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Abstract. The purpose of this study is to evaluate the significant dimensions of customer-centric
innovation in renewable energy projects. We construct a novel fuzzy decision-making model to ad-
dress this objective. In the first stage, significant indicators are identified using balanced scorecard-
based determinants and weighted through the multi-step wise weight assessment ratio analysis (M-
SWARA) method integrated with quantum spherical fuzzy sets. In the second stage, the energy
efficiency of renewable energy alternatives is assessed for customer-centric innovation performance
via technique for order preference by similarity to ideal solution (TOPSIS). We offer priority strate-
gies for green energy investors to enhance customer-centric innovation with more reasonable costs.
Methodologically, the proposed model provides important advantages by effectively handling uncer-
tainty through quantum spherical fuzzy structures, incorporating the golden ratio in degree calcula-
tions, and capturing interdependencies among criteria through the improved M-SWARA approach.
The findings reveal that customization is the most critical indicator for improving customer-centric
innovation performance, followed by efficiency, while optimization and innovation have relatively
lower importance. The ranking results indicate that solar energy projects demonstrate the highest
performance in managing customer-centric innovation, followed by wind and geothermal energy
alternatives.

Key words: green energy, energy finance, strategic innovation, performance assessment.

1. Introduction

Energy is becoming increasingly vital as a key resource for modern life. It plays a cen-
tral role in raising living standards and supporting sustainable economic development.
The method of energy production is critical to achieving sustainability goals. Fossil fuel-
based energy generation significantly damages natural resources and intensifies environ-
mental degradation (Lorente et al., 2023). Therefore, electricity must be generated through
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cleaner and more environmentally friendly sources. Otherwise, pollution caused by fossil
fuels will continue to hinder sustainability objectives. Despite their advantages, renewable
energy alternatives also present certain challenges. Energy generation from many renew-
able sources is highly dependent on climatic conditions, which may lead to fluctuations
and interruptions in supply. However, uninterrupted electricity production is essential for
economic activities, particularly industrial production (Amin et al., 2022). For this rea-
son, effective measures must be implemented to ensure reliability and stability in energy
generation. Effective demand management is another critical issue in this process. Both in-
dividual and institutional energy consumption must be carefully analysed. With the accel-
eration of globalization, energy demand has increased substantially. When this demand is
not properly met, consumer dissatisfaction may arise (Lotfabadi et al., 2022). Insufficient
electricity supply disrupts production processes and negatively affects national economic
performance. Conversely, excessive electricity generation reduces operational efficiency
for energy companies. Therefore, accurate planning of customer-centric innovation is cru-
cial for maintaining profitability in renewable energy investments. Difficulties in balancing
supply and demand decrease investment efficiency (Abedrabboh et al., 2022). Hence, en-
ergy supply-demand analysis should guide strategic decisions and policy formulation in
advance.

In this context, the transition toward renewable energy investments does not merely
represent a technological shift but also requires a transformation in value creation logic.
Green energy companies increasingly operate in competitive and customer-sensitive mar-
kets where reliability, flexibility, and responsiveness shape customer satisfaction. There-
fore, renewable energy investments must be aligned with customer-centric innovation
principles. Rather than focusing solely on energy production capacity, firms must design
systems that anticipate demand patterns, integrate smart technologies, and create value
through adaptive service models. This perspective establishes a conceptual bridge be-
tween sustainability-driven energy investments and customer-oriented innovation strate-
gies. Companies aiming to strengthen customer-centric innovation in clean energy in-
vestments must consider several strategic factors. Efficiency is one of the most important
dimensions. The use of equipment that completes processes in shorter periods improves
overall production performance. In addition, electricity consumption must be optimized
through accurate forecasting and timing (Rusu, 2022). Providing the required energy at
the right time enhances operational effectiveness. Smart technologies further enable en-
ergy systems to respond to customer expectations more precisely. Customer-centric energy
generation strategies can significantly improve efficiency. Moreover, advanced technolog-
ical applications help reduce disruptions in renewable energy investments (Mungai et al.,
2022). As a result, production interruptions can be minimized, and customer satisfaction
can be enhanced.

However, improving customer-centric innovation requires additional investments. Ev-
ery strategic improvement increases operational costs. Therefore, it is not optimal for firms
to invest equally in all variables affecting performance. Instead, businesses must identify
the most critical determinants and allocate their resources efficiently. Conducting a pri-
ority analysis becomes essential in this context. The results of such an analysis enable
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firms to implement the most appropriate strategies to enhance customer-centric innova-
tion performance (Abbasi et al., 2022). Consequently, renewable energy companies can
achieve more effective outcomes by using their operating budgets more strategically. Ac-
cordingly, this study aims to analyse energy efficiency for customer-centric innovation.
In this study, the concept of energy efficiency for customer-centric innovation refers to
a dual perspective. First, it involves the efficient generation, storage, and distribution of
energy to meet dynamic customer demand with minimal waste and operational loss. Sec-
ond, it encompasses the efficiency of innovation processes that enhance responsiveness,
technological adaptability, and service quality. Therefore, the term does not solely refer
to technical energy efficiency but also includes strategic and operational efficiency in de-
livering customer-oriented energy solutions. This integrated understanding aligns energy
performance with innovation capability and customer value creation. First, significant in-
dicators are identified by using Balanced Scorecard (BNSD) determinants. These items
are evaluated with M-SWARA method with Quantum Spherical fuzzy sets (QSFNs). Sec-
ondly, the energy efficiency of the renewable alternatives is examined for customer-centric
innovation. For this purpose, TOPSIS with QSFNs is used to rank five different clean en-
ergy alternatives.

Although fuzzy extensions of SWARA and TOPSIS have been widely applied in sus-
tainability and energy-related decision-making problems, most existing models treat un-
certainty and weighting procedures separately and assume limited interaction among cri-
teria. Classical fuzzy SWARA approaches primarily focus on subjective weight determi-
nation without explicitly modelling causal interdependencies. Similarly, fuzzy TOPSIS
extensions improve ranking robustness under uncertainty but often rely on predetermined
weights derived from independent criteria structures. In contrast, the present study inte-
grates an improved M-SWARA model capable of capturing causal relationships among
determinants and combines it with quantum spherical fuzzy structures to enhance un-
certainty representation. This integrated framework moves beyond incremental fuzzy ex-
tensions by simultaneously addressing interdependence, proportional balance, and uncer-
tainty within a unified decision architecture. The main novelties of this study are demon-
strated as follows.

(i) Priority strategies will be offered to green energy investors for effective customer-
centric innovation. All improvements to be made by green energy companies to fur-
ther improve customer-centric innovation cause an increase in costs. Therefore, mak-
ing improvements for many factors creates excessive costs for businesses. In this con-
text, more important issues can be determined with the results of the analysis of this
study. In this framework, it will be possible to activate customer-centric innovation
with more reasonable costs. In this study, customer-centric innovation refers to the
development and implementation of technological, operational, and strategic solu-
tions that prioritize customer needs, demand responsiveness, and value co-creation
in energy systems. Drawing from innovation theory and service management litera-
ture, customer-centric innovation extends beyond product improvement and empha-
sizes the design of adaptive systems that enhance customer experience, reliability,
and perceived value. In the renewable energy context, this concept involves aligning
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technological development, demand forecasting, optimization processes, and service
flexibility to ensure that energy generation systems respond effectively to dynamic
customer expectations.

(ii) The ranking of different renewable energy alternatives according to customer-centric

innovation performance is one of the important contributions of the study. In this
way, it will be possible to understand which type of green energy is more successful
in customer-centric innovation. Thus, improvement strategies will be presented for
energy types with low performance. Moreover, investors will be directed to renewable
energy alternatives that are determined to be more successful.

(iii) The use of the balanced scorecard technique in criterion selection also provides

some advantages. The perspectives in this approach consider both financial and non-
financial factors (Mio et al., 2022). In this way, it is possible to analyse with a more
comprehensive set of criteria (Elbanna et al., 2022). This also contributes to a more
effective priority analysis (Agarwal et al., 2022).

(iv) There are also many methodological advantages in this study. While criterion weights

can be calculated in the classical SWARA method, the causality relationship between
these factors cannot be determined (Mardani et al., 2017). On the other hand, the fac-
tors that determine the effectiveness of customer-centric innovation may have effects
on each other. For example, the use of machines that complete their task quickly can
both increase efficiency and help the timing of electricity consumption to be done
more successfully. In this context, some improvements have been made on the clas-
sical SWARA method in this study. Thus, a new technique called M-SWARA has
been developed. In this way, both strategies will be produced more accurately, and
the methodological originality of the study will be ensured.

(v) Integrating Spherical fuzzy numbers with quantum theory also increases both the

(vi)

originality and effectiveness of the developed model. Thanks to quantum theory, dif-
ferent possibilities can be taken into consideration in the analysis process. In addition,
Spherical fuzzy numbers allow different parameters such as hesitancy to be used (Liu
and Wang, 2022). To achieve success in the developed decision-making models, it is
necessary to integrate the issues that consider complex problems into the model. Oth-
erwise, the developed model will be insufficient to solve decision making problems
(Munir et al., 2021). In this context, it will be possible to reach more accurate results
thanks to this integration made in this model.

One of the frequently discussed issues in decision making methods is how the degrees
are calculated. In the model developed in this study, golden ratio is used in calculating
the degrees of Spherical fuzzy sets. Since this is an original calculation method, it is
thought to contribute to the literature. Furthermore, it will be possible to obtain more
accurate results in this way.

Literature evaluation is conducted in the next part. The proposed model is explained

in the third section. The following section includes analysis results. Discussions and con-
clusions are provided in the final sections.
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2. Literature Review

There are different factors that affect the efficiency of customer-centric innovation of re-
newable energy enterprises. Businesses should pay attention to productivity-enhancing
issues to ensure effective customer-centric innovation. Nair ef al. (2022) stated that busi-
nesses should prefer equipment that completes the process in less time. Owing to this
equipment, energy production will be completed in a much shorter time. According
to Lankeshwara et al. (2022), businesses will be able to produce the required amount
of energy on time. This will contribute to meeting energy demands more successfully.
Thirunavukkarasu et al. (2022) and Ang et al. (2022) concluded that materials that will
provide more efficiency should be used in the energy production process. It will be possi-
ble to produce more energy at the same time. Zahedi et al. (2022) and Torkan ez al. (2022)
also identified that it will be possible to obtain the demanded amount of energy more eas-
ily. Rajan and Jeevananthan (2022) and Tan ez al. (2022) underlined that efficiency can be
increased with the use of solar panels, which can generate more electricity from sunlight.
This will contribute to the successful implementation of customer-centric innovation.

The timing of electricity consumption must be done correctly to manage the customer-
centric innovation successfully. In this process, it is important to make the necessary anal-
yses to predict the amount of electricity consumption in advance. According to Cirocco
et al. (2022) and Elavarasan et al. (2021), population growth in the country is a variable
that should be taken into consideration in this process. The more the population increases
in a country, the more demand for electricity will increase. Moreover, Haq et al. (2022)
and Hu et al. (2022) also concluded that the economic situation of the country is a factor
that is directly proportional to the electricity consumption forecast. It is expected to in-
crease its investments in a country with a better economic performance. This will lead to
an increase in electricity consumption. Tang et al. (2022) discussed that renewable energy
enterprises can also make energy consumption forecasts for their customers. Hirkonen et
al. (2022) and Wei et al. (2022) identified that considering the energy demands of the
customers in the past years, it will be possible to understand how much energy they will
need in the future. Thus, it will be possible to manage the customer-centric innovation
more successfully.

Innovative implementations can also increase the performance of customer-centric in-
novation of green energy companies. Especially thanks to data mining-style applications,
it is possible to perform customer-centric innovation more successfully. Bedi ef al. (2022)
discussed that demand in energy markets can be very volatile. This situation can cause
green energy companies to have difficulties in managing this variable demand. Siddiqui et
al. (2022) and Mellouk et al. (2019) determined that unexpected and instantaneous power
plant failures may occur. This situation can cause problems in energy demand manage-
ment, and businesses should take the necessary measures to solve such problems quickly.
Gunarathna ef al. (2022) and Aragén et al. (2022) stated that unpredictable changes in
the amount of consumption that customers can create may also cause imbalances on the
demand side. Owing to smart technologies, these imbalances can be controlled instantly.

New technologies can also increase the success of renewable energy companies in
customer-centric innovation. Being affected by climate differences is a drawback of green



6 P Liu et al.

energy projects. Oliinyk et al. (2022) defined that in some cases, while excess energy is
produced, sometimes the amount of energy produced cannot meet the need and will ad-
versely affect the success of renewable energy companies in customer-centric innovation.
Mojumder et al. (2022) and Benmouna et al. (2021) determined that new technologies can
solve these problems. Energy storage applications are vital in this process. Owing to this
new technology, excess energy will be stored, and this will contribute to the more success-
ful demand management of renewable energy projects (Héarkonen ez al., 2022). Cheekata-
marla et al. (2022) concluded that the energy storage systems may have high costs. New
research studies are needed to overcome this problem (Piano and Smith, 2022). Mostafa
et al. (2022) also concluded that owing to the new systems to be developed, it will be
possible to reduce the high cost in this process.

From a theoretical perspective, customer-centric innovation in renewable energy can
be framed within innovation theory and service-dominant logic. Innovation theory em-
phasizes the role of technological advancement, knowledge diffusion, and value creation
in shaping competitive advantage. In the renewable energy context, innovation is not lim-
ited to technical efficiency but also includes process optimization and service integration.
In parallel, service-dominant logic highlights value co-creation between firms and cus-
tomers, suggesting that energy companies must design systems that respond dynamically
to customer needs rather than merely supplying electricity as a standardized product. Ac-
cordingly, customer-centric innovation in green energy represents a shift from product-
oriented energy provision to value-oriented service ecosystems. This theoretical position-
ing strengthens the conceptual foundation of the present study. Although prior studies
provide valuable insights into renewable energy efficiency, demand management, and
technological innovation, several limitations remain. First, many studies examine these
dimensions separately rather than within an integrated decision-making framework. As a
result, the interdependencies among productivity, optimization, innovation, and customer-
oriented factors are often overlooked. Second, existing models frequently rely on tradi-
tional weighting techniques that assume criteria independence and deterministic evalua-
tions, which may not adequately reflect uncertainty and expert hesitancy in complex en-
ergy investment decisions. Third, while customer satisfaction and demand responsiveness
are discussed in the literature, few studies explicitly frame these issues within a customer-
centric innovation perspective linked to strategic prioritization. Therefore, there is a clear
need for a comprehensive model that simultaneously captures uncertainty, interrelation-
ships among criteria, and strategic prioritization in renewable energy investments.

The literature demonstrates that effective customer-centric innovation plays a crucial
role in improving the performance of renewable energy projects. Prior studies highlight
the importance of productivity-enhancing mechanisms, electricity consumption timing,
innovative applications, and emerging technologies. However, most of this research ex-
amines these factors in isolation rather than within an integrated strategic framework.
Furthermore, although the cost implications of improving customer-centric innovation are
widely acknowledged, limited attention has been given to systematically prioritizing these
determinants under conditions of uncertainty. Existing models generally do not capture in-
terdependencies among criteria, nor do they provide a structured approach to identifying
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which factors should be strategically emphasized when resources are limited. Therefore,
a clear research gap exists in developing a comprehensive decision-making model that si-
multaneously evaluates uncertainty, interrelationships among determinants, and strategic
prioritization in renewable energy investments.

In response to this gap, the present study seeks to answer the following research ques-
tions: Which factors are most critical for enhancing customer-centric innovation perfor-
mance in renewable energy projects? How can these determinants be prioritized under
uncertainty and interdependent conditions? And which renewable energy alternatives per-
form best within this integrated customer-centric innovation framework? To address these
questions, this study evaluates energy efficiency for customer-centric innovation and pro-
poses a structured prioritization model for renewable energy companies.

3. Proposed Model

In this study, an original model is created to evaluate energy efficiency for customer-centric
innovation. First, significant indicators are identified by using BNSD determinants. These
items are evaluated with M-SWARA method with QSFNs. Quantum theory considers
different probabilities in the analysis process. In this framework, amplitude and the phase
angle factors are considered with the aim of decreasing uncertainty. Equations (1)—(3) ex-
plain these items where it shows collective events, denotes the amplitude result, demon-
strates the phase angle and u refers to the event (Aksoy et al., 2022).

u)) = pel?, 4))
={lu1), u2), ..., lun)}, )

(
)
Z|Qlu =1 3)
u)Clg

The integration of quantum theory into the spherical fuzzy framework is not solely a
mathematical extension but provides a deeper theoretical contribution to uncertainty mod-
elling. Classical fuzzy approaches represent uncertainty through degrees of membership
and non-membership; however, they generally assume static and deterministic evaluation
structures. Quantum theory introduces the concepts of superposition and probability am-
plitude, allowing multiple potential evaluation states to coexist before final aggregation.
In complex renewable energy investment decisions, expert judgments often reflect over-
lapping, hesitant, and probabilistic assessments rather than fixed evaluations. By incor-
porating quantum principles, the model captures dynamic uncertainty structures and in-
teraction effects more effectively than conventional fuzzy methods. Therefore, quantum
integration enhances both the flexibility and realism of the decision-making framework.
Spherical fuzzy sets were introduced to manage uncertainty problems by considering hes-
itancy issues (Ashraf et al., 2019). Equations (4) and (5) indicate these sets in which
W, v, and m represent membership, non-membership and hesitancy parameters (Kutlu
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Giindogdu and Kahraman, 2020).

= {{u, (), vz ), hz () |u € U, 4)
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0< ,L%S(u) + v%s(u) + h%s(u) <1, V,eU. (5)

In this model, these sets are integrated with Quantum theory with equations (6)—(8).

16a5) = ({1 (Sig, 01 60z @00, Gy () fu € 2057), (©)
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Additionally, in this model, golden ratio (G) is used to compute these degrees by equations
(9)—(15) (Xu et al., 2023).

a
G = 5 )
G:1+2“/§=1.618..., (10)
Su
Sv="7" (11)
sh=1—¢6u— G, (12)
a = |gu(lui))l. (13)
o
v=g (14)
B=1—a—y. (15)

The integration of the golden ratio is not merely a mathematical preference but serves a
conceptual purpose in the decision-making structure. The golden ratio is widely associ-
ated with proportional balance and optimal distribution in complex systems. In the con-
text of fuzzy decision modelling, its use helps achieve a more balanced scaling of mem-
bership, non-membership, and hesitancy degrees. This proportional adjustment supports
numerical stability and prevents extreme dominance of any single parameter. Therefore,
incorporating the golden ratio enhances the interpretability and structural consistency of
the weighting process, particularly for readers who may not specialize in advanced fuzzy
mathematics. The operations are detailed in equations (16)—(19).
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Some improvements are adopted to the SWARA, and a new model called M-SWARA
is generated. While criterion weights can be calculated in the classical SWARA method,
the causality relationship between these factors cannot be determined (Xu et al., 2023).
However, the criteria to increase the performance of customer-centric innovation may have
impacts on each other. Therefore, the classical SWARA technique is insufficient to answer
the research question of this study (Xu er al., 2023). Evaluations are firstly obtained, and
relation matrix is generated by equation (20).

O ng PR P S‘ln
5‘21 0 PR P S‘zn

ck=1| : (20)
Snl Sn2 ¢ e 0

Also, equations (21) and (22) demonstrate the aggregated and defuzzified values.
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By using equations (23)—(25), critical items are computed where significance ratio is
denoted, coefficient is represented, recalculated weight is indicated and the weights are
showed.

1, j=1
k: = 2
/ {sj+1, ji>1, ()
L=tk 24
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J
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Finally, by limiting and transposing the matrix, the weights and causal degrees of the
determinants can be computed (Kafka er al., 2024).

Secondly, the energy efliciency of the renewable alternatives is examined for customer-
centric innovation. For this purpose, TOPSIS with QSFNs is taken into consideration to
rank five different green energy alternatives (Dinger and Yiiksel, 2018).

Firstly, evaluations are collected. Secondly, decision matrix is generated with equa-
tion (26).

0 X --- oo Xim
Xy 0 .- o Xom

Xy = : T . (26)
X X - .0

Thirdly, defuzzification is made with equation (22). Normalized and weighted values
are identified by equations (27) and (28).

Nj = = (27)
v 2in Xij
v,‘j = wij X r,'j. (28)
Also, equations (29) and (30) include positive and negative ideal results.
AT ={v1j,v2j, ..., Unj} = {maxvy;, forVj € n}, (29)

A7 ={v1j,v25,..., Uy} = {minvy;, forV;j € n}. 30)



Enhancing Green Energy Investments through Customer-Centric Innovation Strategies 11

After that, the distances are computed by

D = | Y (v — AT (31)
N /=]

D7 = | > (v — A7) (32)
j=1

Finally, relative closeness is calculated by equation (33).

RC, = D0 (33)
" D4+ D7

The overall structure of the proposed methodology, including the two-stage evaluation
process and the integration of M-SWARA and TOPSIS with quantum spherical fuzzy
theory, is illustrated in Fig. 1.

As shown in Fig. 1, the analysis consists of two main stages. The first stage focuses on
determining the weights and causal relationships of the BNSD-based criteria, while the
second stage evaluates and ranks renewable energy alternatives based on customer-centric
innovation performance.

4. Analysis Results

The proposed model consists of two different stages so that analysis results are presented
in two subtitles as follows.

4.1. Weighting the BNSD-Criteria of Energy Efficiency for Customer-Centric Innovation
(Stage 1)

The Balanced Scorecard framework is particularly suitable for evaluating customer-centric
innovation in green energy investments because it integrates financial and non-financial
performance dimensions within a strategic perspective. Renewable energy projects op-
erate in environments where technological efficiency, customer responsiveness, internal
processes, and financial sustainability are simultaneously critical. The Balanced Scorecard
allows these interrelated dimensions to be evaluated holistically rather than in isolation.
Moreover, customer-centric innovation inherently requires alignment between learning
capabilities, process optimization, financial viability, and customer value creation. There-
fore, the BNSD structure provides a comprehensive and strategically consistent basis for
identifying and prioritizing the determinants of customer-centric innovation in renewable
energy contexts. In accordance with the first stage presented in Fig. 1, the BNSD-based
criteria are weighted using the M-SWARA approach. Step 1 is related to the selection of
the BNSD-criteria of energy efficiency for customer-centric innovation. Four perspectives
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Stage 2: Ranking the energy efficiency of
the renewable alternatives for
demand-side management

A
1 1
: Rank the alternatives :
1 1
L * ___________ J
f = 5 T B e s s s )
1 1
: Compute the weighted decision matrix :
1 1
A ot * ___________ J
[ s )
1 1
: Normalize the decision matrix :
1 1
N i R e S R S S S J
!

[ sialalat i ]
: Compute the score function of the :
y  alternatives for quantum spherical fuzzy
1 sets 1
e == * ___________ J
ff = = = mEsssesmm————————— A

’ 1
: Define the average values of quantum
1 spherical fuzzy numbers for the 1
: alternatives :
| R * ___________ J
e A
1 1
: Collect the linguistic evaluations of :
1 decision makers for the alternatives I
1 1
s i i i 8 i J

of this technique are taken into consideration. Additionally, while making literature evalu-
ations, a criteria list can be created that is relevant to the BNSD methodology. Considering
this technique in criterion selection provides some benefits (Kaplan and Norton, 2007).
Both financial and non-financial factors can be examined in this process. Hence, it is pos-
sible to analyse with a more comprehensive set of criteria (Kaplan and Norton, 2015).
This also contributes to a more effective priority analysis. Selected criteria of the energy

Fig. 1. Flowchart.

efficiency for customer-centric innovation are denoted in Table 1.
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Table 1
Determinants of the energy efficiency for customer-centric innovation.
BNSD perspectives Criteria Literature
Learning and growth customization (Hérkonen et al., 2022; Cheekatamarla et al., 2022; Piano
and Smith, 2022)
Finance efficiency (Wei et al., 2022; Nair et al., 2022); (Tang et al., 2022)
Consumer optimization (Zahedi et al., 2022; Lorente et al., 2023; Rusu, 2022)
Internal process innovation (Bedi et al., 2022; Siddiqui et al., 2022)

The selection of the four criteria is grounded in both theoretical relevance and prac-
tical significance identified in the literature. Although various determinants influence re-
newable energy performance, customization, efficiency, optimization, and innovation con-
sistently emerge as core dimensions linking technological capability with customer re-
sponsiveness. Customization captures the adaptability of energy systems to heterogeneous
customer needs. Efficiency reflects operational and resource performance. Optimization
represents demand forecasting and timing mechanisms. Innovation addresses smart tech-
nologies and adaptive infrastructure. While other factors such as regulatory conditions,
financial incentives, or macroeconomic variables may also affect renewable energy invest-
ments, these are typically external or contextual variables rather than firm-level strategic
determinants. Therefore, this study focuses on the four criteria that directly reflect manage-
rial decision-making and customer-centric value creation within renewable energy firms.

Customization states the use of modular technologies in energy generation. This will
help green energy projects to gain competitive advantage. This is also very important for
the success of customer-centric innovation. An efficient energy storage system is required
for uninterrupted electricity production. On the other hand, it is vital to follow the tech-
nological developments to maintain this process with reasonable costs. Efficiency means
the use of less load-intensive equipment. Within this context, materials that will provide
more efficiency should be taken into consideration in the energy production process. With
the help of this issue, more energy can be produced at the same time. Therefore, the de-
manded amount of energy can be provided more easily. Optimization gives information
about the timing of electricity consumption. In this process, it is necessary to determine
the important factors that affect the energy demand. This analysis will help to predict en-
ergy demand more successfully in the future. Innovation refers to the smart control on
load demand. Energy demand can increase or decrease very quickly. This situation makes
it difficult to ensure a successful demand management. Thanks to innovative solutions,
this process can be carried out much easier. Thanks to applications such as smart grid
systems, customer-centric innovation can be monitored instantly.

In Step 2, evaluations are provided from three experts (LPOL). They work as top man-
agers who have more than 30-year work experience about the strategy generation, energy
investment decisions and customer-centric innovation. This team considers the scales in
Table 2.

Moreover, evaluations are demonstrated in Table 3.

w includes the average of the created values (Table 4).
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Table 2
Scales and fuzzy numbers.

Scales of indicators Scales of energy types Possibility degrees QSFNs

No (NO) worst (SRT) 40 [\/Tﬁeﬂ”““, mejZmQS’ mejzn.jS]
Some (MOE) unsuccessful (UCS) 45 [v/20 2062745 [ 132728 meﬂ”“”]
Normal (NML) standard (NDD) .50 [\/_61277 50,me<i2ﬂ--3l,mej2ﬂul9]
Influential (FLN) successful (SCS) .55 [ /3002755 /19 2734 meﬂn..ll]
Magnificent (MGC) perfect (RFT) .60 [\/_eﬂﬂ 6’\/.2_26j2n..37”/4_26j2n..03]

Table 3
Evaluations for indicators.

LPOL 1 LPOL 2 LPOL 3

CcC EE 00 I CcC EE 00 I CC EE 00 I
Customization MOE NML MOE MOE MOE MOE MOE NML MOE
Efficiency MGC MOE MOE MGC MOE MOE MGC MOE MOE
Optimization =~ NML NML NML NML NML NML FLN NML FLN
Innovation NML NML MGC MOE MOE VH FLN VH FLN

LPOL: experts

CC - Customization; EE — Efficiency; OO — Optimization; II — Innovation.

Table 4
Average values for the indicators.

Customization Efficiency
Customization [ /.206j2n..45 , mejZJT..ZS’ /.67€j2n“27]
Eﬂiciency [ /.36ej2”"60, /'226j27t..37, /.42€j2ﬂ“03]

Optimization [/.27ej27'[4.52’ /.16€j2””32, /.576-[271"17] [/.256j27'[..50’ /.15@]'27[..31’ /.6()8]2”"19]
Innovation [\/%6-’2”"50,mejzn"Bl,«/Eejzn"zo] [mejZn..SZ’mejZm.ﬂ’me_ﬂn..w]

Optimization Innovation

Customization [«/.2_4€j2n"48,x/.1—4€j2ﬂ"30,«/.6_2€j2”"22] [M€j2”“45,mej2n"28,«/E€j2n"27]
Efficiency [mejZmAS’mejZm.QS’mejZmlq [mejZn.AS,mejZm.ZES’mej2n.27]
Optimization [mej2ﬂ..52’\/RejZH..SZ’mejZm.W]
Innovation [mejZm.SS’me_/Zn..Sé,mejZm.Oq

Score values (Table 5) are presented in Step 4, and critical values (Table 6) are com-
puted in Step 5.

Causal directions are calculated in Step 6, and the results are stated in Table 7.

These causal directions indicate the influence structure among the criteria. When a
criterion is identified as affecting another, it implies that improvements in the former are
likely to generate positive changes in the latter. In practical terms, this helps decision-
makers prioritize root factors that trigger broader performance improvements. For in-
stance, if optimization influences customization and innovation, focusing on optimiza-
tion strategies may indirectly enhance technological development and innovative capacity.
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Table 5
Score values.
Customization Efficiency Optimization Innovation
Customization .000 1.236 1.243 1.236
Efficiency 1.236 .000 1.236 1.236
Optimization 1.243 1.236 .000 1.243
Innovation 1.256 1.284 1.247 .000
Table 6
Critical values.
Customization Sj kj qj wj Efficiency Sj Kj qj Wj
Optimization 335 1.000 1.000 400 customization 333 1.000 1.000 333
Innovation 333 1.333 750 .300 optimization 333 1.333 1.000 333
Efficiency 333 1.333 750 .300 innovation 333 1.333 1.000 .333
Optimization Sj kj qj wj Innovation Sj Kj qj Wj
Customization 334 1.000 1.000 .364 efficiency .339 1.000 1.000 432
Innovation 334 1.334 1.000 364 customization 332 1.332 751 324
Efficiency 332 1.332 751 273 optimization .329 1.329 .565 244
Table 7

Causal directions.

Customization Efficiency —Optimization Innovation Impact directions

Customization .300 400 .300 customization — optimization

Efficiency 333 333 333 -

Optimization 364 273 364 optimization — customization,
optimization — innovation

Innovation 324 432 244 innovation — efficiency

Therefore, the causal analysis provides strategic guidance by identifying leverage points
that create multiplier effects within the system. It is found that customization has an impact
on the optimization. This situation shows that when there is technological development,
timing of the energy consumption can be made more effectively. Moreover, it is also seen
that innovation affects the efficiency significantly. This issue gives information that con-
sidering smart grid systems has a contribution to the use of less load-intensive equipment.
Finally, optimization has an influence on both customization and innovation. With the help
of considering smart grid systems, the companies can increase both technological power
and innovation performance. Step 7 states the construction of the stable matrix (Table 8)
which gives information about the weights of the indicator.

It is identified that customization is the most essential indicator for green energy com-
panies to increase the performance of the customer-centric innovation. Efficiency has the
second greatest weight in this regard. Optimization and innovation have lower importance
than the others. It is understood that green energy companies should prioritize technolog-
ical development to activate customer-centric innovation. This will help minimize some
of the disadvantages of these projects. For example, generating less electricity in certain
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Table 8
Stable matrix.
Customization Efficiency Optimization Innovation

Customization 254 254 254 254
Efficiency 251 251 251 251
Optimization 246 246 246 246
Innovation 249 249 249 249

Table 9

Evaluations for green energy types.

LPOL 1 LPOL 2 LPOL 3
CcC EE 00 1II CcC EE 00 1II cC EE 00 II

Bioenergy UCS SCS SRT SRT UCS SCS UCS UCS NDD SCS SRT SRT
Wind UCS RFT UCS RFT UCS RFT UCS RFT UCS RFT NDD NDD
Geothermal UCS SCS RFT NDD UCS SCS RFT RFT NDD SCS RFT NDD
Hydropower NDD NDD SRT SRT NDD UCS SRT SRT NDD NDD SRT NDD
Solar UCS SRT SCS SRT UCS UCS RFT UCS UCS NDD NDD SRT

CC — Customization; EE — Efficiency; OO — Optimization; II — Innovation.

climatic conditions is an important disadvantage of renewable energy projects. Along with
technological developments, it will be possible to eliminate this negativity thanks to new
applications such as energy storage systems.

4.2. Ranking the Energy Efficiency of the Renewable Alternatives for Customer-Centric
Innovation (Stage 2)

As indicated in the second stage of Fig. 1, the renewable energy alternatives are evaluated
and ranked through the TOPSIS method integrated with quantum spherical fuzzy sets.
Step 8 focuses on the collection of the evaluations regarding the green energy types. Within
this context, five renewable energy types are selected as alternatives that are bioenergy,
wind, geothermal, hydropower and solar. Evaluations are demonstrated in Table 9.

Average values for the energy types (Table 10) are shown in Step 9.

Additionally, Step 10 is related to the score values (Table 11), and Step 11 includes
normalization procedure (Table 12).

Weighted values (Table 13) are demonstrated in Step 12.

Finally, the weights of the green energy alternatives (Table 14) are computed in
Step 13.

The ranking results demonstrate that solar energy projects are the most successful
type of investment in the effective management of customer-centric innovation. Wind and
geothermal energy projects have also high performance for this issue. Hydropower and
bioenergy take place on the last ranks. It is understood that focusing on solar panels help
to manage electricity demands more successfully. The main reason is that technology
for solar energy projects is developing very rapidly. For instance, new solar panel types
have been developed that allow to obtain more electricity from solar energy. Hence, the
efficiency of the projects can be increased.
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Table 10

Average values for the green energy types.

Customization Efficiency
Bioenergy [fejzn 47,\/361‘2:1..29’\/5@,'2”..25] [@ejzn..ss’meﬂm.s{\/_?lejzn“n]
Wind [ Oe/271 45’me_jZN..ZS’me_[Zn..27] [meﬂn.ﬁo’mej%t..ﬂ’me_/‘Zm.OS]
Geothermal ~ [v/22e/2747 /T3e/20-29 \[G8e27-25] [/ 3062755, /T0ei2m-34 /5T 27-11]
Hydropower [FEJZH 50 /75/27-31, _6Oej2n..19] [\/—ejzn 48’mej2n..30’mej2n..22]
Solar [ Oe/2n 45’mej2n..28’mej2n..27] [me_/Zn.AS’mejZﬂ..ZS’mejZn.lS]

Optimization Innovation
Bioenergy [VI8e/2m-42 /162726 /T2pi2m-33] [ 18el 242, /T1e/ 2026/ 73¢i27-33]
Wind [/76‘]271 47ymej27r“29’mej2n“25] [mej2n“57’mej2n“35’mejbr“ll]
Geothermal [V73 e}2r[..60’mejZn..37’mej2n..03] [@ejZm.53’mej2n..33’mejZm.M]
Hydropower [/ ejZT[ 40’ /_loej27r..25’ /.74ej2”"35:| [/.206j27r.445’ /'1361‘27[..28’ /.67ej2”“27]
Solar [/ 31l 2m 55’ /.19€-j2”"34, /.516-/271"13] [/.186-/271"42, /.llej2”'26, /.726-/271"33]

Table 11

Score values for energy types.

Customization Efficiency Optimization Innovation
Bioenergy 1.243 1.236 1.243 1.243
Wind 1.236 1.236 1.243 1.269
Geothermal 1.243 1.236 1.236 1.266
Hydropower 1.236 1.243 1.236 1.263
Solar 1.236 1.256 1.259 1.243

Table 12
Normalized matrix.

Customization Efficiency Optimization Innovation
Bioenergy 449 445 447 442
Wind 446 445 447 452
Geothermal 449 445 445 450
Hydropower 446 448 445 450
Solar 446 452 453 442

5. Discussions

Renewable energy projects are inherently exposed to climatic variability, which may lead
to fluctuations in electricity generation and consequently affect demand responsiveness.
This structural characteristic directly influences the effectiveness of customer-centric in-
novation in the energy industry. The findings of this study indicate that technological de-
velopment functions as a central leverage mechanism in mitigating these instabilities. In
line with sustainability and energy transition literature, technological advancement en-
hances system flexibility and operational resilience. Energy storage technologies, in par-
ticular, represent a strategic response to production volatility. However, the high initial
investment costs of storage systems remain a critical barrier, limiting the competitiveness
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Table 13
Weighted values.
Customization Efficiency Optimization Innovation
Bioenergy 114 112 110 110
Wind 113 112 110 113
Geothermal 114 112 109 112
Hydropower 113 112 .109 112
Solar 113 114 11 110
Table 14
Ranking results of the green energy types.
Green energy types Ranking
Bioenergy 5
Wind 2
Geothermal 3
Hydropower 4
Solar 1

of renewable energy projects compared to fossil fuel alternatives. This tension between
technological necessity and cost pressure highlights the strategic importance of innovation
efficiency. As suggested by Suman (2021) and Timilsina (2021), technological progress
not only improves operational performance but also plays a decisive role in enhancing cost
effectiveness and long-term sustainability in renewable energy markets.

From a strategic perspective, these findings imply that renewable energy firms must
view technological development not merely as an operational upgrade but as a dynamic
capability. Continuous investment in research and monitoring global technological ad-
vancements enables firms to reduce costs over time and strengthen competitive position-
ing. Early adoption of emerging technologies may generate first-mover advantages and
reinforce customer trust through improved reliability and service responsiveness. There-
fore, customer-centric innovation in green energy should be interpreted as an integrated
capability combining technological flexibility, cost management, and demand-oriented
adaptation rather than as a purely technical efficiency issue.

The superior performance of solar energy projects further supports this interpretation.
While rapid technological advancement explains part of this outcome, a deeper expla-
nation can be derived from innovation adoption theory. Solar technologies, particularly
modular photovoltaic systems, exhibit characteristics such as scalability, declining instal-
lation costs, and observable performance outcomes. According to innovation diffusion
and technology adoption models, innovations that are perceived as cost-effective, com-
patible with existing infrastructure, and easy to implement tend to achieve faster market
penetration. Empirical studies by Brown et al. (2021) and Best et al. (2021) demonstrate
that small-scale solar systems increase electricity generation efficiency and accessibil-
ity. These structural and economic attributes enhance perceived usefulness and adoption
likelihood, thereby strengthening customer acceptance and reinforcing customer-centric
innovation performance.
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Overall, the results suggest that the effectiveness of customer-centric innovation in re-
newable energy depends not only on technological progress but also on the strategic align-
ment between innovation characteristics and customer adoption dynamics. Solar energy
projects perform better not solely because of rapid development, but because their tech-
nological structure aligns more closely with customer expectations, modular investment
capacity, and service-oriented value creation.

6. Conclusions

This study examines the effectiveness of customer-centric innovation in green energy
projects using an integrated decision-making framework. We evaluate the indicators
through the M-SWARA method with quantum spherical fuzzy numbers and assess re-
newable energy alternatives for demand-side management using TOPSIS. The findings
reveal that customization is the most critical determinant of renewable energy efficiency
in the context of customer-centric innovation. The results also indicate that solar energy
is the most successful renewable energy type in terms of customer-centric innovation per-
formance. Overall, technological development emerges as the key factor enabling green
energy companies to manage demand more effectively.

This study contributes to the literature in several respects. First, it integrates the
customer-centric innovation perspective with renewable energy performance assessment
by employing Balanced Scorecard-based criteria within a multi-criteria decision-making
framework. Second, it advances methodological research by combining M-SWARA and
TOPSIS with quantum spherical fuzzy numbers to better handle uncertainty and capture
interrelationships among criteria. Third, the study provides a structured prioritization ap-
proach that enhances analytical rigour in sustainability-oriented decision models.

From a managerial perspective, the results provide practical guidance for green en-
ergy investors and policymakers. The identification of customization as the most influen-
tial factor suggests that firms should prioritize technological flexibility, modular systems,
and innovation-driven infrastructure. The superior ranking of solar energy indicates that
investments in rapidly developing solar technologies may yield stronger customer-centric
innovation performance. Moreover, the prioritization framework enables managers to al-
locate limited resources more efficiently by focusing on high-impact determinants rather
than distributing investments equally across all factors.

Despite these contributions, the study has certain limitations. It focuses only on se-
lected factors affecting customer-centric innovation performance. Future research may de-
velop econometric models incorporating macroeconomic and energy demand variables to
analyse national-level energy planning. Such extensions would allow researchers to iden-
tify the most influential determinants of customer-centric innovation across countries and
to improve long-term energy demand forecasting.
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