

Figure 5. IPA chart for PV criteria.

It was shown that, at the first, it was necessary to modify the current state for the PV
criteria, i.e., the dimensions, maximum current, and idle voltage. Modifying these criteria
would allow them to increase their satisfaction.

Then, separate IPA charts were developed for each PV criteria. These graphs show
the relationship between the importance of the PV criterion and their states (current and
modified). The result is shown in Figure 6.
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Figure 6. IPA charts for the PV criteria states: (a) short-circuit electricity, (b) peak power, (c) maximum
current, (d) idle voltage, (e) weight, (f) dimensions.
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The analysis of results from the IPA charts allowed us to conclude that:

• There is no difference in how the PV short-circuit electricity will be modified because
the current state is sufficient for the customers and all proposed modifications are fully
satisfactory for the customers;

• There is no difference in how the PV peak power will be modified because the current
status is sufficient for customers and all proposed modifications are fully satisfactory
for customers;

• To modification of the current state to the maximum current should be undertaken,
where all proposed modifications will surely be more satisfactory for customers;

• The third state of the idle voltage should be a priority in modifying this criterion,
where the remaining states of this criterion will be comparatively satisfactory for
customers;

• State 7, state 6, state 5, and state 4 for the PV weight should be the priority in modifying
this criterion;

• State 2, state 3, and state 5 for the PV dimensions should be the priority in modifying
this criterion.

In the final stage, improvement activities are carried out for PV. For this purpose, the
entity (expert) should compare the ACO results with the IPA results. On their basis, the
final decision should be made on what improvement actions to take and in what sequence
to meet customer expectations. An example of this type of analysis is presented in the
discussion.

4. Discussion

Renewable energy sources (RES), mainly photovoltaic panels (PV), are the main tools
to improve the natural environment [6]. It has been shown that different approaches to
improve PV were used [11,14,17]. Some of these included customers’ expectations [10,55].
Despite this, there are no studies that focus on the ways of determining the best solutions
based on the modification of PV criteria. There are no works that match the producers
with the best changes in the quality criteria of photovoltaics and that take into account
customer expectations. Therefore, the purpose of this investigation was to develop a
model to determine the best modification of products considering the expectations of
the customers. The model was carried out for a key producer of PV from UE. The basic
criteria of PV were verified, i.e., short-circuit electricity, peak power, maximum current,
idle voltage, weight, and dimensions. All criteria were described by current and modified
states. For these criteria and these states, customer expectations were obtained, where these
requirements referred to the importance of PV criteria and the quality of PV criteria states.
A questionnaire was used for this. Then, the ways of modifying these criteria to achieve
customer satisfaction were determined. ACO was used for this. Then, IPA was used for the
combination of the states of the weight and quality of the PV criteria. The results of ACO
and IPA were presented to indicate PV improvement activities in line with the expectations
of customers and, at the same time, the entity (expert, company).

The final result from the confrontation of the model results for the verified PV is
presented in Table 7.

Based on the results of the model, it is possible to improve the PV selected for verifica-
tion. The main benefits of the proposed model include the possibility of defining:

• A way of modifying the current state of the product criteria to achieve customers’
satisfaction;

• A product criteria necessary to improve at first to achieve the expected quality product
level;

• Benefit modifications to the product criteria even for slight differences between the
customers satisfaction from states of these criteria.
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Table 7. Confrontation results of the model to support the process of improving PV.

Criteria
of PV Results from ACO Results from IPA Conclusion (Decision) after

Confrontation Results from ACO and IPA

m
ax

im
um

cu
rr

en
t(

A
)

State 1 42.29

It is necessary to modify the current state,
all proposed modifications will definitely be

satisfactory for customers; where state
1—current state,

states 2–7—modified states.

Choice of the modification state according
to the result of ACO, where the decision

depends on the need of the entity (expert),
e.g., production possibilities, the

possibilities of implementation due to the
state of other criteria, and financial

possibilities.

State 2 16.43
State 3 14.29
State 4 9.29
State 5 8.14
State 6 6.14
State 7 3.43
State 1 42.29

di
m

en
si

on
s

(m
m

)

State 1 21.14

State 2, state 3, and state 5 for the
dimensions of PV should be the priority

during modification of this criterion; where
state 1—current state,

states 2–7—modified states.

The modification of the current state of
criteria

to achieve state 3, if this is not possible
try to achieve state 5 and if this is not

possible try to achieve state 2, in another
case make a decision according to ACO.

State 3 18.00
State 4 7.14
State 5 15.14
State 2 15.71
State 6 14.00
State 7 8.86
State 1 21.14

id
le

vo
lt

ag
e

(V
)

State 1 17.71 State 3 should be a priority in modification
of this criterion, whereas other states for this
criterion should be comparably satisfactory
for customers; where state 1—current state,

states 2–7—modified states.

The modification of the current state of
criteria to achieve state 3, in another

case make
a decision according to ACO.

State 3 58.71
State 4 13.14
State 2 10.43
State 1 17.71

The proposed model has also business implications, i.e., a low-costed tool which can
be effective and uncomplicated for the possible initiation of it in the computer program,
e.g., MATLAB. Therefore, the search for benefit solutions in the product is free from errors
caused by calculation errors carried out in the traditional way. Another advantage of the
model is the fact that the solutions in the product, designated according to the model,
can be made dependent not only on customer expectations but also on the capabilities of
the production company (entity—expert), e.g., production capabilities, implementation
possibilities due to the state of other criteria, and financial possibilities.

On the other hand, the limitations of the model are its adequacy in verifying a small
number of criteria (<9). Additionally, using the model without computer support can be
time-consuming. It is possible to expand the methodology academically by comparing
the choices made with other methodologies that are based on the same or similar decision
support and optimization methods. IT support for selected stages of the model is also
an added value, e.g., the MATLAB program for ACO. Another added value would be to
implement this model in its entirety as a computer tool for later, easier utilitarian use.

5. Conclusions

The challenges to the environment resulting from climate change have caused the pop-
ularization of RES. Among the most popular are photovoltaic panels. However, dynamic
changes in customers’ expectations make it difficult to achieve the quality needed for these
products. Therefore, the purpose of this investigation was to develop a model to determine
the best modification of products considering the expectations of the customers. The model
was developed by integrated techniques, i.e., the SMARTER method, brainstorming (BM),
rule 7 ± 2, questionnaire, ant colony optimization (ACO), and importance-performance
analysis (IPA).

After the test of the model, it was shown that it was possible to determine the a of prod-
uct improvement through a sequence of modifications to the product criteria states while
simultaneously considering customers’ expectations toward the quality and importance of
product criteria.
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Future research will be based on the verification of other kinds of products and initia-
tion techniques to support the determination of accurate results for the model, depending
on the number of customers from which expectations are obtained.
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