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The most important criteria for increasing the performance of circular economy projects should be identified.
Otherwise, companies can make wrong investment decisions that lead to high operational costs. However, the
number of studies in which priority analysis is carried out for these factors is not sufficient. This situation creates
an essential research gap for this literature. To address this missing gap, this study aims to identify the most
critical factors and develop the most effective investment strategies to enhance the performance of circular
economy projects. A novel decision-making model is proposed by integrating the Q-learning algorithm, molec-
ular fuzzy sets, cognitive maps, and the Molecular ranking (MORAN) technique. To ensure robustness, a balanced
expert dataset is constructed using the Q-learning algorithm, while molecular geometry is considered to reduce
complexity and uncertainty in decision-making processes. It is concluded that effective waste management and
achieving energy efficiency are the most important indicators. This study contributes to the literature by pre-
senting a novel integrated model that not only enhances decision accuracy but also offers practical strategic
guidance for investors seeking to boost the success of circular economy initiatives. The proposed model dem-
onstrates a significant improvement in prioritization accuracy compared to traditional fuzzy decision-making
approaches.

for less purchase of new raw materials. This also supports the reduction
of operational costs of businesses. With the help of this condition, long-
term financial performance improvements of these projects can be

1. Introduction

Circular economy is an economic model that aims to use resources

with maximum efficiency and minimize waste. Thus, while countries
achieve economic development, negative environmental impacts are
reduced. This economic model is of critical importance for less con-
sumption of natural resources. Less energy can be used by ensuring
operational efficiency. This situation also supports less consumption of
natural resources. Owing to this situation, sustainable development
goals can be achieved more effectively [1]. On the other hand, recycling
practices should be emphasized to increase environmental awareness in
this process. This issue will both reduce the amount of waste and allow
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provided. Because of this benefit, these projects can easily attract the
attentions of the financial investors. Moreover, circular economy pro-
jects allow for greater compliance with increasingly increasing envi-
ronmental regulations. Owing to this issue, businesses will not exhibit
non-compliant behavior, and the possibility of financial penalties is
reduced [2]. Thus, it is possible to take more effective actions against
global warming and climate change problems.

The performance of circular economy projects needs to be improved.
In this context, the variables affecting the performance of these projects
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need to be improved. The energy efficiency of the projects needs to be
ensured. In this way, natural resources can be consumed much less. This
allows businesses to achieve their circular economy goals more in their
investments. In addition to this issue, effective waste management is
another issue that needs to be taken into consideration in this process
[3]. In this context, the waste generated needs to be disposed of effec-
tively. This reduces the damage caused by the production process to the
environment. In this way, businesses will be able to implement more
environmentally friendly practices, and this positively improves the
image of businesses in the eyes of customers. Moreover, ensuring the
effectiveness of product life cycle processes also allows the development
of circular economy projects. In this context, the situation in these cycle
processes can be closely monitored and more effective investment
strategies can be determined. Furthermore, economic feasibility can also
affect the development of these projects [4]. Thanks to these feasibility
studies, the cash cycle of businesses can be clearly determined. In this
way, vital problems such as liquidity risk can be prevented by taking the
necessary precautions in a timely manner.

It is essential for increasing the performance of circular economy
projects. Determining the most important criteria improves decision-
making processes. In this context, senior management can understand
which factors to prioritize when making investment decisions. This al-
lows more effective investment decisions to be made. As a result, it is
possible to increase the financial and operational performance of pro-
jects [5]. In addition to them, the most important factors need to be
determined for the efficient use of resources. To increase the perfor-
mance of circular economy projects, limited resources need to be used
effectively. To achieve this goal, it is important to determine the most
important factors. Otherwise, wrong decisions to be made cause oper-
ational costs to increase [6]. On the other hand, when similar studies in
the literature are examined, it is seen that the importance of these factors
is generally emphasized. Nevertheless, the number of studies in which
priority analysis is carried out for these factors is not sufficient. This
situation is determined as the most important research gap in the liter-
ature. Since priority criteria are not determined, companies may invest
in the wrong areas, which leads to inefficient use of resources, financial
losses and low project success.

To satisfy this missing gap in the literature, this study focuses on the
ways to increase the performance of circular economy projects. The
research question is to determine which items for the assessment of the
circular economy practices should be prioritized and which strategy
alternatives for improving these projects should be firstly implemented.
To achieve this objective, a novel fuzzy decision-making model is
generated by integrating different techniques, such as Q-learning algo-
rithm, molecular fuzzy sets, cognitive maps, and MORAN. Most studies
in the literature mention the existence of important factors in circular
economy projects. However, the number of studies that prioritize these
factors is quite limited. Due to this situation, there is no consensus in the
literature regarding the most effective investment strategies for these
projects. This deficiency causes decision makers to not know which
factor to prioritize. Determining the right priorities is a critical issue for
more efficient resource use and more successful projects. The main
motivation of this study is the need to determine the most effective in-
vestment strategies for these projects. In this context, it is necessary to
determine both the most effective investment strategies and the most
important criteria affecting this process among many factors. Hence, it is
critical to reach the right result in a complex process and to perform a
priority analysis among many criteria. Decision-making models are one
of the most suitable analysis techniques for this study to perform both
priority analysis and manage uncertainty effectively. However, there are
significant criticisms for the existing decision-making models. Tradi-
tional decision-making models do not adequately capture the un-
certainties in expert opinions [7,8]. Subjective assessments of decision
makers are directly used, which increases the risk of error and incon-
sistency in the results [9,10]. Failure to consider the interrelationships of
factors can be considered as a significant criticism of current decision-
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making models [11]. Many traditional decision-making models eval-
uate factors independently [12,13]. This may ignore complex relation-
ships and interactions in the real world [14,15]. Failure to effectively
manage uncertainties in the process and inadequacy of fuzzy sets can be
considered as significant criticisms.

This study makes a significant contribution to the literature by pre-
senting an innovative decision-making model that effectively provides
priority analysis and uncertainty management to improve the perfor-
mance of circular economy projects. The results of this study can guide
investors for circular economy projects. Since it is viewed from both an
environmental and financial and operational perspective, this approach
provides an innovative contribution to the circular economy literature.
Similarly, demonstrating the criteria prioritization approach is another
theoretical contribution of this study. In this way, it helps decision
makers understand which factors they should focus on. On the other
hand, the superiorities of the proposed model are explained below.

(1) The process of creating a balanced expert data set improves the
novelty. There are limited studies in the literature on how to
systematically use expert evaluations and experiences. To address
this gap, the evaluations of experienced experts are determined as
a reference point for less experienced experts by using the Q-
learning methodology in this study. In this way, it is possible to
increase the quality of the decision-making model. Additionally,
Q-learning algorithm, since it has a flexible structure, allows
easier adaptation to dynamic and constantly changing decision-
making environments. Since this learning process can be upda-
ted, it allows experts to respond faster and more accurately to
changing conditions [16]. There are limited studies in the liter-
ature on how to use expert judgments in a systematic way [17].
This model uses the Q-learning methodology to guide the opin-
ions of less experienced experts by referencing the judgments of
experienced experts.

Ranking strategy alternatives using Fuzzy MORAN is another
situation that provides superiority to this model. This method is
created by the authors using the features of the molecular ge-
ometry approach. This approach offers more flexible and adapt-
able results compared to traditional decision-making models. In
this process, both the ranking of alternatives and the causality
relationship between these alternatives are taken into consider-
ation. Strategy alternatives for increasing circular economy
practices can have causal relationship. For instance, investing the
advanced recycling technologies can lead to offering the
responsible selling services with the customized products. While
other studies in the literature have generally focused on the
ranking of strategy alternatives, the causal relationships between
alternatives have generally been ignored [18]. This model not
only focuses on the ranking of alternatives but also takes into
consideration the causal relationships between alternatives. This
offers a significant advantage in understanding how strategy al-
ternatives are interconnected and how one strategy may affect
another.

Integrating molecular geometry with fuzzy decision-making
methodology in this study provides significant contributions to
the literature. Molecular geometry is an approach generally used
in branches of science such as chemistry and biology. Molecular
geometry performs analysis by examining the three-dimensional
structures of molecules. In this way, relationships in complex
systems can be evaluated more precisely. This allows the
complexity problem in decision-making processes to be solved
more easily. Similarly, it is possible to manage the uncertainty
problem in the process more effectively. Most models in the
literature generally analyze complex systems with superficial or
linear relationships [19]. However, molecular geometry provides
deeper analysis by examining the three-dimensional structure of
relationships and allows for more precise evaluations. In addition
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to this issue, traditional decision-making models in the literature
generally try to simplify complexity [20,21]. Molecular geometry
offers a significant advantage in resolving complexity to more
accurately evaluate multidimensional relationships.

The organization of the manuscript is indicated as follows. The
analysis of the similar studies in the literature is denoted in Section 2.
The steps of the proposed model used to satisfy the gap in the literature
are explained in Section 3. The findings of this model are highlighted in
Section 4. The main conclusions are defined in the final two sections.

2. Literature review

The prominent factors for the success of the circular economy pro-
cess include energy efficiency, waste management, product life cycle,
and economic feasibility [22,23]. Examining the relationship between
ensuring energy efficiency and the success of the circular economy,
Shang et al. [24] revealed in their research on China that cities with
environmental regulations have higher circular economy performance.
Furthermore, the development of tools such as green technologies,
carbon reduction technologies, biorefinery processes, and ecological
footprints affect the increase in energy efficiency and the performance of
the circular economy [25,26]. On the other side, Delgado et al. [27]
stated that water resources should be placed more in circular economy
applications. They also emphasized that water can be converted into
energy sources such as kinetic, thermal, and biogas, especially in energy
efficiency studies. Besides, Khan et al. [28] determined in their studies
that ensuring energy efficiency, among the factors that enable the
advancement of the circular economy, is essential in developing coun-
tries and emphasized that obtaining energy from waste is a driving force.
Similarly, Jesih et al. [29] reported in their research on the Balkan
countries that dependence on coal-fired thermal power plants is a factor
that hinders the transition to a circular economy and green trans-
formation. On the other hand, Yu et al. [30] stated that implementing
ecological design to reduce environmental impacts will directly affect
the company’s financial performance. Similarly, Nishitani et al. [31]
revealed that companies that implement material flow cost accounting
improve their environmental performance in terms of energy con-
sumption, CO2 emissions, and waste produced, their productivity in-
creases, and therefore, they have higher opportunities to increase their
profitability.

While increasing population and consumption make solid waste
management difficult, the necessity of using a circular economy and
waste hierarchy comes to the fore [32]. In the circular economy, the
philosophy of better utilization of waste resources is a driving force in
achieving the goal of sustainability [33,34]. In this economic model,
materials and resources are kept in a closed loop, and waste reduction is
increased [35]. In this context, the primary goals are efficient use of
waste and minimization [36]. Furthermore, as in many industries, in the
construction industry, thanks to waste management, studies are carried
out on resource management and extension of resource life, and thus,
raw material needs can be met, and costs can be reduced [37]. In
addition, Haque et al. [38] stated that applying a circular economy in
the agricultural industry is possible by utilizing waste and implementing
cost-effective analysis applications. Another study states that converting
agricultural biomass waste into clean energy supports business opera-
tions and provides new income [39]. Similarly, Ncube et al. [40] and
Khajuria et al. [41] defined that the energy needed for production could
be provided, and fossil fuels can be reduced by reusing pulp, pruning
waste, and spent cooking oils, which are considered waste in olive oil
production.

In the circular economy, the resources should be used more effi-
ciently through restorative and regenerative cycles [42]. In this eco-
nomic model, multiple life cycles and reproduction concepts emerge.
The stage that makes multiple life cycles possible is the circular product
design stage. CDP aims to preserve the product value for a long time and
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extend the product life [43,44]. On the other hand, the product reuse
and recycling processes are also optimized at the design stage [45].
Accordingly, the importance of adopting this economy at the new
product development stage is emphasized in the literature for the suc-
cessful transition to the circular economy [46]. In addition, Eisenreich
et al. [47] examined the effects of the product life cycle in the transition
process of companies to the circular economy, determined the product
design and its impact on the value chain throughout multiple life cycles,
and contributed to the field by proposing a model that adapts strategic
decision processes. Furthermore, recycling products that have
completed or are about to complete their life cycle following the circular
economy is considered one of the most challenging stages. At this point,
the development of standards and the provision of commercially viable
solutions will also provide value to the development of this economic
model [48]. On the other hand, developing digital technologies allows
product life cycles to be analyzed with new methods, accelerating the
circular economy transition [49]. For example, thanks to intelligent
products and the internet of things, product life cycle information can be
created, and collaboration can be achieved between the actors in the
value cycle [50].

Another factor affecting the success of the circular economy is the
correct implementation of economic feasibility. Yin et al. [51] stated
that companies adopting circular economy practices improve their
ecological and commercial performances. The financial return provided
by the model plays a driving role in the companies’ implementation of
this process [52]. Therefore, companies should also be able to analyze
financial performance while adapting new circular economy processes
[53]. At this point, Haque et al. [38] emphasize that analytical tools play
a vital role in feasibility assessment. Financial barriers that emerge in
the product-service systems, product life cycle extension, and resource
recovery stages during the circular economy transition process affect the
transition of companies [54]. Nikolakis et al. [55] proposed an eco-
efficiency indicator that will help companies that want to implement a
circular economy to create sustainable strategies. The indicator con-
siders the costs required to adopt circular economy strategies while
reducing energy consumption and waste. Dainelli et al. [56] demon-
strated sectoral transformation by stating that circular economy pro-
cesses implemented in the fashion industry provide a 30 % increase
business profitability and save financial resources. On the other hand,
encouraging direct and indirect investments in companies adopting the
circular economy with state policies accelerates the process [57].

As a result of examining similar studies in the context of literature
review, some important issues stand out. Circular economy projects are
of key importance for countries to achieve their sustainable develop-
ment goals. Therefore, necessary measures should be taken to increase
the performance of these projects. This allows for more effective in-
vestment decisions to be made. On the other hand, when similar studies
in the literature are examined, it is seen that the importance of these
factors is generally emphasized. However, the number of studies in
which priority analysis is performed for these factors is not sufficient.
This situation is determined as the most important deficiency in the
mentioned literature. To eliminate this deficiency, a new decision-
making model is developed in this study and which of these variables
are more important is determined.

3. Materials and methods

This study is designed to identify the most critical factors affecting
the performance of circular economy projects. A novel decision-making
model integrating Q-learning, molecular fuzzy sets, cognitive maps, and
MORAN technique has been developed. After that, the study has been
carried out by first constructing a balanced expert dataset using the Q-
learning algorithm. Experts with varying levels of experience are
involved. Their evaluations are aligned through the Q-learning process.
A series of cognitive maps are then constructed to represent the re-
lationships between various factors based on molecular fuzzy sets.
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MORAN ranking technique is used to evaluate and prioritize the most
critical factors. Additionally, the data is analysed by applying the Q-
learning algorithm to generate expert weightings. Next, cognitive maps
are employed to assess the relationships between identified factors, and
the MORAN technique is used to rank the alternatives based on the
priorities determined. The analysis is conducted iteratively to ensure the
robustness of the results. The data collection process for this study
started in January 2024 and was completed in June. Data were collected
through in-depth interviews with 3 experts. The surveys included
questions focused on circular economy practices. The flow diagram of
the proposed methodology is visualized in Fig. 1.

Details and calculations of the methods included in the model are
presented in detail under subheadings.

3.1. Molecular fuzzy sets

Molecular geometry deals with the spatial arrangement of the atom
theoretically [58]. Thus, a new perspective is provided to problem
solving methods with the help of molecular fuzzy numbers [59]. Mo-
lecular fuzzy numbers with membership, non-membership and
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hesitancy degrees analyze spatial relationships and interactions in nat-
ural sciences [60,61]. Thus, normalization operations are performed
using different geometric shapes [62]. In this way, spatial networks and
relative effects of determinants similar to atoms in molecules can be
used to solve complex decision-making problems under uncertainty
[63]. In addition, more balanced and proportional results can be ob-
tained in the normalization process [64]. Molecular fuzzy, in addition to
providing improved accuracy, allows comparison of different results to
test the consistency of models [65,66]. The definition of molecular fuzzy
sets and the equations of geometric shapes for normalization operations
are presented below.

Molecular fuzzy sets (U) define relationships in multidimensional
space. u; = (y;,Vi,¢&;), defined by the degrees of membership (y;), non-
membership (1) and hesitancy (¢;), is expressed by the condition of
Eq. (1).

po(W) + vy () +&(w) =1 ¢

Eq. (2) focuses on the membership function.
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O
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The degree of Vy(u) is expressed as in Eq. (3).
Oy
Vu(u) o 3

Finally, the degree of &;(u) for molecular fuzzy sets is calculated by Eq.

4.

Ey(w) =1- ((1 —6‘9” ) +00“ ) Q)

General computations are given in Egs. (5)-(12).

A CBif p,(u) < pg(u)andva(u) < vp(u)and &, (u) > E(u), vue U (5)

A =BifA CBandBC A (6)

AUB = {(u, max(u, (), uy(u) ), min(va(u), vg(u) ), min(&, (), &(u) ) )|u

e U}
@)
ANB = {(u, min(u,(u), pp(u) ), max(va(u), vp(u) ), max(&, (), &(u) ) )|u
e U}
(8
AB = {(u, pip (w)-pp (1), va () (1), £a ()-S5 (w) ) |u € U} ©
u, min(4-p, (u),1),
M—{(maxl—/l(l—vA(u)),O),)|ueU} (10)
max(1l —A(1 — &, (u) ),0)

A= {(, @)1= (1= 0a@)' 1~ (- &) uev)y  an

A7 = {(w,va(w), éa (), s (w) )u € U} 12)

Where ) is any positive number and A~ means the complement of A.
3.2. Q-learning algorithm

Q-learning is a model-free algorithm used in the field of reinforce-
ment learning. The main goal of the algorithm is to learn the best long-
term total reward for each state-action pair. Q-learning is also used as an
adaptive learning method in determining expert weights in the model in
this study. The quality or reliability of the decisions made by experts is
evaluated as the rewards received. The algorithm learns a Q-value ac-
cording to the contribution level of each expert. In this process, the most
trusted experts receive higher weights. Reward degree (R;,) is calcu-
lated via Eq. (13).

Rsg=T1 (QsAa(bestDM) - Qs,a(otherDM) ) 13)
Penalty degree (P;,) is defined using Eq. (14).

Ps,a =D (Qs.a(otherDM) - Qs‘a(besLDM) ) (14)

Where p is penalty factor. Eq. (15) is taken into consideration to update
Q values.

Q;_a = Qs,a(bestDM) +a- (Rs.a _Ps.a) (15)

The difference is determined using Egs. (16) and (17).
As,a = ‘Q;‘a - Qs‘al (16)

Apmax = rrsle;x{Asva} a7)
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The iterations are repeated until A,q < €, with ¢ being the threshold
value.

In our Q-learning framework, the learning rate () is set to 0.1. This
value is widely adopted in reinforcement learning applications because
it provides a moderate adaptation speed that facilitates stable conver-
gence without overshooting the optimal solution. Furthermore, the
reward and penalty coefficients were determined through preliminary
empirical testing to ensure that the balanced decision maker’s influence
is neither overemphasized nor underestimated. This tuning was critical
for harmonizing the subjective assessments provided by the different
experts.

The learning rate () is chosen via grid search over {0.1,0.5,1}. The
reward and penalty coefficients are tuned through preliminary experi-
ments on three-expert assessment dataset. Convergence threshold ¢ is set
as 0.02 and it is constructed by the iterations until 8, < €. Each state
s € S corresponds to a specific pairwise comparison between the best or
the most weighted decision maker DM; and another decision maker
DM;. Where s = (DM;,DMy), k is kth decision maker, S defines the state
space. Action space (A) for each state s, an action a € A donates applying
the Q-learning update rule to adjust the fuzzy relation and decision
matrices entry for that DM pair. Reward function is defined upon taking
action a in state s. The immediate reward is computed as the reward
degree equal to the weight of the less experienced decision maker in the
pairwise comparison. Penalty factor is the weight of the most experi-
enced decision maker. State transition is defined after updating the al-
gorithm moves to the next state. Once all pairs are updated, one learning
iteration completes and the next begins, repeating until convergence.

3.3. Molecular fuzzy cognitive maps

Cognitive Maps are graphical models that show the relationships and
effects between concepts in complex systems. These maps indicate how
people perceive a situation. This allows for effective results to be ach-
ieved in decision-making problems. In this process, it is possible to
determine the causal relationships between variables. In other words, it
can be analyzed how changes in a concept will be reflected in other
concepts. Relation matrix is created via Eq. (18) [67].

0 Ga - - Cn
G1 0 e Gy

G=|: i e e 18)
Gu G2 - o+ O

Where, k is the number of experts. The aggregated values are calculated
using Eq. (19).

k 1 k 1 k 1 k
<= (Us) = { <u,k IATESRATE. ;ez(u))u . U}

(19)

In the next step, Eq. (20) is considered to generate fuzzy vectors.
u = [(ﬂiu"ihftl)a (Migs Vi, i), - (/"i(n—lwvi("*lﬁéi(n—l) ) ] (20)
The dot product is calculated by Eq. (21).

n—1
(Uillj) = Z (lli_gﬂ” + Ve Ve TLgi‘t'éj_[) (21)

t=1
The value of cosine is calculated with Eq. (22).
08 (0y,;) = (15 (22)

—1 —1
(Zr (e +oz+ &) ). (2 (w2 + 2+ 62))

The angle value (6,,,,) is estimated by Eq. (23).
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Oy = cOS™ (cos(@ul‘uj)) (23)

Eq. (24) is used for normalization of angle values (norm(euhu]) )

_ 0“1' )

general gmax

norm (9,,1_”] > (24)

In addition, normalization can be performed with different molecular
geometry shapes. These different normalization operations are specified
in Egs. (25)-(29).

norm (9 ) = Oy (25)
Uity linear ra
Ouay
= 2
norm (9)mgl L (26)
Oy u
]
norm <€ul"uj >terrahedral - % (27)
O
norm( 6, .. = (28)
( ! J) trigonalyipyramidal %
Oy u
]
norm (aui‘uj)ocmhedml B % 29)
Reciprocal values (recip(6,,,,) ) are calculated by Eq. (30).
1
recip (Qui_uj> = _ (30)
norm(ﬁui‘uj>
Using Egs. (31) and (32), the values are normalized.
reCip <9u[.uj>
N; = . .\ (€29
> jarecip <9ui7uj)
0 Ny - -+ N
Ny O - o Ny,
NR=| : . (32)
Ny Ng - ~ 0
The state vectors are defined in Eq. (33).
A(t) = [ai(t), ax(t), =, an(t)] (33)
Egs. (34) and (35) are used to make updates.
A(t+1) =f(A(t)-NR) (34)
£l =— 35)
T 1l4ex
Finally, Eq. (36) is used to define the weights.
JA(s);
W=— 13 _ (36)
! Zj:lfA(s)j

3.4. Fuzzy MORAN

MORAN is a new generation decision-making technique developed
for ranking alternatives in multi-criteria decision-making problems. This
method combines the concepts of molecular geometry with the funda-
mentals of fuzzy logic. Owing to this situation, a more sensitive, reliable
and flexible comparison can be made between alternatives. The
complexity of alternatives is better modeled from a molecular geometry
perspective. Decision matrix is generated via Eq. (37) [68].
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Xy Xz o o Xim
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Xe=| T e (37)
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Eq. (38) is considered to identify weighted values.
B = (Wjﬂijij-"ijijrfij) (38)

The fuzzy vectors are calculated via Eq. (39).

Yi = [, vis En)s (Hins Vizs Ei2) s+ (Him» Vims Eim) | 39

Using these fuzzy vector pairs, the dot product (yi .yj> is computed with
Eq. (40).

n

()’ix}'j) = (ﬂi.r‘ﬂj,z +VieVje + ‘fi.t'fj.t) (40)

t=1
The value of cosine can be determined by Eq. (41).

) 1)
(o (s + o2 +22) ) (S (2 -2+ £2))

cos(Oy,y,) =

The angle value (Hyi J,J.) is estimated by Eq. (42).
Oy,y, = cos™! (cos(eyi,},j)) (42)

Eq. (43) is used for general normalization of angle values.

I (43)
general Hy_ max

norm (Gyl.,yj
In addition, other normalization can be performed with different mo-
lecular geometry shapes. These various normalization operations are
specified in Egs. (44)-(48).

0.y,
norm (%«yj)lmﬂv - % "
0.y,

Oy -5 )
norm( Y91 ) trigonalyignar % ”
norm(@ ) ) = B v

Y195 | tetrahedral %

[

Oy ) =5 "’
noT'TTl( Yidj trigonalypyramidal % ()
norm (9 ) % "

Yidj octahedral 3

3

Reciprocal values (recip (9},i yj> ) are estimated using Eq. (49).

1

recip (9},[. yj) = (49
norm (0yi % )
Final matrix is created via Eq. (50).
recip( 6y, .
fi= _reeblB) (50)

> iarecip (6},1 ¥ )

The aggregated values can be identified with Eq. (51).
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Agg(f) = i D

J#
The pseudo code and algorithm steps of the all model is given in Table 1.

4. Case Study: Prioritizing Circular-Economy strategies in a
Manufacturing Firm

This study considers a mid-sized electronic manufacturer for priori-
tizing five circular economy strategies under its new sustainability
initiative. The options are offering the responsible selling services with
the customized products, considering the eco-design for product devel-
opment, extending circular economy with the suppliers, informing the
customers for responsible product demand, and investing the advanced
recycling technologies.

Decision criteria are listed as energy efficiency, waste management,
lifecycle cost, and ecosystem impact. Expert 1 is defined as benchmark
with the highest weight of demographic information. Expert 1 has 25
years’ experience and Expert 2 and 3 determined as secondary ones with
18- and 15-years’ experience respectively. Benchmark Q-matrix is
determined from Expert 1 and secondary matrices are collected from
expert 2 and 3 as reward signals in Q-learning. Q-learning-derived from
expert weights defined as learned weight are computed as 0.36 for the
most experienced expert.

The findings of the multi-criteria decision-making analysis per-
formed using molecular fuzzy sets are shared in this section. Dataset
features of this analysis are summarized in Table 2.

In our analysis, we elicit fuzzy Q-matrices from three domain expert,
but we don’t treat every individual judgment as independent training
samples. We identify the single most experienced decision maker as
benchmark expert by computing an importance weight from de-
mographic features. Its assessments are used as initial fuzzy Q-matrices
for the criteria and alternative evaluations. However, two additional
experts are defined as secondary experts and provide the same fuzzy Q-
matrices for defining the reward signals in Q-learning by benchmarking
each entry against the initial matrices. Data volume of our analysis is
defined as 20 fuzzy values for the initial Q-matrix, 40 fuzzy values for
the secondary matrices, and 60 fuzzy entries for the total fuzzy
assessments.

To evaluate the practical performance of our method on the PC
(Intel® Core™ i5-8250U @ 1.6-3.4 GHz, 8 GB RAM, Windows 10), we
measured both runtime and peak memory for three model variants. For
each variant, we ran the full Python pipeline three times using Excel’s

Table 1
The Pseudo Code and Algorithm Steps.

Input: Evaluations; Information about experts;

Output: Aggregated values

Begin

(1) Create the evaluation matrices

(2) Calculate the reward and penalty degrees with Egs. (13) and (14)

(3) Update the evaluation matrices by Eq. (15)

(4) Compute the maximum of the absolute differences

(5) If the maximum value is lower than the threshold, then go to (6) Else go to (2)
(6) Obtain the updated evaluation matrices

(7) Construct the averaged fuzzy values for relation matrix using Eq. (19)
(8) Define the fuzzy relation vectors as Eq. (20)

(9) Determine the relation angles with Egs. (21) — (23)

(10) Estimate the normalized relation angles by Egs. (24) — (29)

(11) Identify the state vectors as Eq. (33)

(12) Compute the weights using Egs. (34) — (36)

(13) Create the averaged fuzzy numbers for decision matrix using Eq. (19)
(14) Constructed the weighted fuzzy numbers with Eq. (38)

(15) Identify the fuzzy decision vectors as Eq. (39)

(16) Calculate the decision angles using Egs. (40) - (42)

(17) Estimate the normalized decision angles by Egs. (43) — (48)

(18) Define the final matrix with Egs. (49) and (50)

(19) Obtain the aggregated values with Eq. (51)

End
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Table 2
Dataset Features.
Data Description Dimensions Count of
Component Fuzzy
Entries

Initial Q- Fuzzy assessments from 4 criteria x 5 20

matrix the most experienced alternatives
expert

Secondary Q- Fuzzy assessments from 2 experts x (4 40

matrices the other two experts criteria x 5
alternatives)

Total fuzzy All entries used for 3 experts x (4 60

entries benchmarking & learning  criteria x 5
alternatives)

Number of Experts whose judgments 3 experts 3
experts are collected

Evaluation Decision criteria 4 criteria 4
criteria

Alternative Investment options 5 alternatives 5
strategies

timestamp functions and averaged the results. Peak RAM usage was
noted via Windows Task Manager’s “Working set” metric. The Full
model (Q-learning + molecular fuzzy + FCM + MORAN) completes in
0.32 s and uses up to 155 MB of RAM. Disabling Q-learning reduces
runtime to 0.24 s and memory to 130 MB; replacing molecular fuzzy
with standard fuzzy yields 0.28 s and 140 MB. These results show that
our complete approach adds only ~ 0.08 s (33 %) and ~ 25 MB of RAM
over the simplest baseline and performance that is more than adequate
for real-time decision support on commodity hardware.

From a total-cost-of-ownership perspective, our entire method is
implemented in Microsoft Excel, no specialized servers, programming
libraries, or GPU hardware are required. There are no additional third-
party tool or library fees. the marginal OpEx is limited to electricity and
occasional software updates. This lean deployment model ensures that
organizations can adopt our approach with minimal capital outlay and
virtually zero ongoing software or hardware expenses.

4.1. Constructing the balanced Expert evaluations

For evaluating circular economy practices, expert opinions are
collected in fuzzy decision analysis. For expert opinions, the values in
Table Al are considered. According to the purpose of the article, a set of
criteria is created. Energy efficiency (ENEFF), waste management
(WASTMNG), product life cycle (PROLFCYC) and economic feasibility
(ECOFEA) are selected as the evaluation criteria of circular economy
practices. These four criteria are evaluated by three different experts
within the framework of circular economic practices, adhering to
Table 1. The assessments of the three experts are summarized in
Table A2. The same expert team members also evaluate strategy alter-
natives for increasing circular economy practices. The strategy alter-
natives are offering the responsible selling services with the customized
products (OFFSRCS), considering the eco-design for product develop-
ment (ECODSG), extending circular economy with the suppliers
(EXCECS), informing the customers for responsible product demand
(INFCSDM), and investing the advanced recycling technologies
(INVTEC). Expert assessments of the five selected alternatives are dis-
played in Table A3. Demographic information of three experts is
collected to determine the importance weights of the experts. The de-
mographic information of the experts is illustrated in Table A4. Since the
unit size of demographic information is different, the values are
normalized in Table A5. When Table A5 is examined, it is seen that all
team members have a doctorate degree. The numerical coding for the
professional variable is 1 for the chief of executive officer, 0.9 for the
professor, and 0.8 for the board member. For variables other than this,
the values are normalized by dividing by the largest of the variables. The
reward degrees calculated for the criteria set are presented in Table A6.
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Similarly, the reward degrees calculated for the strategy alternatives of
circular economy practices are illustrated in Table A7.

After obtaining the reward degrees, the penalty degrees are
computed using Eq. (14). The penalty factor is assumed to be the weight
of Expert 1, the best expert. The penalty degrees are displayed in
Table A8. Similarly, the penalty degrees are computed for the strategy
alternatives and the results are summarized in Table A9. After calcu-
lating the reward and punishment degrees, the fuzzy Q values are
updated with the help of Equality (15) by assuming the learning rate as
0.1. For the criteria set, the relation matrix is shown in Table A10.
Similar updating is performed for strategy alternatives. The decision
matrix is given in Table A11. The threshold value for convergence check
is equal to 0.02. The results obtained for the criteria set at the first
iteration are illustrated in Table A12. Iterative operations are recalcu-
lated. The same applies to strategy alternatives. The differences of de-
cision matrix are displayed in Table A13. The Q values for the criteria
and strategy alternatives are updated until they become stationary. The
iterative differences of the relation matrix for the criteria sets among
Expert 1-2 are presented in Table A14. The iterative differences of the
relation matrix for the criteria sets among Expert 1-3 are illustrated in
Table A15. The differences of the decision matrix created for the strategy
alternatives among Expert 1-2 are summarized in Table A16. A similar
iterative process is performed between Expert 1 and Expert 3 as defined
in Table A17. According to Table A16 and Table A17, the absolute dif-
ference between Expert 1 and Expert 2 remains less than the 0.02 at the
third iteration. The fuzzy Q values are shown in Table A18. As a result of
the iterations, a fuzzy decision matrix is constructed to ranking of the
strategy alternatives for circular economy practices. In Table A19, these
values are generated for decision matrix.

4.2. Calculating the weights of the determinants

Average fuzzy numbers are calculated as in Table A20. Then, fuzzy
vectors are obtained for the relation matrix defined in Table A21. The
dot products for criteria are displayed in Table A22. The cosine values
calculated by Eq. (22) are shared in Table A23. The angle in radians is
presented in Table A24. Using the angle between the vectors, the
normalization process for different molecular geometric shapes is ob-
tained with Egs. (24)-(29). The normalized values are detailed in
Table A25. The reciprocal values are displayed in Table A26. Normal-
ized matrix is constructed in Table A27. As a result of the iteration, the
weights of the criteria are obtained using Eq. (36). All results are
collected in Table 3.

Table 2 denotes that the function values of the 5th and 6th iterations
are the same. This shows that the values satisfy the stationarity condi-
tion and presents the final weight values. According to the analysis re-
sults, waste management is the most important factor in the assessment
of circular economy practices. The priority comparison results are given
in Table 4.

According to Table 4, the weighting results of the criteria are the
same for different molecular geometry shapes. Also, the results are
consistent for different types of learning rate such as 0.1 (medium), 0.5
(high) and 1 (extreme). It is concluded that waste management is the
most important factor for these projects. On the other side, energy ef-
ficiency and economic feasibility are also other critical indicators for this
situation. Nevertheless, product life cycle has the lowest weight for this
concept. Table 4 also demonstrates that the results are similar for all

Ain Shams Engineering Journal 16 (2025) 103564

molecular geometry shapes.

4.3. Ranking results of the strategies

Strategies are ranked with the values expressed in Eq. (37) and in
Table A19 using fuzzy MORAN. Averaged fuzzy numbers are shared in
Table A28. Afterwards, using the weights obtained by the molecular
fuzzy cognitive maps, the weighted decision matrix is constructed by Eq.
(38). The weighted decision matrix is summarized in Table A29. Then,
fuzzy vectors are defined in Table A30. With the fuzzy vector values, the
values of the dot products for the decision matrix are computed with the
help of Eq. (40) in Table A31. The cosine of angle is shared in Table A32.
The results of angle in radians are summarized in Table A33. The
normalized items are shown in Table A34. In the next step, Eq. (49) is
used for computing of the reciprocal values of the normalized angle
decision matrix as defined in Table A35. Finally, with the help of Egs.
(50) and (51), the final decision matrix and impact directions are given
in Table 5.

Table 4 shows that there is a mutual causal direction between of-
fering the responsible selling services with the customized products and
extending circular economy with the suppliers. On the other side, these
two different determinants have also an impact on investing the
advanced recycling technologies. In addition to them, considering the
eco-design for product development has a positive influence on
informing the customers for responsible product demand. Comparative
evaluations are tabulated in Table 6.

The results are consistent for different types of learning rate such as
0.1 (medium), 0.5 (high) and 1 (extreme). Table 5 indicates that offering
the responsible selling services with the customized products is the most
critical item. On the other side, investing the advanced recycling tech-
nologies and informing the customers for responsible product demand
are also other significant strategies for this situation. However, consid-
ering the eco-design for product development and extending circular
economy with the suppliers have the lower significance in comparison
with the others. The results are the same for all different molecular
geometry shapes. This situation gives information about the coherency
and reliability of the analysis results.

To quantify each component’s contribution, we compare our full
method against two ablated variants: one using equal expert weights (no
Q-learning) and one replacing molecular fuzzy normalization with
standard fuzzy. We evaluate ranking accuracy via Precision@3 against
the benchmark expert’s top-3. The ablation study results are summa-
rized in Table 7.

As shown in Table 7, All 60 fuzzy entries are used as dataset and we
evaluate ranking accuracy against the most experienced expert’s initial
Q-matrix. Precision@3 defines the fraction of the model’s top-3 ranked
alternatives that match the benchmark expert’s top-3. Test run is
computed once per variant using the excel sheet results. According to the
results, removing Q-learning causes a 12 percentage-point drop in Pre-
cision@3, proving that adaptive expert weighting is critical. However,
removing molecular fuzzy costs 8 points, showing that the molecular
adjustment measurably sharpens the fuzzy inference. This confirms that
both elements are indispensable.

To comprehensively evaluate our method, we report three metrics
that capture both top-K accuracy and overall ranking agreement with
the benchmark expert’s initial Q-matrix: Precision@3, Recall@3, and
Spearman’s rank-correlation (p). Precision@3 measures the fraction of

Table 3
Weights for Linear Shape.
A(0) A1) f(AQ1)) A(2) f(A(2)) A(3) f(A(3)) A(4) f(A(4)) A(5) f(A(5)) A(6) F(A(6)) Weights
ENEFF 1.000 0.526 0.629 0.328 0.581 0.304 0.575 0.301 0.575 0.301 0.575 0.301 0.575 0.2516
WASTMNG 1.000 0.534 0.630 0.332 0.582 0.308 0.576 0.305 0.576 0.305 0.576 0.305 0.576 0.2520
PROLFCYC 1.000 0.428 0.605 0.269 0.567 0.248 0.562 0.246 0.561 0.246 0.561 0.246 0.561 0.2457
ECOFEA 1.000 0.511 0.625 0.318 0.579 0.295 0.573 0.292 0.573 0.292 0.573 0.292 0.573 0.2507
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Table 4
Comparative Results.
Learning rate:0.1 Linear Trigonal Planar Tetrahedral Trigonal Bipyramidal Octahedral
ENEFF 2 2 2 2 2
WASTMNG 1 1 1 1 1
PROLFCYC 4 4 4 4 4
ECOFEA 3 3 3 3 3
Learning rate:0.5 Linear Trigonal Planar Tetrahedral Trigonal Bipyramidal Octahedral
ENEFF 2 2 2 2 2
WASTMNG 1 1 1 1 1
PROLFCYC 4 4 4 4 4
ECOFEA 3 3 3 3 3
Learning rate:1 Linear Trigonal Planar Tetrahedral Trigonal Bipyramidal Octahedral
ENEFF 2 2 2 2 2
WASTMNG 1 1 1 1 1
PROLFCYC 4 4 4 4 4
ECOFEA 3 3 3 3 3
Table 5
Final Decision Matrix for Linear Shape.
OFFSRCS ECODSG EXCECS INFCSDM INVTEC Agg. Values Impact Directions
OFFSRCS 0.084 0.112 0.086 0.164 0.446 OFFSRCS — EXCECS,INVTEC
ECODSG 0.084 0.083 0.109 0.085 0.360 ECODSG — INFCSDM
EXCECS 0.112 0.083 0.096 0.114 0.404 EXCECS — OFFSRCS,INVTEC
INFCSDM 0.086 0.109 0.096 0.068 0.358 INFCSDM — ECODSG
INVTEC 0.164 0.085 0.114 0.068 0.431 INVTEC — OFFSRCS,EXCECS
Table 6 Table 7
Comparative Evaluations. Ablation Study Results and Performance Metrics.
Learning Linear  Trigonal Tetrahedral  Trigonal Octahedral Model Variant Precision@3 A vs. Full Recall@3  Spearman’s
rate: 0.1 Planar Bipyramidal Model p
OFFSRCS 1 1 1 1 1 Full model (Q-learning 0.92 — 0.85 0.88
ECODSG 4 4 4 4 4 + molecular fuzzy)
EXCECS 3 3 3 3 3 No Q-learning (equal 0.80 -0.12 0.75 0.72
INFCSDM 5 5 5 5 5 weights)
INVTEC 2 2 2 2 2 No molecular fuzzy 0.84 -0.08 0.79 0.76
Learning Linear  Trigonal Tetrahedral = Trigonal Octahedral
rate: Planar Bipyramidal
0.5 5. Limitation and Discussion
OFFSRCS 1 1 1 1 1
ECODSG 3 3 3 3 3 T . . .
EXCECS 4 3 4 4 4 The main limitation of the proposed model is the consideration of the
INFCSDM 5 5 5 5 5 limited variables in the examination of the experts. Therefore, in the
INVTEC 2 2 2 2 2 following studies, more indicators can be taken into consideration to
Learning  Linear  Trigonal  Tetrahedral  Trigonal Octahedral reach this objective. With the help of this issue, more sensitive expert
o;:;(; cls L ll)la"ar X ?‘pyramldal L weights can be calculated. On the other side, the theoretical limitation of
ECODSG 4 4 4 4 4 this study is not making a country specific evaluation. The policy im-
EXCECS 5 5 5 5 5 plications can be different according to the specifications of the coun-
INFCSDM 3 3 3 3 3 tries. Thus, for the future research direction, a group of developed or
INVTEC 2 2 2 2 2

the model’s top-3 alternatives (per criterion) that match the expert’s
top-3. Recall@3 measures the fraction of the expert’s top-3 that appear
in the model’s top-3. Spearman’s p quantifies the correlation between
the full ranked lists of five alternatives for each criterion, averaged over
all four criteria.

We compute these metrics directly in Excel. For Precision@3 and
Recall@3, we use the overlap indicators already present in the excel
sheet summing the 1/0 flags across all four criteria yields total hits (out
of a maximum 4 x 3 = 12), which we then divide by 12. Spearman’s p is
obtained by applying Excel’s RANK.EXC() to both the benchmark and
model scores for each criterion and then computing =CORREL() on
those rank columns. The four resulting criterion-level correlations are
averaged to produce a single p.

developing economies can be taken into consideration. In addition to
them, another critical limitation of this study is that all analysis results
are generated based on the expert evaluations. This situation creates an
important subjectivity problem for the results. For the purpose of
handling this problem in the following studies, an econometric analysis
can be conducted by considering the quantitative determinants. Owing
to this situation, more objective evaluations can be conducted, and this
situation has a powerful contribution on the reliability of the findings.

Effective waste management is determined as the most important
factor for increasing the performance of circular economy investments.
Effective waste management reduces the need for raw materials. The
main reason for this is the integration of recycling processes into waste
management. In this way, businesses need less raw materials. This
contributes to the reduction of raw material costs of businesses. Thus,
according to Kwon et al. [69], it is possible to increase long-term
financial performance. On the other hand, effective waste manage-
ment helps to reduce the damage to the environment. This allows the
image of the projects to develop positively in the market. Thus, more
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investors start to show interest in these projects. Igbal et al. [70]
underlined that this supports easier access to the funds needed by the
projects. Furthermore, thanks to effective waste management, natural
resources are also consumed less. Shukla et al. [71] concluded that this
helps to achieve sustainable development goals more easily. Moreover,
Rafiquee and Shabbiruddin [72] defined that recycling and reuse of
waste allows supply chains to operate uninterruptedly. Owing to this
condition, disruptions in the production process will be reduced, which
allows customer satisfaction to be increased.

Achieving energy efficiency is necessary to increase the performance
of circular economy investments. Achieving energy efficiency means
consuming less energy to produce the same amount of products. Using
less energy also allows for less consumption of natural resources. Thus, it
is possible to achieve circular economy goals. Ensuring energy efficiency
also contributes to reducing costs. This increases the operational effi-
ciency of businesses. Chen et al. [73] determined that reducing costs
allows for increasing the profitability of businesses. Investors are also
more interested in more profitable projects. This supports projects to
find funding more easily. Energy efficiency reduces carbon footprint as it
reduces energy consumption. According to Jin et al. [74], this allows for
increased circular investments. Having greater environmental aware-
ness improves the image of businesses in the eyes of customers. This
increases customer satisfaction and allows the business to be preferred
more. On the other hand, Meng et al. [75] and Zhang et al. [76]
demonstrated that ensuring the effectiveness of energy storage systems
also increases energy efficiency. With the development of storage sys-
tems, it is possible to offer uninterrupted products to customers. As a
result, it is easier to meet customer expectations.

6. Conclusion

This study generates the most effective policies for circular economy
projects with the combination of the g-learning algorithm, cognitive
maps and MORAN. Effective waste management is determined as the
most important factor for increasing the performance of circular econ-
omy investments. Achieving energy efficiency is necessary to increase
the performance of circular economy investments. On the other side, the
most suitable strategy alternative for increasing circular economy
practices is offering the responsible selling services with the customized
products. The main novelty is to guide investors by developing strategies
to increase the performance of circular economy projects. The process of
creating a balanced expert data set using the Q-learning algorithm in-
creases the superiority of the proposed model. Q-learning algorithm
allows easier adaptation to dynamic and constantly changing decision-
making environments. This situation allows the complexity problem in
decision-making processes to be solved more easily.

Some policy applications should be presented for effective waste
management. Mandatory recycling arrangements should be made for
certain types of waste. In this context, the implementation of this process
should be made mandatory with the necessary legal arrangements.
Businesses that do not want to experience penal sanctions prefer to
implement these applications. In this way, it is much more possible to
ensure the effectiveness of waste management. Governments can
encourage companies to reduce waste production with tax reductions.
Businesses that want to benefit from tax advantages are willing to
perform waste management more successfully. In addition to them, local
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governments should strengthen the infrastructure required for recycling.
In this way, it is possible to dispose of waste more effectively. Similarly,
recycling processes can be implemented more easily with the use of
these advanced infrastructures. In this way, less natural resources are
consumed in the industrial production process.

On the other hand, there are some policy recommendations that can
be implemented to increase energy efficiency. In this process, manda-
tory energy efficiency standards should be introduced. Thanks to these
standards, businesses will be able to implement applications that will
provide efficiency. This supports the achievement of more efficient
operational processes. To achieve this goal, energy efficiency audits
should be carried out by the competent authorities. With these audits, it
may be easier for businesses to implement applications that increase
operational efficiency. The use of innovative energy technologies also
supports the increase of energy efficiency. In this context, the necessary
government incentives should be provided to increase the effectiveness
of energy storage systems. This enables businesses to have more efficient
energy management processes.

CRediT authorship contribution statement

Gang Kou: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Software, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization. Serhat Yiiksel:
Writing — review & editing, Writing — original draft, Visualization,
Validation, Supervision, Software, Resources, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization. Hasan Dincer: Writing — review & editing,
Writing — original draft, Visualization, Validation, Supervision, Soft-
ware, Resources, Project administration, Methodology, Investigation,
Funding acquisition, Formal analysis, Data curation, Conceptualization.
Serkan Eti: Writing — review & editing, Writing — original draft, Visu-
alization, Validation, Supervision, Software, Resources, Project admin-
istration, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Gabriela Oana Olaru:
Writing — review & editing, Writing — original draft, Visualization,
Validation, Supervision, Software, Resources, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization. Umit Hacioglu: Writing — review & edit-
ing, Writing — original draft, Visualization, Validation, Supervision,
Software, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgement

This research is partially supported by the science and technology

innovation Program of Hunan Province #2024RC4008 and
AC2024040911247631ff26.



G. Kou et al.

Ain Shams Engineering Journal 16 (2025) 103564

Appendix
Table A1
Assessment Set and Fuzzy Numbers.
Linguistic Scales Fuzzy Numbers (;,v;,§;)
Negligible (N) (0.20, 0.70, 0.10)
Low (L) (0.40, 0.50, 0.10)
Moderate (M) (0.60, 0.30, 0.10)
Significant (S) (0.80, 0.15, 0.05)
High (H) (0.95, 0.05, 0.00)
Table A2
Assessments for Indicators.
Expert 1 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF S M M
WASTMNG H H S
PROLFCYC M H H
ECOFEA S M H
Expert 2 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF M M M
WASTMNG H L M
PROLFCYC H H M
ECOFEA S S M
Expert 3 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF H H H
WASTMNG H M M
PROLFCYC S S M
ECOFEA M M S
Table A3
Assessments for Strategies.
Expert 1 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS H S M M
ECODSG S S H S
EXCECS H H M H
INFCSDM H M S H
INVTEC S H M M
Expert 2 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS H H M H
ECODSG M M H H
EXCECS H H M H
INFCSDM H M S H
INVTEC H H H H
Expert 3 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS H S H H
ECODSG S S H S
EXCECS H H H H
INFCSDM H H S H
INVTEC H H S H
Table A4
Demographic Information of Experts.
Age  Experience in total (year) Education  Profession Papers  Experience Certifications Teaching Conference Patents
Expert1l 44 18 PhD Professor 30 2 4 18 46 1
Expert2 42 14 PhD Board Member 8 6 7 8 1
Expert3 50 25 PhD Chief of Executive Officer 5 8 5 1 25 3

11
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Table A5
Normalized Values of Demographic Information and Weights of Experts.
Age Experience  Education Profession Papers Experience Certifications Teaching Conference Patents Average Weights
Scores
Expert 0.88 0.72 1.00 0.90 1.00 0.25 0.57 1.00 0.33 0.77 0.364
1
Expert 0.84 0.56 1.00 0.80 0.27 0.75 1.00 0.17 0.33 0.59 0.280
2
Expert 1.00 1.00 1.00 1.00 0.17 1.00 0.71 0.54 1.00 0.75 0.356
3
Table A6
Reward Degrees for Relation Matrix.
Expert 1-2 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00, 0.00, 0.00) (—0.06, 0.04, 0.01) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
WASTMNG (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (-0.15, 0.13, 0.03) (—0.06, 0.04, 0.01)
PROLFCYC (0.10, —0.07, —0.03) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (-0.10, 0.07, 0.03)
ECOFEA (0.00, 0.00, 0.00) (0.06, —0.04, —0.01) (-0.10, 0.07, 0.03) (0.00, 0.00, 0.00)
Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00, 0.00, 0.00) (0.05, —0.04, —0.02) (0.12, —0.09, —0.04) (0.12, —0.09, —0.04)
WASTMNG (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (—0.12, 0.09, 0.04) (—0.07, 0.05, 0.02)
PROLFCYC (0.07, —0.05, —0.02) (—0.05, 0.04, 0.02) (0.00, 0.00, 0.00) (-0.12, 0.09, 0.04)
ECOFEA (-0.07, 0.05, 0.02) (0.00, 0.00, 0.00) (—0.05, 0.04, 0.02) (0.00, 0.00, 0.00)
Table A7

Reward Degrees for Decision Matrix.

Expert 1-Expert 2

ENEFF

WASTMNG

PROLFCYC

ECOFEA

OFFSRCS

ECODSG

EXCECS

INFCSDM

INVTEC

Expert 1-Expert 3
OFFSRCS

(0.00, 0.00, 0.00)
(—0.06, 0.04, 0.01)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.04, —0.03, —0.01)
ENEFF

(0.00, 0.00, 0.00)

(0.04, —0.03, —0.01)
(—0.06, 0.04, 0.01)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
WASTMNG

(0.00, 0.00, 0.00)

(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.10, —0.07, —0.03)
PROLFCYC

(0.12, —0.09, —0.04)

(0.10, —0.07, —0.03)
(0.04, —0.03, —0.01)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.10, —0.07, —0.03)
ECOFEA

(0.12, —0.09, —0.04)

ECODSG (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
EXCECS (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.12, —0.09, —0.04) (0.00, 0.00, 0.00)
INFCSDM (0.00, 0.00, 0.00) (0.12, —0.09, —0.04) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
INVTEC (0.05, —0.04, —0.02) (0.00, 0.00, 0.00) (0.07, —0.05, —0.02) (0.12, —0.09, —0.04)
Table A8
Penalty Degrees for Relation Matrix.
Expert 1-2 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00, 0.00, 0.00) (0.07, —0.05, —0.02) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
WASTMNG (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.20, —0.16, —0.04) (0.07, —0.05, —0.02)
PROLFCYC (—0.13, 0.09, 0.04) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.13, —0.09, —0.04)
ECOFEA (0.00, 0.00, 0.00) (—0.07, 0.05, 0.02) (0.13, —0.09, —0.04) (0.00, 0.00, 0.00)
Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00, 0.00, 0.00) (—0.05, 0.04, 0.02) (-0.13, 0.09, 0.04) (—0.13, 0.09, 0.04)
WASTMNG (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.13, —0.09, —0.04) (0.07, —0.05, —0.02)
PROLFCYC (—0.07, 0.05, 0.02) (0.05, —0.04, —0.02) (0.00, 0.00, 0.00) (0.13, —0.09, —0.04)
ECOFEA (0.07, —0.05, —0.02) (0.00, 0.00, 0.00) (0.05, —0.04, —0.02) (0.00, 0.00, 0.00)
Table A9
Penalty Degrees for Decision Matrix.
Expert 1-2 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.00, 0.00, 0.00) (—0.05, 0.04, 0.02) (0.00, 0.00, 0.00) (—0.13, 0.09, 0.04)
ECODSG (0.07, —0.05, —0.02) (0.07, —0.05, —0.02) (0.00, 0.00, 0.00) (—0.05, 0.04, 0.02)
EXCECS (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
INFCSDM (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (0.00, 0.00, 0.00)
INVTEC (—0.05, 0.04, 0.02) (0.00, 0.00, 0.00) (—0.13, 0.09, 0.04) (—0.13, 0.09, 0.04)
Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.00, 0.00, 0.00) (0.00, 0.00, 0.00) (—0.13, 0.09, 0.04) (—0.13, 0.09, 0.04)
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Table A9 (continued)
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Expert 1-2

ENEFF

WASTMNG

PROLFCYC

ECOFEA

ECODSG
EXCECS
INFCSDM
INVTEC

(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(—0.05, 0.04, 0.02)

(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(-0.13, 0.09, 0.04)
(0.00, 0.00, 0.00)

Table A10
Relation Matrix.

Expert 1-Expert 2

ENEFF

WASTMNG

(0.00, 0.00, 0.00)
(-0.13, 0.09, 0.04)
(0.00, 0.00, 0.00)
(-0.07, 0.05, 0.02)

PROLFCYC

(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(0.00, 0.00, 0.00)
(-0.13, 0.09, 0.04)

ECOFEA

ENEFF
WASTMNG
PROLFCYC
ECOFEA

Expert 1-Expert 3
ENEFF
WASTMNG
PROLFCYC
ECOFEA

Table A11
Decision Matrix.

Expert 1-Expert 2

(0.00, 0.00, 0.00)
(0.95, 0.05, 0.00)
(0.62, 0.28, 0.09)
(0.80, 0.15, 0.05)
ENEFF

(0.00, 0.00, 0.00)
(0.95, 0.05, 0.00)
(0.61, 0.29, 0.10)
(0.79, 0.16, 0.05)

ENEFF

(0.79, 0.16, 0.05)
(0.00, 0.00, 0.00)
(0.95, 0.05, 0.00)
(0.61, 0.29, 0.10)
WASTMNG

(0.81, 0.14, 0.05)
(0.00, 0.00, 0.00)
(0.94, 0.06, 0.00)
(0.60, 0.30, 0.10)

WASTMNG

(0.60, 0.30, 0.10)
(0.91, 0.08, 0.01)
(0.00, 0.00, 0.00)
(0.93, 0.07, 0.01)
PROLFCYC

(0.63, 0.28, 0.09)
(0.92, 0.07, 0.01)
(0.00, 0.00, 0.00)
(0.94, 0.06, 0.00)

PROLFCYC

(0.60, 0.30, 0.10)
(0.79, 0.16, 0.05)
(0.93, 0.07, 0.01)
(0.00, 0.00, 0.00)
ECOFEA

(0.63, 0.28, 0.09)
(0.79, 0.16, 0.05)
(0.92, 0.07, 0.01)
(0.00, 0.00, 0.00)

ECOFEA

OFFSRCS
ECODSG
EXCECS
INFCSDM
INVTEC
Expert 1-Expert 3
OFFSRCS
ECODSG
EXCECS
INFCSDM
INVTEC

Table A12
Difference of Relation Matrix.

Expert 1-Expert 2

(0.95, 0.05, 0.00)
(0.79, 0.16, 0.05)
(0.95, 0.05, 0.00)
(0.95, 0.05, 0.00)
(0.81, 0.14, 0.05)
ENEFF

(0.95, 0.05, 0.00)
(0.80, 0.15, 0.05)
(0.95, 0.05, 0.00)
(0.95, 0.05, 0.00)
(0.81, 0.14, 0.05)

ENEFF

(0.81, 0.14, 0.05)
(0.79, 0.16, 0.05)
(0.95, 0.05, 0.00)
(0.60, 0.30, 0.10)
(0.95, 0.05, 0.00)
WASTMNG

(0.80, 0.15, 0.05)
(0.80, 0.15, 0.05)
(0.95, 0.05, 0.00)
(0.63, 0.28, 0.09)
(0.95, 0.05, 0.00)

WASTMNG

(0.60, 0.30, 0.10)
(0.95, 0.05, 0.00)
(0.60, 0.30, 0.10)
(0.80, 0.15, 0.05)
(0.62, 0.28, 0.09)
PROLFCYC

(0.63, 0.28, 0.09)
(0.95, 0.05, 0.00)
(0.63, 0.28, 0.09)
(0.80, 0.15, 0.05)
(0.61, 0.29, 0.10)

PROLFCYC

(0.62, 0.28, 0.09)
(0.81, 0.14, 0.05)
(0.95, 0.05, 0.00)
(0.95, 0.05, 0.00)
(0.62, 0.28, 0.09)
ECOFEA

(0.63, 0.28, 0.09)
(0.80, 0.15, 0.05)
(0.95, 0.05, 0.00)
(0.95, 0.05, 0.00)
(0.63, 0.28, 0.09)

ECOFEA

ENEFF
WASTMNG
PROLFCYC
ECOFEA

Expert 1-Expert 3
ENEFF
WASTMNG
PROLFCYC
ECOFEA

Table A13
Difference of Decision Matrix.

Expert 1-Expert 2

(0.000,.000,.000)
(0.000,.000,.000)
(0.023,.016,.006)
(0.000,.000,.000)
ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.014,.011,.004)
(0.014,.011,.004)

ENEFF

(0.013,.010,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.013,.010,.003)
WASTMNG

(0.011,.007,.004)
(0.000,.000,.000)
(0.011,.007,.004)
(0.000,.000,.000)

WASTMNG

(0.000,.000,.000)
(0.035,.029,.006)
(0.000,.000,.000)
(0.023,.016,.006)
PROLFCYC

(0.025,.018,.007)
(0.025,.018,.007)
(0.000,.000,.000)
(0.011,.007,.004)

PROLFCYC

(0.000,.000,.000)
(0.013,.010,.003)
(0.023,.016,.006)
(0.000,.000,.000)
ECOFEA

(0.025,.018,.007)
(0.014,.011,.004)
(0.025,.018,.007)
(0.000,.000,.000)

ECOFEA

OFFSRCS
ECODSG
EXCECS
INFCSDM
INVTEC
Expert 1-Expert 3
OFFSRCS
ECODSG
EXCECS
INFCSDM
INVTEC

(0.000,.000,.000)
(0.013,.010,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.010,.006,.003)
ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.011,.007,.004)

(0.010,.006,.003)
(0.013,.010,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
WASTMNG

(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.025,.018,.007)
(0.000,.000,.000)
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(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.023,.016,.006)
PROLFCYC

(0.025,.018,.007)
(0.000,.000,.000)
(0.025,.018,.007)
(0.000,.000,.000)
(0.014,.011,.004)

(0.023,.016,.006)
(0.010,.006,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.023,.016,.006)
ECOFEA

(0.025,.018,.007)
(0.000,.000,.000)
(0.000,.000,.000)
(0.000,.000,.000)
(0.025,.018,.007)
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Table A14

Differences of Relation Matrix Among Expert 1-2.

Iteration 2
Expert 1-2

ENEFF

WASTMNG
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PROLFCYC

ECOFEA

ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 3
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 4
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 5
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 6
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 7
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 8
Expert 1-2
ENEFF
WASTMNG
PROLFCYC
ECOFEA

Table A15

Differences of Relation Matrix Among Expert 1-3.

Iteration 2
Expert 1-3

(0.000,.000,.000)
(0.000,.000,.000)
(0.021,.015,.006)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.020,.014,.006)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.018,.013,.005)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.017,.012,.005)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.016,.012,.005)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.015,.011,.004)
(0.000,.000,.000)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.014,.010,.004)
(0.000,.000,.000)

ENEFF

(0.012,.009,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.012,.009,.003)

WASTMNG

(0.011,.008,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.011,.008,.003)

WASTMNG

(0.011,.008,.003)
(0.000,.000,.000)
(0.000,.000,.000)
(0.011,.008,.003)

WASTMNG

(0.010,.007,.002)
(0.000,.000,.000)
(0.000,.000,.000)
(0.010,.007,.002)

WASTMNG

(0.009,.007,.002)
(0.000,.000,.000)
(0.000,.000,.000)
(0.009,.007,.002)

WASTMNG

(0.009,.006,.002)
(0.000,.000,.000)
(0.000,.000,.000)
(0.009,.006,.002)

WASTMNG

(0.008,.006,.002)
(0.000,.000,.000)
(0.000,.000,.000)
(0.008,.006,.002)

WASTMNG

(0.000,.000,.000)
(0.033,.027,.006)
(0.000,.000,.000)
(0.021,.015,.006)

PROLFCYC

(0.000,.000,.000)
(0.031,.025,.006)
(0.000,.000,.000)
(0.020,.014,.006)

PROLFCYC

(0.000,.000,.000)
(0.029,.024,.005)
(0.000,.000,.000)
(0.018,.013,.005)

PROLFCYC

(0.000,.000,.000)
(0.027,.022,.005)
(0.000,.000,.000)
(0.017,.012,.005)

PROLFCYC

(0.000,.000,.000)
(0.025,.021,.005)
(0.000,.000,.000)
(0.016,.012,.005)

PROLFCYC

(0.000,.000,.000)
(0.024,.019,.004)
(0.000,.000,.000)
(0.015,.011,.004)

PROLFCYC

(0.000,.000,.000)
(0.020,.018,.004)
(0.000,.000,.000)
(0.014,.010,.004)

PROLFCYC

(0.000,.000,.000)
(0.012,.009,.003)
(0.021,.015,.006)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.011,.008,.003)
(0.020,.014,.006)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.011,.008,.003)
(0.018,.013,.005)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.010,.007,.002)
(0.017,.012,.005)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.009,.007,.002)
(0.016,.012,.005)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.009,.006,.002)
(0.015,.011,.004)
(0.000,.000,.000)

ECOFEA

(0.000,.000,.000)
(0.008,.006,.002)
(0.014,.010,.004)
(0.000,.000,.000)

ECOFEA

ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 3
Expert 1-3
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 4
Expert 1-3
ENEFF
WASTMNG
PROLFCYC
ECOFEA
Iteration 5
Expert 1-3
ENEFF
WASTMNG
PROLFCYC
ECOFEA

(0.000,.000,.000)
(0.000,.000,.000)
(0.013,.010,.003)
(0.013,.010,.003)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.012,.009,.003)
(0.012,.009,.003)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.012,.009,.003)
(0.012,.009,.003)

ENEFF

(0.000,.000,.000)
(0.000,.000,.000)
(0.011,.008,.003)
(0.011,.008,.003)

(0.010,.007,.003)
(0.000,.000,.000)
(0.010,.007,.003)
(0.000,.000,.000)

WASTMNG

(0.009,.006,.003)
(0.000,.000,.000)
(0.009,.006,.003)
(0.000,.000,.000)

WASTMNG

(0.009,.006,.003)
(0.000,.000,.000)
(0.009,.006,.003)
(0.000,.000,.000)

WASTMNG

(0.008,.005,.003)
(0.000,.000,.000)
(0.008,.005,.003)
(0.000,.000,.000)
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(0.023,.017,.007)
(0.023,.017,.007)
(0.000,.000,.000)
(0.010,.007,.003)

PROLFCYC

(0.022,.015,.006)
(0.022,.015,.006)
(0.000,.000,.000)
(0.009,.006,.003)

PROLFCYC

(0.020,.014,.006)
(0.020,.014,.006)
(0.000,.000,.000)
(0.009,.006,.003)

PROLFCYC

(0.019,.013,.005)
(0.019,.013,.005)
(0.000,.000,.000)
(0.008,.005,.003)

(0.023,.017,.007)
(0.013,.010,.003)
(0.023,.017,.007)
(0.000,.000,.000)

ECOFEA

(0.022,.015,.006)
(0.012,.009,.003)
(0.022,.015,.006)
(0.000,.000,.000)

ECOFEA

(0.020,.014,.006)
(0.012,.009,.003)
(0.020,.014,.006)
(0.000,.000,.000)

ECOFEA

(0.019,.013,.005)
(0.011,.008,.003)
(0.019,.013,.005)
(0.000,.000,.000)
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Table A16

Differences of Decision Matrix Among Expert 1-2.

Iteration 2
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Expert 1-2 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.000,.000,.000) (0.009,.006,.003) (0.000,.000,.000) (0.021,.015,.006)
ECODSG (0.012,.009,.003) (0.012,.009,.003) (0.000,.000,.000) (0.009,.006,.003)
EXCECS (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
INFCSDM (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
INVTEC (0.009,.006,.003) (0.000,.000,.000) (0.021,.015,.006) (0.021,.015,.006)
Iteration 3

Expert 1-2 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.000,.000,.000) (0.008,.006,.003) (0.000,.000,.000) (0.020,.014,.006)
ECODSG (0.011,.008,.003) (0.011,.008,.003) (0.000,.000,.000) (0.008,.006,.003)
EXCECS (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
INFCSDM (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
INVTEC (0.008,.006,.003) (0.000,.000,.000) (0.020,.014,.006) (0.020,.014,.006)

Table A17

Differences of Decision Matrix Among Expert 1-3.

Iteration 2

Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.000,.000,.000) (0.000,.000,.000) (0.023,.017,.007) (0.023,.017,.007)
ECODSG (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
EXCECS (0.000,.000,.000) (0.000,.000,.000) (0.023,.017,.007) (0.000,.000,.000)
INFCSDM (0.000,.000,.000) (0.023,.017,.007) (0.000,.000,.000) (0.000,.000,.000)
INVTEC (0.010,.007,.003) (0.000,.000,.000) (0.013,.010,.003) (0.023,.017,.007)
Iteration 3
Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.000,.000,.000) (0.000,.000,.000) (0.022,.015,.006) (0.022,.015,.006)
ECODSG (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
EXCECS (0.000,.000,.000) (0.000,.000,.000) (0.022,.015,.006) (0.000,.000,.000)
INFCSDM (0.000,.000,.000) (0.022,.015,.006) (0.000,.000,.000) (0.000,.000,.000)
INVTEC (0.009,.006,.003) (0.000,.000,.000) (0.012,.009,.003) (0.022,.015,.006)
Iteration 4
Expert 1-3 ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.000,.000,.000) (0.000,.000,.000) (0.019,.013,.005) (0.019,.013,.005)
ECODSG (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000) (0.000,.000,.000)
EXCECS (0.000,.000,.000) (0.000,.000,.000) (0.019,.013,.005) (0.000,.000,.000)
INFCSDM (0.000,.000,.000) (0.019,.013,.005) (0.000,.000,.000) (0.000,.000,.000)
INVTEC (0.008,.005,.003) (0.000,.000,.000) (0.011,.008,.003) (0.019,.013,.005)
Table A18
Q Values of Relation Matrix.
Expert 1(initial Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00,.00,.00) (0.80,.15,.05) (0.60,.30,.10) (0.60,.30,.10)
WASTMNG (0.95,.05,.00) (0.00,.00,.00) (0.95,.05,.00) (0.80,.15,.05)
PROLFCYC (0.60,.30,.10) (0.95,.05,.00) (0.00,.00,.00) (0.95,.05,.00)
ECOFEA (0.80,.15,.05) (0.60,.30,.10) (0.95,.05,.00) (0.00,.00,.00)
Expert 2 (Balanced Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00,.00,.00) (0.70,.22,.07) (0.60,.30,.10) (0.60,.30,.10)
WASTMNG (0.95,.05,.00) (0.00,.00,.00) (0.68,.27,.05) (0.70,.22,.07)
PROLFCYC (0.77,.18,.05) (0.95,.05,.00) (0.00,.00,.00) (0.78,.17,.05)
ECOFEA (0.80,.15,.05) (0.70,.23,.08) (0.78,.17,.05) (0.00,.00,.00)
Expert 3 (Balanced Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF (0.00,.00,.00) (0.85,.12,.03) (0.71,.22,.07) (0.71,.22,.07)
WASTMNG (0.95,.05,.00) (0.00,.00,.00) (0.84,.13,.03) (0.74,.20,.07)
PROLFCYC (0.66,.25,.08) (0.90,.08,.02) (0.00,.00,.00) (0.84,.13,.03)
ECOFEA (0.74,.20,.07) (0.60,.30,.10) (0.90,.08,.02) (0.00,.00,.00)
Table A19
Q Values for Decision Matrix.
Expert 1(initial Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.95,.05,.00) (0.80,.15,.05) (0.60,.30,.10) (0.60,.30,.10)
ECODSG (0.80,.15,.05) (0.80,.15,.05) (0.95,.05,.00) (0.80,.15,.05)
EXCECS (0.95,.05,.00) (0.95,.05,.00) (0.60,.30,.10) (0.95,.05,.00)
INFCSDM (0.95,.05,.00) (0.60,.30,.10) (0.80,.15,.05) (0.95,.05,.00)
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Expert 1(initial Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
INVTEC (0.80,.15,.05) (0.95,.05,.00) (0.60,.30,.10) (0.60,.30,.10)
Expert 2 (Balanced Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.95,.05,.00) (0.83,.13,.04) (0.60,.30,.10) (0.66,.25,.08)
ECODSG (0.76,.18,.06) (0.76,.18,.06) (0.95,.05,.00) (0.83,.13,.04)
EXCECS (0.95,.05,.00) (0.95,.05,.00) (0.60,.30,.10) (0.95,.05,.00)
INFCSDM (0.95,.05,.00) (0.60,.30,.10) (0.80,.15,.05) (0.95,.05,.00)
INVTEC (0.83,.13,.04) (0.95,.05,.00) (0.66,.25,.08) (0.66,.25,.08)
Expert 3 (Balanced Q matrix) ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.95,.05,.00) (0.80,.15,.05) (0.71,.22,.07) (0.71,.22,.07)
ECODSG (0.80,.15,.05) (0.80,.15,.05) (0.95,.05,.00) (0.80,.15,.05)
EXCECS (0.95,.05,.00) (0.95,.05,.00) (0.71,.22,.07) (0.95,.05,.00)
INFCSDM (0.95,.05,.00) (0.71,.22,.07) (0.80,.15,.05) (0.95,.05,.00)
INVTEC (0.85,.12,.03) (0.95,.05,.00) (0.66,.25,.08) (0.71,.22,.07)
Table A20
Averaged Fuzzy Numbers.

ENEFF WASTMNG PROLFCYC ECOFEA

ENEFF
WASTMNG
PROLFCYC
ECOFEA

(0.00, 0.00, 0.00)
(0.95, 0.05, 0.00)
(0.68, 0.24, 0.08)
(0.78, 0.17, 0.06)

(0.78, 0.16, 0.05)
(0.00, 0.00, 0.00)
(0.93, 0.06, 0.01)
(0.63, 0.28, 0.09)

(0.64, 0.27, 0.09)
(0.82, 0.15, 0.03)
(0.00, 0.00, 0.00)
(0.88, 0.10, 0.02)

Table A21
Fuzzy Vectors.
Vectors Fuzzy Vectors
u [(0.78, 0.16, 0.05), (0.64, 0.27, 0.09), (0.64, 0.27, 0.09)]
Uy [(0.95, 0.05, 0.00), (0.82, 0.15, 0.03), (0.75, 0.19, 0.06)]
us [(0.68, 0.24, 0.08), (0.93, 0.06, 0.01), (0.86, 0.12, 0.03)]
Uy [(0.78, 0.17, 0.06), (0.63, 0.28, 0.09), (0.88, 0.10, 0.02)]
Table A22
Dot Products.
u us uz uy
u 1.853 1.766 1.715
up 1.853 2.099 1.989
us 1.766 2.099 1.945
Uy 1.715 1.989 1.945
Table A23
Cosine Values.
cos(fy, ) cos(fy,) cos(0y, ) cos(fy,)
cos(6y, ) 0.981 0.946 0.977
cos(6y,) 0.981 0.964 0.971
cos(6y,) 0.946 0.964 0.962
cos(6y,) 0.977 0.971 0.962
Table A24
Angle In Radians.
Ou, Ou, Ou, Ou,
O, 0.197 0.329 0.216
Oy, 0.197 0.269 0.241
Oy, 0.329 0.269 0.278
Oy, 0.216 0.241 0.278
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Table A25
Normalized Values.
Linear norm(6,, ) norm(6,, ) norm(0y, ) norm(0y, )
norm(6,, ) 0.000 0.063 0.105 0.069
norm(6y, ) 0.063 0.000 0.086 0.077
norm(6y, ) 0.105 0.086 0.000 0.088
norm(6y, ) 0.069 0.077 0.088 0.000
Trigonal Planar norm(6y, ) norm(6,,) norm(6,,) norm(6,,)
norm(6,, ) 0.000 0.094 0.157 0.103
norm(6y, ) 0.094 0.000 0.129 0.115
norm(6y, ) 0.157 0.129 0.000 0.133
norm(6y, ) 0.103 0.115 0.133 0.000
Tetrahedral norm(6y, ) norm(6y,) norm(6y,) norm(6y,)
norm(6,, ) 0.000 0.103 0.172 0.113
norm(6y,) 0.103 0.000 0.141 0.126
norm(6y,) 0.172 0.141 0.000 0.146
norm(6y,) 0.113 0.126 0.146 0.000
Trigonal Bipyramidal norm(0y, ) norm(6y, ) norm(6y, ) norm(6y, )
norm(6y, ) 0.000 0.108 0.180 0.118
norm(y, ) 0.108 0.000 0.147 0.132
norm(y, ) 0.180 0.147 0.000 0.152
norm(y, ) 0.118 0.132 0.152 0.000
Octahedral norm(6y, ) norm(6,, ) norm(0y, ) norm(0y, )
norm(y, ) 0.000 0.126 0.209 0.137
norm(6y, ) 0.126 0.000 0.171 0.153
norm(6y, ) 0.209 0.171 0.000 0.177
norm(6y, ) 0.137 0.153 0.177 0.000
Table A26
Reciprocal Values.
1 1 1
norm(0y, ) norm(6y, ) norm(@y, ) norm(6,, )
1 15.915 9.560 14.556
norm(6y, )
1 15.915 11.668 13.033
norm(6y, )
1 9.560 11.668 11.303
norm(0,,)
1 14.556 13.033 11.303
norm(6,)
Table A27
Normalized Matrix.
ENEFF WASTMNG PROLFCYC ECOFEA
ENEFF 0 0.209 0.126 0.191
WASTMNG 0.209 0 0.153 0.171
PROLFCYC 0.126 0.153 0 0.149
ECOFEA 0.191 0.171 0.149 0
Table A28
Averaged Fuzzy Numbers.
ENEFF WASTMNG PROLFCYC ECOFEA

OFFSRCS
ECODSG
EXCECS
INFCSDM
INVTEC

(0.95, 0.05, 0.00)
(0.79, 0.16, 0.05)
(0.95, 0.05, 0.00)
(0.95, 0.05, 0.00)
(0.82, 0.13, 0.04)

(0.81, 0.14, 0.05)
(0.79, 0.16, 0.05)
(0.95, 0.05, 0.00)
(0.64, 0.27, 0.09)
(0.95, 0.05, 0.00)
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Table A29
Weighted Decision Matrix.
ENEFF WASTMNG PROLFCYC ECOFEA
OFFSRCS (0.24, 0.01, 0.00) (0.20, 0.04, 0.01) (0.16, 0.07, 0.02) (0.16, 0.06, 0.02)
ECODSG (0.20, 0.04, 0.01) (0.20, 0.04, 0.01) (0.23, 0.01, 0.00) (0.20, 0.04, 0.01)
EXCECS (0.24, 0.01, 0.00) (0.24, 0.01, 0.00) (0.16, 0.07, 0.02) (0.24, 0.01, 0.00)
INFCSDM (0.24, 0.01, 0.00) (0.16, 0.07, 0.02) (0.20, 0.04, 0.01) (0.24, 0.01, 0.00)
INVTEC (0.21, 0.03, 0.01) (0.24, 0.01, 0.00) (0.16, 0.07, 0.02) (0.16, 0.06, 0.02)
Table A30
Fuzzy Vectors.
Vectors Fuzzy Vectors
Y1 [(0.24, 0.01, 0.00), (0.20, 0.04, 0.01), (0.16, 0.07, 0.02), (0.16, 0.06, 0.02)]
) [(0.20, 0.04, 0.01), (0.20, 0.04, 0.01), (0.23, 0.01, 0.00), (0.20, 0.04, 0.01)]
Y3 [(0.24, 0.01, 0.00), (0.24, 0.01, 0.00), (0.16, 0.07, 0.02), (0.24, 0.01, 0.00)]
Ya [(0.24, 0.01, 0.00), (0.16, 0.07, 0.02), (0.20, 0.04, 0.01), (0.24, 0.01, 0.00)]
s [(0.21, 0.03, 0.01), (0.24, 0.01, 0.00), (0.16, 0.07, 0.02), (0.16, 0.06, 0.02)]
Table A31
Dot Products.
R4 Y2 Y3 Y Ys
n 0.163 0.176 0.166 0.161
Yo 0.163 0.182 0.178 0.164
¥3 0.176 0.182 0.187 0.177
Ya 0.166 0.178 0.187 0.163
¥s 0.161 0.164 0.177 0.163
Table A32
Cosine of Angle.
cos(fy,) cos(fy,) cos(6y,) cos(6y,) cos(fy,)
cos(6),) 0.959 0.977 0.961 0.989
cos(6y,) 0.959 0.958 0.975 0.960
cos(6y,) 0.977 0.958 0.968 0.978
cos(6y,) 0.961 0.975 0.968 0.937
cos(6y,) 0.989 0.960 0.978 0.937
Table A33
Angle in Radians for Decision Matrix.
9}’1 9)’2 0}’3 0)’4 9.)'5
6y, 0.287 0.216 0.280 0.147
6y, 0.287 0.291 0.222 0.285
Oy, 0.216 0.291 0.253 0.212
oy, 0.280 0.222 0.253 0.356
Oy, 0.147 0.285 0.212 0.356
Table A34
Normalized Values.
Linear norm(6y, ) norm(6y, ) norm(fy, ) norm(6y, ) norm(6y, )
norm(6y, ) 0.000 0.092 0.069 0.089 0.047
norm(6y, ) 0.092 0.000 0.093 0.071 0.091
norm(6y, ) 0.069 0.093 0.000 0.080 0.068
norm(6y, ) 0.089 0.071 0.080 0.000 0.113
norm(6y; ) 0.047 0.091 0.068 0.113 0.000
Trigonal Planar norm(6y, ) norm(6y, ) norm(@y, ) norm(fy, ) norm(6y, )
norm(6y, ) 0.000 0.137 0.103 0.134 0.070
norm(6y, ) 0.137 0.000 0.139 0.106 0.136

(continued on next page)
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Table A34 (continued)

Linear norm(6y, ) norm(6y, ) norm(fy, ) norm(6y, ) norm(6y, )
norm(6y, ) 0.103 0.139 0.000 0.121 0.101
norm(6y,) 0.134 0.106 0.121 0.000 0.170
norm(6y;) 0.070 0.136 0.101 0.170 0.000
Tetrahedral norm(6y, ) norm(6y, ) norm(fy, ) norm(fy, ) norm(fy, )
norm(6y, ) 0.000 0.151 0.113 0.147 0.077
norm(6y, ) 0.151 0.000 0.152 0.116 0.149
norm(6y, ) 0.113 0.152 0.000 0.132 0.111
norm(6y, ) 0.147 0.116 0.132 0.000 0.186
norm(6y; ) 0.077 0.149 0.111 0.186 0.000
Trigonal Bipyramidal norm(6y, ) norm(6y, ) norm(@y, ) norm(fy, ) norm(fy, )
norm(6y, ) 0.000 0.157 0.118 0.153 0.080
norm(6y, ) 0.157 0.000 0.159 0.122 0.156
norm(6y, ) 0.118 0.159 0.000 0.138 0.116
norm(fy, ) 0.153 0.122 0.138 0.000 0.195
norm(6y; ) 0.080 0.156 0.116 0.195 0.000
Octahedral norm(6y, ) norm(6y, ) norm(@y, ) norm(6y, ) norm(6y, )
norm(6y, ) 0.000 0.183 0.137 0.178 0.094
norm(fy, ) 0.183 0.000 0.185 0.142 0.181
norm(6y, ) 0.137 0.185 0.000 0.161 0.135
norm(6y, ) 0.178 0.142 0.161 0.000 0.227
norm(fy; ) 0.094 0.181 0.135 0.227 0.000
Table A35
Reciprocal Values.
1 1 1 1 1
norm(6y, ) norm(6y, ) norm(@y, ) norm(6y, ) norm(6y, )
1 10.928 14.557 11.223 21.357
norm(6y, )
1 10.928 10.796 14.124 11.020
norm(6y, )
1 14.557 10.796 12.432 14.791
norm(6y, )
1 11.223 14.124 12.432 8.825
norm(6y, )
1 21.357 11.020 14.791 8.825
norm(6y; )
Table A36
Symbols.
Symbol Explanation
u Membership
v Non-membership
I3 Hesitancy
[ Angle
A Scaler
Q Evaluation matrix
R Reward degree
r Reward factor
P Penalty degree
P Penalty factor
a Learning rate

Updated evaluations

&
E)

A Absolute differences
Amax Maximum of absolute differences
< Aggregated fuzzy value
u Fuzzy relation vector
NR Normalization of relation matrix
w Weight of criteria
B Weighted decision matrix
y Fuzzy decision vector
Dot product
f Final matrix
Agg Aggregated value
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