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Abstract: Today, to properly address circular economy practices, strategic decisions encompassing all
the various life cycle stages of products or services have become critically important in the market.
However, companies still have difficulties in balancing the technical and environmental requirements
of their offerings, and numerous studies outline the need for more research on ecodesign tools to
support them in decision-making. To reduce such a research gap, a decision-making framework
based on the integrated use of the quality function deployment for the environment (QFDE), analytic
hierarchy process (AHP), strengths, weaknesses, opportunities, and threats (SWOT), and TOWS
matrix methods was developed through a case study related to the provision of photovoltaic solar
systems for domestic use. The results achieved show that to better enhance the company’s offering
of ensuring customer satisfaction and green compliance, a shift towards a product—service system
(PSS) approach is required, and practical implementation strategies are suggested. Overall, this study
contributes to the environmental research literature by streamlining marketing strategy planning
decision-making through a novel QFD-based approach that aligns customer requirements with envi-
ronmental concerns and improvement options. Thus, it provides both academics and practitioners
with a useful framework to better address the implementation of circular economy practices.

Keywords: quality function deployment for the environment; analytic hierarchy process; SWOT analysis;
TOWS matrix; photovoltaic solar panel; circular economy; green operations; green marketing;
strategic planning; product-service system

1. Introduction

Nowadays, companies face significant challenges in balancing the technical and envi-
ronmental requirements of their offerings since the “green performances” of both products
and services have achieved paramount relevance in the market [1,2]. On the one hand,
this push towards more sustainable solutions is due to the increasingly large number
of regulations that affect the market following the evolution of the concept of “sustain-
able development”, whose latest goals can be considered the ones stated by the Agenda
2030 promoted worldwide by the United Nations [3]. For example, in the European Union
context, the adoption of the Green Deal Plan in 2019 has led to defining a roadmap that
will culminate in the adoption of the Ecodesign for Sustainable Products Regulation in
the ambit of the New Circular Economy Action Plan [4,5], which aims at achieving a
European market characterized by more sustainable, repairable, and circular products.
Similar efforts to make sustainable products and reduce resource use have been carried
out by other countries. For example, the Singapore and South Korean governments also
emphasize the transition to a circular economy (CE) through policy initiatives such as “The
Singapore Green Plan 2030” and “The Korean Green New Deal”, respectively [6]. Similarly,
Japan adopted several policies that follow the issue of the Sound Material-Cycle Society
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(SMCS) plan and are aimed at augmenting resource efficiency and establishing sustainable
production and consumption patterns, contributing to a circular economy society [7].

On the other hand, consumers also show an ever-greater awareness of environmental
issues [8], leading companies towards so-called “green-washing” to augment their market
share [9].

In such a context, green manufacturing and green marketing appear as the best strate-
gies to match consumers’ preferences and create long-term business perspectives [10,11],
where the latter, also called “sustainable marketing” or “eco-friendly marketing”, concerns
the promotion of products and services capable of balancing environmental advantages
and values with a company’s revenues [12]. Additionally, strategic decisions also involve
the company’s management and operations, when a new offering (i.e., a product, a service,
or a combination of them) has to be put on the market [13]. Actually, these decisions involve
both product manufacturers and service providers, entailing the whole supply chain’s
actors participating in the different life cycle stages of the product/service [14].

Thus, following a circular economy perspective, decision-making should aim not only
at satisfying traditional customers’ requirements (i.e., the product/service performances
that consumers are longing for) but also at ensuring environmentally friendly performances
such as components” durability and maintainability, easiness to reuse and recycle, and
disposal [15]. In other words, when a company has to decide what type of product (and
the related services) to offer to customers, each stage of the life cycle has to be considered
as a value for both customers and the environment [16].

However, companies continue to face challenges in adopting circular economy busi-
ness models, and in the literature, the need for further research into the decision-making
process to support these companies in embracing CE practices emerges [17,18]. As a matter
of fact, integrating circular economy practices requires new business models and operation
restructuring. To face these changes, rather than implementing the development of new
tools, companies need to understand how to use existing ones to optimize decision-making
through strategic management support [19,20].

To reduce the above difficulties, in the literature, numerous approaches can be found,
starting from the total life cycle (TLC) approach proposed by Hapuwatte and Jawahir [16],
which developed a holistic methodology to include in a circular perspective triple bottom
line (TBL) and the 6Rs (reuse, reduce, recycle, remanufacture, recover, redesign) approach
together with the perpetual resource flow. Chrispim et al. [21] reviewed 38 tools aimed at
assessing the contributions and limitations of tools for assessing circular economy product
development. Bocken et al. [22] analyzed the current research on circular design and
business model strategies, bringing to light the effectiveness of the access and performance
model, which consists of offering the product’s capability or services to satisfy customers’
needs, eliminating the physical ownership of products (i.e., adopting a product-service
system PSS approach). These authors also point out the need for the development of
practical case studies to validate business model strategies. The demand for more research
on environmentally conscious design tools (or ecodesign tools [23,24]) to support companies
in decision-making when developing new offerings to meet customer requests also emerged
from other studies [25-27]. Accordingly, green product development mostly consists of
intuitive and difficult-to-quantify decision-making activities. Thus, more scientific tools for
sustainability assessment must be investigated [28]. By investigating this research context,
Jiang et al. [29] revealed that most used approaches are based on life cycle assessment
(LCA) and quality function deployment (QFD) methods. In particular, the latter approach
has been recognized as one of the most powerful tools for addressing environmentally
conscious product planning and conceptual design [30]. Accordingly, Puglieri et al. [31]
found that QFD-based approaches for ecodesign (or green design) represent a sizable
segment of sustainable development practices, although the literature still lacks extensive
case studies focusing on operational issues (i.e., usability, low application efforts, validation
in industrial practices) on the one hand and involving the whole life cycle of the product
on the other.
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With these considerations, the current study aims to reduce the outlined research gaps
and limitations by proposing a methodology based on the QFD approach capable of sup-
porting decision-makers in defining an offering that merges environmental concerns with
consumers’ expectations. More specifically, the following research questions were raised:

RQ1. How can one elicit the best improvement options related to the offer of a product and its
related services considering both the environmental and customers’ requirements?

RQ2. How can one select the best strategies to enhance marketing and operations management
activities ensuring customer satisfaction and green compliance?

The theoretical contribution of this study pertains to the methodological approach
used, which is based on the quality function deployment for the environment (QFDE)
method [32] augmented by the analytic hierarchy process (AHP) [33] and strengths, weak-
nesses, opportunities, and threats (SWOT) analysis [34], augmented by the TOWS ma-
trix [35]. To the authors” knowledge, the extant literature has scarcely addressed the
combined use of these tools especially in the ambit of green marketing, management, and
operations decision-making.

Moreover, such an approach has been studied in the context of intermediary business
models, in collaboration with a company that operates as an energy provider and is aiming
to optimize its offering of photovoltaic (PV) solutions to be used by private citizens in
urban and suburban contexts. Indeed, differently from the traditional perspective where
manufacturers usually elaborate their offerings based on existing products and additional
services, in the intermediary business market, such as the one of energy providers, the
company is usually an intermediary between manufacturers and customers [36]. In such
a context, the achievement of sustainable solutions in terms of offerings that match the
customer needs is even more difficult since it often consists of customized combinations
of products and services [37]. Thus, this case study can contribute to the development of
practical insights into the ambit of the provision of PV solutions for domestic use, whose
market has been ever-increasing in recent years due to both the rise of energy prices
and the financial support issued by many governments to foster the achievement of the
Agenda 2030 sustainable development goals [38,39]. Accordingly, the selection of the
best improvement strategy for putting a PV solution on the market that meets customers’
expectations and allows for the highest efficiencies and the shortest payback periods is
indeed crucial for PV system providers [40].

The remainder of this paper consists of the following: In Section 2, materials and
methods are described, and the proposed methodology is outlined. In Section 3, the case
study is described, while its results are discussed in Section 4. Section 5 reports conclusive
remarks proposing future research hints.

2. Materials and Methods
2.1. Quality Function Deployment for the Environment (QFDE)

The quality function deployment (QFD) method is a very diffused tool in engineering
and managerial practices, and a large number of studies have investigated its use for the
development of products and services in different sectors [41-43]. The core of the method
is represented by a set of matrices that is called “House of Quality”, which in its traditional
version allows engineers to combine in a systematic manner inputs (i.e., customer require-
ments (CRs)) and outputs (engineering characteristics (ECs)), providing at the same time
the assessment of their mutual inferences. In other words, this embedded “cause—effect”
mechanism ensures the elicitation of customer requirements to better address decision-
making when developing products, services, or their combination [44]. Accordingly, the
conventional method developed by Akao [45] consists of four phases, each one charac-
terized by a different HoQ (Figure 1), which starting from the analysis of the Voice of
Customers (VoCs) namely provides a set of features:

1.  Engineering characteristics (ECs) from customer R=requirements (CRs) in the first
phase (product planning);
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VOCs

2. Part Characteristics (PCs) from engineering characteristics (ECs) in the second phase
(parts deployment);

3. Process Operations (POs) from Part Characteristics (PCs) in the third phase (process
planning);

4. Production Requirements (PRs) from Process Operations (POs) in the fourth phase
(production/quality control).
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Figure 1. A scheme of the conventional QFD phases.

Based on this scheme, numerous variations have been proposed mainly focusing on the
first phase [42,46], which allows for the translation of customers’ needs and expectations
in engineering metrics, thus properly addressing the further steps of product/service
development [47].

In particular, a number of studies can be found in the literature that investigated the
use of QFD for the development of environmentally friendly solutions [44,48]. Most of them
include environmental characteristics together with customer requirements in the HoQ,
whose development allows engineers to elucidate and prioritize the Voice of Customers
(VOCs) and Voices of the Environment (VOEs) for their transformation into engineering
metrics (EMs) following the rules and paths of the conventional method [49-52]. A large
part of these studies, as in most QFD practices, mainly focus on the first phase of the method
(i.e., the HoQ), adapting it to the specific research context, such as the Environmentally
Conscious Quality Function Deployment (ECQFD) approach proposed by Vinodh and
Rathod [53] or the Eco-QFD developed by Kuo et al. [54] and the Green-QFD used by
Zhang et al. [55], Bovea and Wang [56], and Mehta and Wang [57] among others.

In such a context, Masui et al. [32] proposed the quality function deployment for
the environment (QFDE) method, which uses the HoQ mechanism to evaluate different
design options through a four-phase approach. In practice, such an approach differs from
the above studies considering the methodical point of view since it does not focus on
the development of a product (or a service) following the product (service) development
process as in the case of the conventional QFD method, but it helps designers in making
decisions when different options have to be evaluated. In other words, the first two phases
of the method are similar to the conventional approach, as follows:

Phase I: the conventional VOCs and environmental VOCs (also called VOEs) are
translated into engineering metrics (EMs);

Phase II: EMs are translated into product components (PCs).

Conversely, the third phase uses the same scheme as Phase II, and different matrices
are developed depending on the number of different options selected by the design team.
Each option consists of a product component that is worth investigating from both the
technical and environmental points of view.

The evaluation is carried out by computing only the most relevant scores of this
component (or a combination of them) in relation to the related EMs, while other scores
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in the matrix are considered null. This allows engineers to obtain the improvement rate
values of the engineering metrics for each option.

To better highlight the differences between QFDE and conventional QFD, in Figure 2,
a qualitative scheme of the QFDE functioning is illustrated considering three different
options: solution (a), solution (b), and solution (c). For each phase of the method, inputs
and outputs are also reported.
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Figure 2. A scheme of the QFDE method functioning.

Then, in the fourth phase, the Phase I matrix is used, and the improvement rate values
of the engineering metrics for each option are combined with the VOC improvement rate
values to obtain a final score that is called the “total improvement effect” (TIE). Hence, for
each design option, a total improvement effect is calculated, and these values are used by
the design team to decide which is the best solution.

Based on this, one might note that although in the literature, several authors have used
the term QFDE to indicate environmental QFD-based applications, most of them follow the
conventional QFD approach, which largely differs from the original idea behind the QFDE
by Masui et al. [32] and improperly use the term QFDE. To avoid any confusion, we specify
that in this study, the original QFDE by Masui et al. [32] is used.
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2.2. Analytic Hierarchy Process (AHP)

The AHP method was developed by Saaty [33] and is a decision-making tool that uses
pairwise comparisons and expert judgments to provide a priority scale of a certain list of
characteristics, using absolute judgments to determine the dominance of one element over
another. Such a tool is widely used to augment the effectiveness of the HoQ allowing for a
clearer prioritization of customer requirements [58,59]. The method consists of four main
phases [34]:

1. The definition of the goal of the analysis (i.e., the decision-making problem);
2. The definition of the hierarchy of the elements to be evaluated;

3. The construction of a set of pairwise comparison matrices;

4. The computation of the final priorities.

We used the AHP to better elicit the customer weights in the first phase of QFDE.
For this purpose, a pairwise comparison approach was adopted where each VOC was
compared to another via a 1 (equally important)-to-9 (extremely important) scale [33].

2.3. Strengths, Weaknesses, Opportunities, and Threats (SWOT) Analysis

As remarked by Phadermrod et al. [60], SWOT analysis is a widespread method used
to evaluate the company’s resources and environment in four regions related to a specific
issue: strengths (S), weaknesses (W), opportunities (O), and threats (T). In detail, strengths
and weaknesses are internal factors, while opportunities and threats are external factors that
enable or hinder a specific issue. Thus, external analysis can help managers evaluate market
opportunities and threats by examining competitors’ resources, the industry environment,
and the general environment [61]. This managerial tool has been used to support the QFD’s
application providing clearer input data [62,63] or to maximize the mutual influence of
engineering metrics in the correlation matrix [64]. In this study, we use the SWOT analysis
to evaluate the QFDE output. More precisely, the strengths, weaknesses, opportunities, and
threats of the selected option derived from the QFDE analysis are evaluated by a group
of experts. The internal strengths and weaknesses of the company’s offer (i.e., both the
product and the related services) are examined, while the external opportunities and threats
are identified.

2.4. Threats, Opportunities, Weaknesses, and Strengths (TOWS) Matrix

To better translate general considerations emerging from SWOT analysis into effective
strategies that consider marketing opportunities based on the company’s management and
operation capabilities, the TOWS matrix is used [35]. TOWS analysis allows managers to
combine (1) internal strengths (S) with external opportunities (O) and threats (T), as well
as (2) internal weaknesses (W) with external opportunities (O) and threats (T). Based on
these logical combinations, the TOWS matrix can be implemented, which identifies four
strategic groups:

(a) Strengths-opportunities (SO), which follows a “maxi-maxi” approach including strate-
gies that use strengths to maximize opportunities;

(b) Strengths—threats (ST) that is based on a “maxi-mini” approach, i.e., strengths are
used to minimize threats;

(¢) Weaknesses—opportunities (WO), which follows a “mini-maxi” approach where the
minimization of weaknesses is used to maximize opportunities;

(d) Weaknesses—threats (WT), which fosters a “mini-mini” approach aimed at minimizing
weaknesses and avoiding threats.

2.5. Research Approach

In Figure 3, a scheme of our research approach is illustrated, which consists of five
main steps:



Sustainability 2024, 16, 5941

7 of 22

1. The definition of VOCs and EMs: together with a team of experts belonging both to the
marketing and technical departments of the company, a set of VOCs and engineering
metrics was defined.

The application of the AHP to prioritize VOCs through a survey among customers.
The implementation of the QFDE’s four phases based on the AHP output.

The SWOT analysis of the QFDE output.

The implementation of the TOWS matrix to address the company’s marketing strategies.

G LN

DATA COLLECTION

¥

VOCs AND EMs
DEFINITION

¥

VOCs PRIORITIZATION

¥

OPTIMAL SOLUTION
SELECTION

¥

IMPROVEMENT
INFLUENCING FACTORS

¥

IMPLEMENTATION
STRATEGIES

AHP

QFDE

SWOT

T 4+ + 9

TOWS

Figure 3. A scheme of the research approach.
For the development of the current research, MS Office 365 tools [65] were used.

3. The Results of the Research
3.1. Case Study Context

In recent years, urbanization and environmental awareness have led to a shift in en-
ergy challenges, with PV energy emerging as a key solution [66]. Actually, considering all
renewable energy sources, solar energy is one of the most abundant and holds the greatest
potential as a global energy source [67]. Cities often have high energy consumption, con-
tributing to greenhouse gas emissions and environmental issues [68]. Hence, the integration
of photovoltaic energy in urban contexts is not only an adaptation to growing energy needs
but also a strategic response to transitioning towards sustainable and low-carbon energy
sources [69]. In addition, compared to other energy sources, solar photovoltaic systems
integrated with urban buildings offer several benefits, such as the following: reduction in
losses due to the transmission and distribution of energy, reduction in investment in trans-
mission and distribution lines, reduced idle generation capacity, short-term installation
capabilities, etc. [70]. Moreover, many countries adopted governmental subsidies to reduce
citizens’ investment costs and thus facilitate the adoption of solar technology [71].

As underlined by El-Bayeh et al. [72], choosing the optimal improvement strategy for
launching a PV solution that meets customer expectations, achieves maximum efficiency,
and ensures the shortest payback periods is essential for PV system providers. Several
studies have proposed selection criteria to find the best PV solution focusing on the choice
of solar panels in the photovoltaic system’s design [73-75].
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Baczkiewicz et al. [76] analyzed the use of multi-criteria decision-making tools to select
PV manufacturers. In this context, besides technical parameters, customer expectations
must also be considered, which include utility and aesthetic aspects [77].

Differently from the above studies, the current analysis is aimed at finding the best
improvement option for a PV system to be launched on the market by a company that
operates in the context of intermediary business models. In other words, the company is an
energy operator that provides private individuals with PV solutions, which include instal-
lation, maintenance, and take-back activities. The customer benefits from the autonomous
production of energy for domestic use and from selling to the provider the portion of excess
energy that is not used.

3.2. Data Collection and VOCs-EMs’ Definition

The first step of the analysis consisted of gathering information concerning customer
expectations and market analysis. For this purpose, the company’s set of offerings was
analyzed as well as data provided by the customer care department to establish customers’
preferences and expectations. Together with the company’s experts, a sample of 40 cus-
tomers was interviewed concerning their expectations and needs. The sample was selected
randomly among customers who contacted the company in the first 4 months of this
year: to be more precise, we contacted 54 people, and 40 agreed to answer our questions.
The selected individuals are customers living in an urban or suburban context who con-
tacted the company as they are willing to purchase a PV system to be installed in their
house/apartment. More in detail, we contacted them and asked them to list the main
features they expect from the PV system’s offering. The responses were elaborated together
with the group of experts to define the conventional VOCs. Regarding the environmental
VOCs, together with the group of experts, we provided these customers with a list of
potential green requirements from which to choose the most relevant ones (in line with
Masui et al. [32]). In Table 1, both conventional and environmental VOCs are reported. It
must be noted that due to a non-disclosure agreement (NDA) with the company, additional
information on the sample interviewed cannot be provided.

Table 1. List of the selected Voices of Customers (VOCs).

Type Code VOCs

VOC1 Purchase cost
. VOC2 Reliability
Conventional VOCs VOC3 Dimensions
VOC4 Profit
VOC5 Energy efficiency
VOC6 Ease of disassembling and parts sorting
Environmental VOCs vocC7z Easy to dispose

VOC8 Lifespan duration
VOC9 Installation complexity

In a similar manner, engineering metrics (EMs) were also defined, distinguishing them
into conventional and environmental EMs (Table 2).

Table 2. A list of the selected engineering metrics (EMs).

Type Code VOCs
EM1 Monitoring
EM2 Product size
. EM3 Aesthetics
Conventional EMs EM4 Storage capacity
EM5 Storage efficiency

EM6 Maintainability
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Table 2. Cont.
Type Code VOCs
EM7 Materials recyclability
EMS8 Accessibility
EM9 Durability
EM10 Product modularity
. EM11 Energy production efficiency

Environmental EMs EM12 Materials resistance
EM13 Quality of preliminary inspection
EM14 Quality of installation
EM15 Reduced number of components
EM16 Product disposal/recycling

3.3. Prioritization of VOCs

The next step consisted of the application of the AHP method to prioritize VOCs based
on data collected through a questionnaire, which was administered to the same sample
of customers to carry out the pairwise comparison. In the questionnaire, the comparison
between VOCs was made using a 1-to-9 scale, where 1 indicates equal importance and
9 represents the extreme importance of one VOC over another [33]. In Figure 4, the results
of this analysis are shown by reporting the values of the final weights of the VOCs and the
consistency assessment values. It must be noted that the consistency ratio (CR) should be
no higher than 0.1 [78].

VOC1 0.571

VOC2 vl A (highest eigenvalue of the consistency [N
I3 0.210 matrix )

vVOC4 2.067 Consistency Index (Cl) 0.087
VOC5 1.800 Random Consistency Index (RI) 1.45

VOC6 RRas Consistency Ratio (CR) 0.06
o7l 0.400

VOC8 QNuwk::

Figure 4. AHP outputs.

These results (Figure 5) bring to light that the most relevant VOC for customers
is the profit (VOC4), i.e., the possibility of saving money by autonomously producing
energy. Then, the system efficiency (VOC5) was also a very relevant aspect, followed by the
system reliability (VOC2). Conversely, the PV system’s dimensions and end-of-life (EoL)
management were considered the least important aspects.

3.4. QFDE Application

The implementation of the QFDE method was carried out in collaboration with the
company’s experts. First, the definition of QFDE Phase I was performed by filling the HoQ
that combines VOCs and EMs (Figure 6): note that in the column reporting the customer
weight (CW) of each VOC, the weights obtained through the AHP method are used. As far
as the relationship matrix is concerned, it must be underlined that in the QFDE, the same
scoring system as in the conventional QFD is used, i.e., a 1-3-9 scale is used to indicate
a “somewhat important”, “important”, or “very important” relationship, respectively. If
there is no relationship, the cell is left blank, and a score equal to 0 is computed. For the

QFDE implementation, the software Microsoft 365—Excel [79] was used.
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VOC4 — Profit I
VOC5— High efficiency [IIIIINIEGEGEGEEEE—
VOC2— Reliability [INIINEG
VOC9 — Installation complexity NG
VOC6 — Ease of disassembling [ IIININININING0EN
vOocC8— Longlifespan [IIIENGEGEGE
voc1— Lowcost NG
VOC7 — Easyto dispose [N
voc3— Dimensions
0 0.5 1 1.5 2 2.5
Figure 5. VOC ranking (in green, environmental VOCs; in red, conventional VOCs).
PROJECT: PV SYSTEM Engineering Metrics (EMs)
2
1=A
QFDE z
]
=
PHASE 1 2
[=] s - o~ m = ;] o
- 2 |2 |2 |2 [E (2 |2 |2 |2 |2 [E [ [ |2 |2 | |E
Voices of Customer (VOCs) | & zZ [ [Z |12 |12 |2 & s |2 |2 |E |2 |E | [Z
voC1 0.571 1 3 1 3 3 9
vOC2 1.201 1 3 9 1 9 3 9 3] 3
vOC3 0.210 5 1 9 3
VOC4 2.067 3 9 9 3 1 9
VOC5 1.800 1 9 3 1 9 1] 1
VOC6 0.945 9 1 E
VOC7 0.400 9 1 1 E
voCcs 0.738 il 9 1 9 9
VOC9 1.069 1 1 3 9 9
Imp;:ri;nce 9.94 |3.526(2.782| 18.82| 38.4 |29.05|12.67|4.138|19.52| 8.15 | 38.4 |17.45|7.115|15.02 15.39| 12.1
TOTAL SCORE: 252 Relative
: Weight 0.04 | 0.01 | 0.01 | 0.07 | 0.15 | 0.12 | 0.05 | 0.02 | 0.08 [ 0.03 | 0.15 | 0.07 | 0.03 | 0.06 | 0.06 | 0.05
Rank 11 | 15| 16 | 5 1 3 9 | 14| 4 | 12| 1 6 | 13| 8 7 | 10

Figure 6. Phase I of the QFDE method.

This first HoQ brought to light that the most important EMs are EM5 (storage effi-
ciency), EM11 (energy production efficiency), and EM6 (maintainability), while the less
important engineering metrics are EM3 (product size) and EM2 (aesthetics).

Then, the list of the PV system’s main components (Part Characteristics—PCs) was
defined (Table 3), and QFDE Phase II was performed (Figure 7).

As shown in Figure 7 (highlighted in yellow), the most relevant components of the
system are PC3 (storage unit), PC7 (panel protection system), and PC6 (solar panel). Hence,
the attention in QFDE Phase III was focused on these three parts of the PV system. Then,
the development of the third phase of the method consisted of the implementation of three
different HoQs, one per each of the above components. More in detail, as suggested by
Masui et al. [32], in this phase, the effects of a product’s improvement on engineering
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metrics (EMs) are estimated. Hence, based on the priority given to PC3, PC6, and PC7,
their relevance is compared considering only the most important values of the EMs. The
starting point of this phase is the development of the whole HoQ, as shown in Figure 8.

Table 3. The list of the Part Characteristics (PCs).

Code PCs

PC1 Connection cables

PC2 Installation system
PC3 Storage unit

PC4 Inverters

PC5 Control system

PCo6 Panel protection (materials)
PC7 Panel (materials)

Part Characteristics
(PCs)
(7]
=
QFDE =
-
L
oo
(]
PHASE I1 2
2
S
‘T: - ~ on < n 0 ~
Engineering Metrics (EMs) & g1 2818 |8 |8 |8 |8
EM1 0.039 3 3 9
EM2 0.014 9
EM3 0.011 3 3 9
EM4 0.075
EM5 0.152 1
EM6 0.115 1 9 3 1
EM7 0.050 3 1 9 9 9
EMS8 0.016 3 3
EM9 0.077 1 9 9 3 1 9 3
EM10 0.032 3 1
EM11 0.152 1 9 9 9
EM12 0.069 9 )
EM13 0.028 1
EM14 0.059 1
EM15 0.061
EM16 0.048 3 1 3 3
Importance | 531165 |4.88|2.34|1.652.35 | 3.07
Score
Relative | 531 0.10 | 0.30 | 0.14 | 0.10 | 0.14 | 0.19
Weight
Rank 7 5 1 4 6 3 2

Figure 7. Phase II of the QFDE method.

Then, for each one of the selected PCs, a further relationship matrix was developed
where only relevant scores are saved, while the others are considered null. Thus, three
different HoQs were developed:

e  Phase IlI(a) for the proposal of PC3 (storage unit) improvement;

e  Phase III(b) for the proposal of PC6 (solar panel) improvement;
e  Phase ITI(c) for the proposal of PC7 (panel protection system) improvement.
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Part Characteristics
(PCs)
QFDE g
w
-
o
]
o0
PHASE II1 g .
: g
=] >
% - ~ ) < n © ~ |4
Engineering Metrics (EMs) o g g g g g = s | =
EM1 0.039 3 3 9 15
EM2 0.014 9 9
EM3 0.011 3 3 9 |15
EM4 0.075 9 9
EM5 0.152 1 9 3 13
EM6 0.115 1 9 3 1 [14
EM7 0.050 3 1 9 9 9 [31
EM8 0.016 3 3 6
EM9 0.077 1 9 9 3 1 9 3 35
EM10 0.032 3 3 1 [7
EM11 0.152 1 9 9 9 28
EM12 0.069 9 9 [18
EM13 0.028 1 1
EM14 0.059 1 1
EM15 0.061 9 1 1 11
EM16 0.048 3 1 3 3 10
Importance | 531 1.65|4.88 | 2.34 | 1.65 | 2.35 | 3.07
Score
Relative | 1 1310.10|0.30| 0.14 | 0.10| 0.14 | 0.19
Weight
Rank 7 5 1 4 6 3 2

Figure 8. Phase III of the QFDE method.

In Figure 9, the relationship matrix related to PC3 is shown, while the one concerning
PC7 is reported in Figure 10. In the former, the relevant EM was considered the energy
production efficiency (EM11), while in the former the system durability (EM9). The same
engineering metric was considered for the improvement of the protection materials (PC6).

The last step of the QFDE method concerned the development of the three HoQs of
Phase IV. In practice, the EM improvement rates obtained for each proposal in Phase III are
used to augment the evaluation of VOCs as follows. Starting from the Phase I matrix, for
each VOC, the SUMPRODUCT function is applied to generate a value that combines the
EM improvement rates and the VOC scores. In this way, the SUM-PRODUCT column is
generated (Figure 11). Then, the VOC improvement rate column is generated by computing
for each VOC the ratio between the corresponding value of the SUM-PRODUCT column
and that of the column RELEVANCE. Finally, for each VOC, the improvement effect is
calculated by multiplying the VOC customer weight times the VOC improvement effect.
Therefore, it is possible to calculate the total improvement effect of the proposal, which
is equal to the sum of all values in the column VOC improvement effect. As shown in
Figure 11, the total improvement effect (TIE) for the storage improvement is equal to 2.79.
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Part Characteristics
PROPOSAL #1 : STORAGE (PCs)
QFDE g
w 2
o ©
o o
2 =
) = g
[ -
PHASE I1I (a) 2 w = g
2 Z Z 5
s > > =
‘T‘: - ~ o0 < n © ~ =] =] 5
Engineering Metrics (EMs) & g || 8|8 |8 |8 |8 |& & =
EM1 0.039 15 0| 0.00
EM2 0.014 9 0 0.00)
EM3 0011 15 0 0.00)
EM4 0.075 9 9 9 1.00
EM5 0.152 9 13 9 0.69
EM6 0.115 14 0| 0.00]
EM7 0.050 9 31 9 0.29
EM8 0.016 6 0| 0.00]
EM9 0.077 9 35 9 0.26]
EM10 0.032 7 0| 0.00]
EM11 0.152 9 9 28 18| 0.64]
EM12 0.069 18 0 0.00]
EM13 0.028 1 0| 0.00|
EM14 0.059 1 0| 0.00]
EM15 0.061 11 0| 0.00
EM16 0.048 3 10 3 0.30]
Importance | 4 55| 0.00 | 4.70 | 1.37 | 0.00 | 0.00 | 0.00 6.07
Score
Relative | 00| 0.00 | 0.77 | 0.23 | 0.00 | 0.00 | 0.00
Weight
Rank 3 (3|1 |23 |3]3

Figure 9. Phase III(a) of the QFDE method (related to the improvement of the storage system).

. Part Characteristics
PROPOSAL #2 : Panel material (PCs)
«
=
QFDE 2 g
b w | & 2 | 2 &
£ @ 5] s E =
= 8] E| 5| E | &
PHASE III (b) = Elz 2l 8o |lw|ln| B
2 S 5 2 c s Q =} 3
g 8|l s5|l2|S|c|2|2]| &
32 e | 2| »| | |8l 23|3|3|E
- . ° S| 8| S| e|E| €| |2||s
Engineering Metrics (EMs) © S|l e|la3 | |18 |& | & |&| 8|8
monitoring 0.039 15 0| 0.00
product size/compactness 0.014 9 0| 0.00
Aesthetics 0.011 9 15 9| 0.60
storage capacity 0.075 9 0| 0.00
Storage efficiency 0.152 13 0| 0.00|
Maintenance 0.115 14 0| 0.00|
Recyclability Materials 0.050 9 31 9| 0.29
product accessibility 0.016 6| 0| 0.00
Durability 0.077 9 3 35 12| 0.34
product modularity - ease of installati| 0.032 7 0| 0.00
energy production efficiency 0.152 9 28 9| 032
material resistance - finishes 0.069 9 18| 9| 050
Quality preliminary inspection 0.028 1 0| 0.00
Quality installation and optimisation 0.059 1 0| 0.00
reduced number of components 0.061 11 0| 0.00
Product disposal/recycling 0.048 3 10 3| 0.30]
I rt
mPoTtance 10.00 | 0.70 | 0.00  0.00 | 0.00 | 0.00 | 2.92 361
Score
Relati
eatve  10.00|0.19 | 0.00|0.00 | 0.00|0.00 | 0.81
Weight
Rank 3 2 3 3 3 3 1

Figure 10. Phase III(b) of the QFDE method (related to the improvement of the panel’s material): the
scores considered for the evaluation are those included in the bold box (red line), belonging to the
line/row highlighted in yellow (i.e., those containing the most impactful scores), in accordance with
the QFDE rules by Masui et al. [32].
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PROJECT: PV system Engineering Metrics (EMs)
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ot | ¢ |3 o
< | @ 3 2
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PHASE IV(a) 5 1808 |t
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2 E £ 7
3 o | =
£ o |8
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Voices of Customer (VOCs) 3 2 2 b 2 S 2 2 2 2 2 2 2 2 s 2 s
voc1 0.571 1 3 1 3 3 9 20| 0.01] 0.008 0.29
VOoC2 1.201 1 3 9 1 9 3 9 3 3 41| 0.15/0.185 6.32
voc3 0.210 9 1 9 3 22 0.05| 0.010| 1.00
voca 2.067 3 9 9 3 1 9 34| 0.63] 1.294] 21.27
VOC5 1.800 1 9 3 1 9 1 1 25| 0.48| 0.865 12.02
VOCé6 0.945 9 1 9 19| 0.28]0.264 5.31
VvocC7 0.400 9 1 1 9 20| 0.27]/0.106 5.31
Vocs 0.738 1 9 1 9 9 29 0.08] 0.059 2.31
Vvoco 1.069 1 1 3 9 9 23| 0.00| 0.000| 0.00
EM Improvement Rate 0.00 0.00 000 100 0.69 000 029 0.00 026 000 064 000 000 0.00 0.00 0.30
PROPOSAL #1: Storage Total Improvement Effect frot] 1.95[2.79]

Figure 11. Phase IV(a) of the QFDE method (related to the improvement of the storage system).

In detail, the outputs of this phase for the improvement of the storage system are
illustrated in Figure 12 (VOC improvement rates), where the scores of VOCs improvement
rates related to the storage system are shown.

VOC9

VOoCs8

VOC7

VOC6

VOC4

VOC3

VOC2

VOC1

I
1
|
vocs
|
|
]
|

0.5 0.6 0.7

Figure 12. VOC improvement rates related to the storage system (in green, environmental VOCs; in

red, conventional VOCs).

In the same manner, the other two proposals were also evaluated, and the TIE value of
each proposal is compared in Figure 13, where it emerges that the most promising proposal
is the improvement of the storage system.

Improvement proposal

VOC Improvement

Total Improvement

Rate Effect
e e
Q| Storage system 1.95 ZD
~——
b | PV panel material 1.36 1.31
c | Panel protection material 1.31 113

Figure 13. A comparison of the total improvement effects.
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More in detail, the VOC improvement effects of the three proposals are illustrated in
Figure 14.

3

2.5

1.5

Storage Photovoltaic module materials Protection materials

0.5

mVOC1 mVOC2 mVOC3 mVOC4 mVOC5 mVOC6E mVOC7 mVOC8 mVOC9

Figure 14. A comparison of the VOC improvement effects related to the improvement of the storage
system.

3.5. SWOT Analysis

Based on the output of QFDE, the SWOT analysis was applied to bring to light the
benefits and barriers related to the improvement of the storage system. This activity
was carried out in a meeting with the company’s group of experts, and the results are
synthesized in Figure 15. The experts focused on the system improvement and the related
environmental concerns when completing both the internal strengths and weaknesses and
the external opportunities and threats sections of the SWOT analysis.

STORAGESYSTEM STRENGTHS WEAKNESSES

o Currentbatteries have a
Increased efficiency and

System o mne limited lifespan
Decrease in the external grid
INTERNAL power consumption
St Use of longer-lasting and Management of replacement
disposable batteries and disposal activities
Possibility of a reductionin
the number of components
New technologies could
System Profit from energy production diminish the importance of
storage
EXTERNAL

Development of new
Enviroment  technologies with less
environmental impact

Possible changes in disposal
regulations

OPPORTUNITIES THREATS
Figure 15. The results of the SWOT analysis.

With reference to the former section, the analysis was focused on operations manage-
ment, which was evaluated considering the system development opportunities and the
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supply chain capabilities. Regarding the external section, threats included the problems of
technological changes and government/regulatory actions.

3.6. TOWS Matrix Strategic Planning

After assessing SWOT factors, implementation strategies were developed through the
use of the TOWS matrix, which was applied to systematize strategic choices, considering
both internal and external factors. The output of this analysis is summarized in Figure 16.
Given that the company operates as an energy provider in the context of intermediary
business models, manufacturing activities are not considered. Instead, other operations
involved in the PV system supply chain were evaluated, such as the purchase and installa-
tion of higher quality components, as well as the provision of services along with the PV
system lifespan, up to the implementation of a product-service system (PSS) approach [80]
to better handle end-of-life activities.

STORAGE INTERNAL STRENGTHS (S) INTERNAL WEAKNESSES (W)
SO ("maxi-maxi") WO ("mini-maxi")
« Use components with higher capacity and * Use amodular system to reduce maintenance
longer life in terms of recharge cycles to operations and maximize the lifespan of the PV
increase product life system

« Use components made up of several batteries
for easier replacement or modularity

« Improve the integrated inverter in terms of
efficiency with a product ensuring a reduced
loss in energy conversion and higher
adaptability to the domestic power grid

EXTERNAL OPPORTUNITIES
(0)

) ST ("maxi-mini")

<

wi * Use a modular storage stem to minimize the » Implement a Paa$S contract to reduce risks related
% risk of technological obsolescence to new EoL regulations

=

&‘ £ « Ensure that the storage system can operate « Use amodular storage system to reduce the need
E with a different number of additional battery to change inverters

u components

1% « Develop a recycling service for the components
w

Figure 16. TOWS matrix.

It must be noted that due to a non-disclosure agreement (NDA) with the company, the
data illustrated in both the SWOT and TOWS analyses were simplified.

4. Discussion

This article proposed a procedure aimed at defining strategic improvement options
to enhance the market offering of PV systems for private customers living in urban and
suburban contexts. The use of the QFDE method combined with the AHP technique
allowed us to better elicit conventional and environmental VOCs. As shown in Figure 5,
the most relevant expectation of customers concerns the opportunity to reduce the payback
period, making a financial profit. This aspect is strictly related to the other most important
requirements (VOC5—High efficiency and VOC2—reliability), stressing the customers’
search for a durable system that can allow them to autonomously produce their own
electricity supply and potentially export the surplus electricity to the national grid, making
an additional profit. Customers also pay attention to the ease of maintenance of the system
(VOC9—Installation complexity and VOC6—Ease of disassembling), while the system
cost (VOC1) appears to be not so crucial. This result, in contrast to other studies carried
out in the sector [81], is due to European policies that allow governments to provide
significant financing opportunities for the installation of solar panels for domestic use.
Hence, the major concern is not the cost of batteries and PV panels but their maintenance
and end-of-life management. This attitude of customers is in line with the results of other
research investigating the willingness and intention to purchase PV solar systems under
governmental financial support [82,83]. Moreover, the relevance of VOC5 and VOC9 shows
that customers have a certain level of knowledge regarding the technical features of PV
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systems. This is also demonstrated by the low importance of VOC3 given that the system
dimensions (especially those of panels and batteries) are standardized characteristics of the
products currently on the market.

Considering the company standpoint, the VOC improvement rates (Figure 12) repre-
sent the opportunities to improve the offerings on the market: the results achieved show
that augmenting the performances of the storage system can largely impact the profit for
customers, i.e., payback opportunities that are strictly related to the increase in the energy
efficiency of the system and its reliability. Accordingly, the combination of these results
can respond to RQ1 suggesting the best improvement option related to the offer of a PV
solution considering both the environmental and customers’ requirements.

To accomplish this, the company has to implement a set of strategies that are charac-
terized by two main elements:

(1) From the technical point of view, the search for better components and modular
products can allow the company to offer a system with increased efficiency and easier
installation and maintenance operations.

(2) From the environmental point of view, the implementation of the PSS approach can
allow the company to better manage both maintenance and EoL activities.

Actually, the latter issue can be very beneficial for the achievement of a more sus-
tainable business model, as argued by many scholars that investigated the environmental
positive effects of a Product-as-a-Service (PaaS) model [84-86]. The primary benefit of
PaaS is that it allows the company to use the value embedded in physical goods across
several life cycles [87]. Such an implementation can be at different levels, as stressed by
Golinska-Dawson et al. [88]; thus, the strategy planning that emerged from the TOWS
matrix can support the company in deciding which options better fit with the company’s
capabilities. In this way, the complexity of implementing a PaaS model can be reduced, in
line with Hidalgo-Crespo et al. [89]. This practical insight can respond to RQ2.

At a more general level, the methodological implications of this research should also
be outlined. The coordinated use of QFDE with the APH, SWOT, and TOWS to the authors’
knowledge represents a novelty in the QFD literature, providing a framework that allows
engineers not only to select an optimal product/service improvement option but also to
verify its feasibility at the strategic level in terms of marketing and operation capabilities.
The results achieved confirm that shifting from the provision of the PV system and related
maintenance towards a PaaS can allow for a greener solution in the context of circular
economy business models. Therefore, this outcome accomplishes research hints by Van
Opstal and Smeets [37] in a practical manner. Hence, the contribution of the proposed
approach lies in the advancement of the knowledge for developing improvement options
of product/service offerings considering not only the environmental and technical features
of the system but also the related operations to manage it once it is launched on the market,
thus involving knowledge and competencies from different domains. This research finding
can fulfill the need for more interdisciplinary approaches in the context of environmental
sustainability research [90], as the proposed framework can elucidate the issues it tackles
and the tools and methods to support it.

Additionally, the current study certainly presents several limitations that need to be
solved in further research and practical applications. First, there are limits of the HoQ in
providing an unbiased and correct evaluation of qualitative attributes, as well as those
related to the prioritization of the latter [91]. The use of the AHP can reduce these limits [92],
but more complex elaborations are still needed [42]. Furthermore, the SWOT analysis has
also often been criticized for some weaknesses mainly due to the lack of assessment criteria
to be used to evaluate the importance of SWOT factors [93]. The use of the TOWS matrix
can help managers focus on the core competitive advantages and disadvantages of a certain
solution, but a limitation still exists in providing a detailed output that helps the company
quickly grasp its competitive position, enabling timely adjustments to its strategic planning
and resource allocation [94].
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Finally, it must be noted that the current research considers only a company and a
specific target customer, i.e., an individual living in an urban or suburban context who
is willing to purchase a PV system to be installed in his/her house or apartment. A
wider potential customer analysis (e.g., the analysis of the socio-demographic character-
istics of respondents) and an in-depth market analysis (e.g., involving other companies)
are out of the scope of this research. Indeed, although considering the latter issues can
certainly augment the value of this research, the current study is more focused on the
methodological approach.

5. Conclusions

This research aims to provide a new rationale for decision-making when implementing
sustainable business models by means of an original framework that integrates the QFDE,
AHP, SWOT, and TOWS tools. To verify the effectiveness of such a procedure, it was
applied to a case study concerning the provision of photovoltaic solar systems for domestic
use. The results achieved suggest that the selection of the best improvement strategy for
putting a solution on the market that can meet customers’ expectations and allow for
the highest efficiencies required to shift towards a circular business model, where the
company can also manage the EoL stage of the system. Hence, these outcomes confirm that
transitioning from providing PV systems and related maintenance to a Product-as-a-Service
(PaaS) model offers a greener solution within circular economy business models. This
result can offer practical hints not only to companies operating in the PV market but also to
policymakers to better direct the lines of development of the renewable energy market and
the related financial support. From the theoretical point of view, the proposed approach
advances knowledge in improving product/service offerings by considering environmental,
technical, and operational aspects, requiring interdisciplinary knowledge and competencies.
Such an output highlights the need for more interdisciplinary approaches in environmental
sustainability, providing insights for scholars to better address further research on the
implementation of circular economy practices.

Hence, on the one hand, this study can contribute to augmenting the knowledge of
tools for the implementation of sustainable business models. On the other hand, further
research is needed to expand the validity of this study over the case study context. For
example, a wider analysis of potential customers as well as an in-depth market analysis
can provide more generalizable outcomes to be used not only by companies operating in
the market of PV systems but also in other renewable energy sectors where the system
customization and green performances have to be matched.

Another potential future study should concern the refinement of qualitative analyses
that can be obtained using the proposed procedure through the adoption of additional
tools to improve the effectiveness of prioritization assessments.
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