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ABSTRACT The purpose of this study is to evaluate the environmental impacts of material production
investments. The factors of Higg Materials Sustainability Index are defined as the parameters. These factors
are weighted by considering T-SF TOPSIS-DEMATEL. Moreover, the items of the life cycle process are
defined as alternative set for measuring the environmental effects of each process in the sustainable
production investments. These alternatives are ranked with interval valued SF MAIRCA. The calculations
are also made for different t, u and d values with the aim of making comparative evaluations. The main
contribution of this study is that a priority analysis has been made so that the most significant indicators are
defined for the companies to increase sustainability in material production investment process. Another
important novelty of this paper is that a new model is created by the name of TOPSIS-DEMATEL. This
situation has a positive influence on both increasing methodological originality and overcoming criticized
issues of DEMATEL. The results are quite similar for all conditions, so it is understood that the proposed
model provides consistent and coherent findings. It is concluded that chemistry is the most critical factor for
environmental impact for material production investments. Moreover, recycle is determined as the most
optimal alternative.

INDEX TERMS material production; environmental impact; energy investments; clean energy; TOPSIS-
DEMATEL; MAIRCA; Spherical fuzzy sets
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I. INTRODUCTION

Raw materials play a key role in industrial production. In
order not to interrupt the production process, raw materials
must be supplied both on time and in sufficient quantity. The
industrial production of countries will increase rapidly that
contributes to economic growth. Businesses need to give
importance to material production processes, which include
the acquisition of raw materials and logistics to the relevant
place [1]. Otherwise, customer dissatisfaction will arise, and
this will reduce the efficiency of production processes.
However, there are some issues that businesses should pay
attention to during the material production investment
process. Otherwise, there is a possibility that these
investments will harm the environment. Economic growth
will not be sustainable in this case [2]. Issues such as air and
water pollution will lead to problems that threaten the whole
world, such as global warming.

Higg Materials Sustainability Index is generated to compute
the environmental impacts of material production
investments. With the help of this index, it can be possible to
improve manufacturing process so that more sustainable
products can be generated [3]. This index considers five
different parameters that are global warming, water
pollution, water scarcity, resource depletion and chemistry.
In this index, scores are created by considering the
environmental impact of the material on each of these
parameters. Based on these results, appropriate strategies can
be developed for the manufacturers to increase the
performance of sustainability [4]. However, the important
point in this process is to determine which actions are more
important because these improvements create extra costs for
businesses. Therefore, it is not very reasonable for
businesses to make improvements for all factors together to
ensure sustainability [5]. It is vital for businesses to make a
priority analysis for these factors and use their budgets
accordingly.

In this study, it is aimed to examine the environmental
impacts of material production investments. A model has
been constructed to make this evaluation. Firstly, the factors
of Higg Materials Sustainability Index are selected as the
parameters and they are weighted by considering T-SF
TOPSIS-DEMATEL. Secondly, the items of the life cycle
process are defined as alternative set for measuring the
environmental effects of each process in the sustainable
production investments. In this scope, these alternatives are
ranked with interval valued SF MAIRCA. In the final step,
E7 countries (Brazil, China, India, Indonesia, Mexico,
Russia, and Turkey) are ranked for the performance of the
environmental impacts of material production investments.

The main contributions of this study are demonstrated as
follows.

(i) There are limited studies in literature that determine
which actions are more important regarding the
environmental impacts of material production investments.
A priority analysis has been made so that the most significant
indicators are defined for the companies to increase
sustainability in material production investment process.
This situation helps to use the budget of these companies
efficiently while taking actions to reach this purpose.
Because the improvements create extra costs for businesses,
it is not very reasonable to make improvements for all factors
together. Hence, the analysis results of this study pave the
way for the companies to implement the most important
strategies.

(if) Considering Higg Materials Sustainability Index
parameters to define criteria list is another essential
advantage of this proposed model. This index calculates the
scores of the material production process regarding the
environmental impacts [6]. This index is considered by many
organizations around the world [7]. This gives information
about the effectiveness of the index parameters. Therefore,
these index parameters will contribute to the presentation of
more effective strategies to the enterprises [8].

(iii) DEMATEL technique has many benefits by comparing
with other techniques, such as creating impact directions of
the indicators. However, this methodology has also been
criticized because of some issues [9]. For example, the
criteria weights are equal in the case of a symmetrical
evaluation [10]. The mathematical background of this
disadvantage is related to the weighting process steps of the
DEMATEL method [11]. On the other hand, the steps of
TOPSIS technique help to solve this problem. Therefore, a
new model is created in this study by integrating some steps
of TOPSIS to DEMATEL. This new methodology is named
by TOPSIS-based DEMATEL method (TOPSIS-
DEMATEL). This situation has a positive influence on both
increasing methodological originality and overcoming
criticized issues of DEMATEL.

(iv) One of the most important issues in the decision-making
processes is the selection of the appropriate technique and
fuzzy sets for the problem. However, the fact that the
problems become more and more complex makes this issue
much more difficult. In this study, membership, non-
membership and hesitancy parameters could be used
considering the SF sets [12]. This also contributes to the
more reliable results obtained [13]. In the previously
generated model that did not use SF sets, hesitancy
conditions could not be taken into consideration. This
situation has a negative impact on the accuracy of the model
results.

(v) Another advantage of this proposed model is calculating
the results for different t values. Hence, it can be possible to
compare the results based on different conditions. Hence, the
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consistency and reliability of the findings can be checked.
Owing to this issue, more effective environmentally friendly
strategies can be identified.

(vi) Considering the MAIRCA method also provides some
benefits. In this technique, the probability of choosing each
alternative is considered equal. In other words, the
probability of alternatives according to each criterion is
taken into consideration. In this way, it will be possible to
reach more objective results.

The second part denotes literature evaluation. In this section,
similar studies in literature are evaluated. The methodology
part is explained in the next section that gives information
about the techniques considered in the analysis process.
Analysis result part gives information about the findings of
the proposed model. Conclusions and discussions are
demonstrated in the last parts.

Il. LITERATURE REVIEW

Environmental negative effects may occur in material
production investments. Global warming is one of the
prominent issues in this process. Lopez-Perales et al. [14]
stated that especially with the increase in industrial
production, more raw materials are used throughout the
world. A significant amount of electricity is needed in the
production of raw materials. Fischer et al. [15] defined that
the carbon gas formed as a result of this electricity being
obtained from fossil fuels pollutes the air significantly. Air
pollution causes an increase in diseases [16]. This situation
puts countries in difficulties both socially and economically.
Peir6 et al. [17] and Xu et al. [18] studied that fossil fuel-
related air pollution causes global warming problem.
According to EStokova et al. [19], Wang et al. [20] and
Huang et al. [21], due to global warming, many important
problems such as disruption in agricultural production and
climate change arise.

Another environmental problem that may occur in raw
material production investments is the depletion of natural
resources. Lee et al. [22] determined that countries need
more raw materials to grow their economies. A significant
majority of these raw materials are obtained from natural
sources. According to Pevs et al. [23], if these raw materials
are used unconsciously, a significant decrease in natural
resources may occur. This will cause the problem of not
being able to access natural resources [24]. Thus, countries
may grow economically, but this growth will not be
sustainable. On the other hand, Chien et al. [25], Charlier and
Fizaine [26] and Liu et al. [27] emphasized that some natural
resources may be damaged in the production of raw materials
where the necessary attention is not given. For example, in
the unconscious production of wood raw materials, a lot of
damage can be done to forests [28]. This situation causes the
deterioration of the ecological balance [29].

There is also a risk of damage to water resources in raw
material production. Some wastes may occur in raw material
production. According to Zhang et al. [30], if this waste is
not disposed of properly, water resources can be polluted.
Ghosal et al. [31] stated that polluted water also threatens the
life of living things. In summary, more critical problems may
arise for the countries due to the wrong steps taken while the
economies of the countries are growing. In addition, Padilla
Fernandez et al. [32] highlighted that it may be necessary to
use water in the production of some raw materials. If these
waters are used unconsciously, water resources can be
depleted quickly [33,34]. Kyriakopoulos et al. [35], Sang et
al. [36] and Karimidastenaei et al. [37] claimed that
experiencing water scarcity around the world can also cause
life-threatening problems. Therefore, it is important to carry
out efficiency studies when using water in raw material
production.

The use of chemicals is also one of the problems that may
arise in raw material production. Almroth et al. [38] defined
that the use of chemicals in raw material production has
increased significantly in recent years. This increase brings
with it a number of threats. Pola et al. [39] identified that
chemical substances pose a life-threatening danger to
employees in possible accidents that may occur in
production facilities. According to Kumar et al. [40], as a
result of giving weight to chemical substances in the
production of raw materials, harmful wastes may occur.
These harmful wastes also cause significant environmental
pollution [41]. If this situation cannot be controlled, fatal
diseases may occur and thus the life of living things will be
endangered. Tickner et al. [42] and Gonzalez et al. [43]
emphasized that thanks to effective recycling processes,
these hazards caused by chemical products should be
minimized.

As a result of the literature review, the following important
points can be reached.

(i) More raw materials are used throughout the world with
the increase in industrial production.

(ii) A significant amount of electricity is needed in the
production of raw materials. The carbon gas formed as a
result of this electricity being obtained from fossil fuels
pollutes the air significantly.

(iii) The depletion of natural resources is a crucial
environmental problem that may occur in raw material
production investments.

(iv) In material production investments, there is also a risk of
damage to water resources.

(v) The use of chemicals in raw material production has
increased significantly in recent years that causes significant
problems.
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(vi) It is essential for businesses to take some actions to
ensure sustainability in material production processes.
However, there are limited studies in literature that
determine which actions are more important.

(vii) However, it is crucial for businesses to make a priority
analysis for these factors and use their budgets accordingly.

By considering these issues, in this study, a comprehensive
examination is applied to determine the most critical
environmental impacts of material production investments.
With the help of this analysis, appropriate strategies can be
developed for the manufacturers to increase the performance
of sustainability.

. METHODOLOGY

In this proposed model, T-SF TOPSIS-DEMATEL
methodology is used to weight the indicators. Also, interval
valued SF MAIRCA is considered for ranking the
alternatives. These two techniques are identified separately
in this section.

A. T-SF TOPSIS-DEMATEL

Decision makers want to find the most appropriate solution
when there is a problem. As the number of criteria increases,
making the most appropriate decision becomes more
complex. To overcome this problem, scientific methods have
been developed. One of these methods is DEMATEL
method, which is one of the multi-criteria decision-making
techniques. This approach is mainly used to rank the criteria
set by pairwise comparison [44]. In other words, it is the
preferred method for ranking and weighting from the most
important to the least important criteria based on expert
opinions [45]. Its superiority over other weighting methods
used for this purpose is that it takes into consideration the
effect between criteria. In other words, it is one of the biggest
advantages of the method that the criteria have an effect on
each other and that these effects are taken into account in
weighting. Another advantage is that it enables the
determination of criteria that are affected by other criteria or
that affect other criteria.

Nevertheless, DEMATEL method has also some
disadvantages. The foremost of these is that the criteria
weights are equal in the case of a symmetrical evaluation
[9,10]. The mathematical background of this disadvantage is
related to the weighting process steps of the DEMATEL
method [11]. The TOPSIS-based weighting proposed in this
step allows the problem to be solved. In this context,
TOPSIS-based DEMATEL method (TOPSIS-DEMATEL)
is used in the study. Thus, in this proposed model, originality
is achieved by using the TOPSIS-DEMATEL method, in
which the DEMATEL method is improved.

In addition, fuzzy number systems have recently been
integrated into these methods because they better handle the
uncertainty in multi-criteria decision making. In this context,
Spherical Fuzzy sets (SFS) are currently preferred in fuzzy
number systems [12]. In addition to this, T-SFS method,
which can be calculated according to different t values, is
used in this study. A T-SFS number is defined as the
combination of three restricted functions known as
membership (s), abstinence or hesitance (u), and non-
membership (d). Equation (1) gives information about this
restriction [13].

o<st+ut+dt <1 (D

The advantage of this set of fuzzy numbers is that
calculations according to t, d and u values can be converted
to other fuzzy number systems. A T-SFS number can be
converted to different sets as follows [46].

e SFSwhentistaken as 2.

e  Picture fuzzy set when t is taken as 1.

e Q-rung orthopair fuzzy set when u value is
considered as 0. (For this situation, t values are
computed with golden cut)

e Pythagorean fuzzy set when t number is taken as 2
and u value is considered as 0.

e Intuitionistic fuzzy set when t number is taken as 1
and u value is considered as 0.

e  Zadeh's fuzzy set when t number is taken as 1 and u
and d values are considered as 0.

Thanks to this advantage, TOPSIS-DEMATEL results
obtained in different situations can be compared. In other
words, the reliability of the results can be tested. The steps
of the T-SF TOPSIS-DEMATEL method are as follows.

Step 1: Expert opinions are taken and converted with the
fuzzy number equivalents in Table 1.

TABLE 1. Fuzzy Sets

Scales S U d
4 ,85 ,15 45
3 ,6 2 ,35
2 ,35 25 25
1 0 3 ,15
0 0 0 0

A matrix (Zi) is created with fuzzy numbers corresponding

to the expert opinion. The matrix in question is shown by
Equation (2) [47].

) 0 (Slin' uin' din)

Zl = . . H (2)

(5:;1:”;.11:61;'11) 0
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Step 2: Using Equation (3), the average (Z) of k experts is
taken. The decision matrix where the averages are taken is
shown by Equation (4). The weights (w) in Equation (3) are
taken as 1/k and the expert opinions are given equal weight
[48].

TSFWAMy, (A, Asy, .. Asy) =
1

n ? n n
¢\ w; w;
[1—| |(1—sgsl,) ll |uASi,| |dASi 3)
i=1 i=1 i=1

0 (Sgn' ullin' dfn
Z - . . : (4)

(51?1'111‘?11' dg1) 0

Step 3: For each component in the T-Spherical fuzzy, 3
separate sub-matrices (X5, X" and X9) are created. Then,
these matrices are normalized separately by using Equations
(5) and (6) [49].

X =sZ ®)

1 1
, 6
max X7 || mfxz?=1|zij|‘ ©

S = min

3 submatrices obtained by normalization are represented by
Equation (7) [46].

0 “ee Sln 0 ves uln
Xs=|: : Xv=|: - | x¢
Spp - 0 Upy 0
0 v dyy,
dp, - 0

Step 4: The total relationship matrix (T) is calculated for each
submatrix with Equation (8) [47].

The calculated 3 submatrices are then applied with Euclidean
normalization. Thus, Equation (1) required for the t-spherical
fuzzy number to be formed is provided.

Step 5: 3 submatrices are combined, and the t-spherical fuzzy

total relationship matrix (T) is obtained as in Equation (9)
[48].

0 (:u{n' n{n' VIn)

T= : B : 9

(/151.7751,1/51) 0
Step 6: T matrix defuzzification is done with the help of
Equation (10) [49].

Score = put —nt —vt (10)

Step 7: The criterion weights (W) are obtained by using the
T matrix with the defuzzification via Equations (11)-(17)
[46].

j=12,..n (11

i=1
n
2
- = Z (ti — min ti> j=12.n (12)
i=1
n
. 2
R*, = \/Z (tj - m{”‘XtJ') i=12.n  (13)
j=1
n
- 2 1
R = Z (tj - miaxtj) i=12,.n (14)
j=1
S;=C/ +R; (15)
ST =C7 +R; (16)
W, = 5t 17
PTST+ S an

B. Interval Valued SF MAIRCA

In the second stage of the proposed model in the study, it is
aimed to rank the alternatives. In this context, the MAIRCA
method has been taken into consideration. The purpose of the
MAIRCA method is to rank the alternatives under certain
criteria [50]. In other words, with this method, the most
suitable alternative can be determined by considering the
criteria. In MAIRCA, very reliable results can be obtained
thanks to its unique linear normalization algorithm. Also,
other sorting methods consider distances from ideal positive
to ideal negative values. The MAIRCA method, on the other
hand, calculates the selection probability. With this aspect, it
is considered to be more advantageous compared to other
methods. This method aims to determine the most optimal
alternative by calculating the distance between the
theoretical and the actual evaluation matrix [51]. The interval
valued SF set is given in Equation (18) [50].

|5, a0, 14, )] )
[vgs(u),vgs(u)], |lu e UL
AOEAD]

In this scope, uAlfs (w), vf{s (u) and nf{s () refer to the are the
upper limit values of memberships, non-membership ve
hesitancy degrees. Additionally, the lower and upper limits
are given by 0<pz (u) <pg @) <1, 0<vi()<
vf{s(u) <1l,ve 0< ﬂés(u) < ﬂgs(u) <1.

Ag = !u, (18)
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When a; = ([aj, bj], [cj, dj], [ej,fj]) is interval valued SF set,
the arithmetic mean of k numbers is computed by Equation
(19) [52].

IVSWAM (é,, a,, .
il
ll-ﬂ <1—b2>'<) |

- [T, IT.4)
(T[T a-s-m")

In this study, the MAIRCA model is integrated with interval
SF numbers. The stages of the developed model are as
follows.

(19)

Step 8: The n criteria matrices with m alternatives created by
the evaluations of each expert are calculated by Equation
(19). This initial decision matrix (D) is given in Equation
(20) [53].
f11 f171

: : } where X;; = ([a, b], [c,d], [e, f]) (20)

fmn

D=

Fma
Step 9: The preference possibilities (Py;) is the probability of
choosing each alternative and is calculated by Equation (21)

[50].
=i =

Step 10: The theoretical evaluation matrix (TPA)
calculated by multiplying the (P,;) value with the weights
obtained from TOPSIS-DEMATEL as in Equation (22) [51].

21

kp11 kpin Pyawy

K,=| : ~ i |=

Pywy

l (22)

kpml kpmn PAmW1 PAmWn

Step 11: The score function of the D matrix is calculated as
in Equation (23) [52].

2 2
a2+b2—c2—d2—(§) _(i)
o 2 2
S(x;) = 5 +1

Score(}?,-j) = (23)

Step 12: The score values in the decision matrix for each
criterion are normalized with Equations (24)-(25) [53].

< S(Zij)—min (S()?”))

max(s()?ij))—min(s(’zij)

)) if x is a benefit criterion (24)

< S(fij)—max (S()?U))

— (s ()?ij))—max (s (fij))) if X is a cost criterion (25)

Step 13: With Equations (26) and (27), the actual evaluation
matrix (Kr) is calculated. In this process, the normalized
decision matrix is multiplied by the theoretical evaluation
matrix [50].

ki =k :: S(#:;)—min (S(%;;))
rij pij (max(s(f”))—min(s(fu))

> if x is a benefit criterion (26)

1 S(%ij)—max (S(%i;)) o o
krij = kpij <min(S()?ij))—max(S()?ij)) if x is a cost criterion ~ (27)

Step 14: The total void matrix (G) matrix is calculated by
Equation (28) [51]. The gap between the theoretical and
actual evaluation of each alternative according to each
criterion is calculated.

G=K,—K, = (28)

gix v g1nl

Imi Imn

Step 15: The final values (Q) for the criteria are calculated
by Equation (29) [52]. According to the final values obtained
from the criteria functions of the alternatives, the alternatives
are listed and the best one is selected. The alternative with
the lowest clearance distance is selected as the best, while
the alternative with the highest clearance distance is
considered the worst.

n
Q; = Z 9ij
=

IV. ANALYSIS RESULTS

i=12,..,n (29)

In this study, a novel model is created to evaluate the
environmental impacts of material production investments.
Figure 1 explains the process of this new model.
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:_ Step 4: Total relationship matrix is constructed for each submatrix.
[ ™ "Step 5: Three matrixes of the total effect matrix are obtained,
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| | Stage 2: Ranking the Alternatives 1
! D A

e EEEEEmmEmm—_—_————— =

1 IR i Sl f _____________ -
, [ Step 10: The theoretical evaluation matrix is calculated. |
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FIGURE 1. The details of the model

The proposed model has two different sections. The analysis
results are explained for each section separately.

A. Weighting the Indicators

T-SF TOPSIS-DEMATEL method is used for weighting in
the application of the study. In the method, six different
results are obtained by changing the t, u and d values. In the
following parts, the results of the first case (t=2) are shared.

The purpose of the study is to assess the environmental
impacts of material production including all life cycle from
the production of raw materials to the recycling of the final
product for sustainable production investments. For this
situation, the factors of Higg Materials Sustainability Index
are considered as “Global warming” (GWG), “Nutrient
pollution in water” (NPW), “Water scarcity” (WSY),
“Abiotic resource depletion” (ABN), and “Chemistry”
(CTY) for evaluating the environmental impacts of the
material production.

In Step 1, expert opinions are taken and converted with the
fuzzy number. For this purpose, an expert team is generated
from three people (PTOs). These people work as senior
managers in the sustainability department of large-scale
international industrial companies. Considering their long-
term work experience and knowledge on the subject, it is
understood that these people are capable of evaluating
factors and alternatives. The opinions of these people
regarding the criteria are given in Table 2.

TABLE 2. The linguistic evaluations of the decision makers for the

criteria
PTO 1
GWG NPW WSY ABN CTY
GWG 4 4 3 2
NPW 2 4 2 1
WSY 2 3 3 3
ABN 2 3 3 3
CTY 4 3 3 3
PTO 2
GWG NPW WSY ABN CTY
GWG 4 3 3 3
NPW 2 3 2 2
WSY 3 3 3 4
ABN 1 3 3 4
CTY 2 2 2 3
PTO3
GWG NPW WSY ABN CTY
GWG 4 4 4 1
NPW 1 4 2 1
WSY 2 3 3 2
ABN 3 2 3 3
CTY 4 3 3 3

Expert matrixes in Equation (2) are created with the
evaluations of three experts and their fuzzy number
equivalents in Table 1.

In Step 2, the average values are computed by using Equation
(3). Afterwards, the decision matrix (Z) (Table 3) is
calculated with the help of this situation.
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TABLE 3. Decision Matrix

Z GWG NPW
GWG (,00(,00|,00(,85],15],45
NPW |,29|,27|,21|,00|,00|,00
WSY |,46,23|,28|,60,20|,35
ABN |,42],25],24|,54|,22| 31
CTY |,77|,18|,37|,54|,22|,31

Zz WSY ABN
GWG|,801,17|.,41|,72|,18,38
NPW |,80(,17|,41],35|,25],25
WSY |,00|,00|,00],60|,20|,35
ABN |,60,20(,35|,00/,00|,00
CTYy |,54|,22|,31|,60(,20,35

Z CTY
GWG | 42,42 ,42
NPW | ,21,21|,21
WSY | ,68|,68|,68
ABN |,72|,72|,72
CTY |,00(,00]|,00

In Step 3, three separate sub-matrices (X3, X! and X are
created for each component in the T-SF sets. The normalized
matrixes obtained are given in Table 4.

TABLE 4. Normalized Submatrixes

Xs |GWG |NPW |WSY |ABN | CTY
GWG | ,00 31 29 | 26 | |15
NPW | 10 00 | 29 | ,13 | ,07
WSY | ,16 22 00 | 22 | 24
ABN | 15 19 | 22 | ,00 | ,26
CTY | ,28 A9 | 19 | ,22 | ,00
XU |GWG [NPW |WSY |ABN |CTY
GWG| ,00 A6 | 17 | )19 | 26
NPW | 28 00 | ,17 | ,26 | ,29
WSY | ,24 21 ,00 | 21 | ,20
ABN | ,26 22 21 | ,00 | ,19
CTy | /18 ,22 22 | ,21 | ,00
Xd |GWG |NPW |WSY |[ABN |CTY
GWG | ,00 30 | ,28 | ,26 | ,16
NPW | 14 00 | 28 | )17 | 12
WSY | ,19 23 | 00 | ,23 | ,23
ABN | 16 21 23 | ,00 | ,26
CTY | ,25 21 21 | ,23 | ,00

Step 4 includes the construction of the total relationship
matrix for each submatrix with Equation (8).

Regarding Step 5, three matrixes of the total effect matrix are
obtained by applying the operations in Equation (8). By
combining these calculated matrixes, the total relationship
matrix (Table 5) is formed with Equation (9).

TABLE 5. Total Relation Matrix
T GWG NPW

GWG | ,43|,36|,44|,54|,41| 51
NPW | ,33|,51|,38|,28|,45|,33
WSY | ,46|,45|,47|,46 | 46| ,46
ABN |,45],46 | ,45]|,44|,47 | ,45
CTY |,53]|,44|,49|,47|,46| .47
T WSY ABN
GWG |,53],41|,51|,54|,41| 51
NPW |,38,50,40|,34|,52|,38
WSY |,38|,39,40|,47 | 45| ,47
ABN |,45],46|,45|,37|,40|,39
CTY | ,47|,46|,47|,49|,45|,48
T CTY
GWG |51 42,49
NPW | 32,52 |,38
WSY | ,49|,45| 47
ABN |,49,45|,47
CTY |,40],39] 41

In Step 6, the defuzzification process is applied to the T
matrix with Equation (10). Afterwards, Equations (11)-(17)
is applied for weighting in Step 7 as in Table 6.

TABLE 6. Weights

c* | C- R* R- S* S- | Weights
GwWG| 04 | 05 | ,20 | ,25 | ,23 | ,30 ,22
NPW | ,13 | 08 | 15 | ,10 | ,28 | ,18 ,15
WSY | 07 | 05 | ,16 | A8 | ,22 | 23 ,19

ABN | 08 | 06 | 18 | 25 | 25 | ,31 21

CTy | 08 | 07| 15 | ,26 | 23 | ,33 ,23

It is concluded that chemistry is the most critical factor for
environmental impact for material production investments
since the weight (0.23) is the highest. Global warming is
another significant issue in this framework. For the material
production investments not to harm the environment,
attention should be paid to the absence of chemical
substances in the most used products. These substances will
create a significant amount of waste, and this will cause an
increase in environmental pollution. In addition, it is very
important that the material used does not cause carbon
emissions. In this context, it is necessary to pay attention to
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this issue in the products to be selected. In this way, it will TABLE 9. The linguistic evaluations of the decision makers for the

be easier to solve the carbon emission problem. The results ans_ngivles
for other t, u and d values are given in Table 7. Gwe T NPw T wsy ABN =Ty
TABLE 7. Comparative Weighting Results
u=0, 0| uzo u=0. RRC 7 8 6 7 5
t=2 | t=1| t=golden t:2, t:ll d=0, MFC 4 7 8 9 4
cuts - - t=1 SLY 6 4 6 5 5
GWG|,22|,21| ,21 21| 20| 21 RTA 2 4 5 7 4
NPw | 15],17] 19 [ 19| 20| 20 :\S(E g 3 ; g g
WSY |,19 | ,19 ,18 ,18 | ,19 ,19 PTO 3
ABN 2121 20 |.20).20] 19 GWG | NPW | WSY | ABN | CTY
CTY |,23|,22 21 22 | 21 21 RRC 5 5 6 8 8
Moreover, comparative weighting results are shown in Table MFC ° 6 8 6 6
8. SLY 4 3 5 4 4
TABLE 8. Comparative Weighting Results RTA 3 3 > 6 >
5 USE 4 6 6 6 6
u=
' RYC 6 7 8 7 7
u=0, u=0, | u=0, | d=0, PTO 3
t=2 | t=1 | t=goldencut | t=2 | t=1 t=1
GWG 5 5 5 ’ 5 ’ GWG NPW WSY ABN CTY
RRC 7 5 5 7 5
NPW | 5 5 4 4 4 3 MFC 4 7 6 6 6
WSY 4 4 5 5 5 5 SLY 5 4 6 5 5
ABN 3 3 3 3 3 4 RTA 2 4 5 5 7
CTY | 1 |1 1 1] 1 USE | 4 5 7 6 6
_— o RYC 7 7 8 7 8
Table 3 denotes that weighting results are quite similar for
all conditions. Therefore, it is understood that the proposed TABLE 10. Direct Relation Matrix
model provides consistent and coherent results. GWG NPW
B. Ranking the Items of the Life Cycle Process RRC :1 ?0 ;6 :3 :3 ;0 21 :0 ;1 :9 25 ;2
The items of the life cycle process are defined as alternative MFC :36 :41 :51 :61 :22 :35 :62 :72 :22 :27 :22 :27
set for measuring the environmental effects of each process  [sLY | 46 | 53 | 40 | 48 | 25 | 34 | 23 | 28 | 58 | 68 | 17 | 28
in the sustainable production investments. These alternatives RTA | 17| 221 72 | 82 | 171 22| 23| 28 | 58 | 68 | 17 | 28
are given as “Resources” (RRC), “Manufacturing”, (MFC), USE ’25 '30 ’55 ’65 ’15 '30 ’52 '59 - ' 15 ’28 '37
“Storage/Assembly” (SLY), “Retail”, (RTA), “Use” (USE), RYC '59 ’69 '23 ’28 '23 ’28 Y65 '75 '20 '25 '20 '25
“Recycle” (RYC). Alternatives are ranked by applying SF : : : WS\’( : : : . : BN : .
MAIRCA for 6 different weights obtained. In the following
parts, the case results for t=2 are shared. a | bjc)dje ] fla|blcjdje]f
) o ) RRC | 53| 62| ,30 | ,37|,27|,33|,69|,79| 18| 23 |,18| ,23
Step 8 is related to obtaining the evaluations from the experts  "MEc 70 1 8o | 18 | 23 | 18 | 23 | 70 | 83 | 18 | 24 | 18 | 22
(Table 9) and construction of initial decision matrix (Table 5y '53 '62 '30 '37 '27 '33 '44 '49 '48 '58 '27 '38
10) with the help of Equation (20). =TA '50 '55 '45 '55 '30 '40 '57 ’66 ’28 = '25 '31
USE | 62| 72| 22 | 27| 22| 27| 55| 65| ,25 | ,30 | ,25 | ,30
RYC | 75| 8 |,5|,20| ,15|,20|.,74| 8 | ,16 | 21 | 15| ,21
CTY
a b c d e f
RRC | 61 |,70 | 31| ,39 | ,25 | 32
MFC | 48 | 57 | 33 | ;39 | ,23 | ,30
SLY | 44 | 49 | 48 | 58 | ,27 | 38
RTA | 51| 59| 37 | 45| 23 | ,32
USE | 48 | 57 | 33| ,39 | ,23 | ,30
RYC | 66 | ,77 | ,20 | 25| ,20 | ,25
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In Step 9, the preference possibilities (P,;) are calculated by
Equation (21). In Step 10, the theoretical evaluation matrix
(Table 11) is calculated with the help of Equations (21) and
(22).

TABLE 11. TPA
TPA | GWG | NPW | WSY | ABN | CTY

RRC | ,036 ,025 | ,032 | ,035 | ,038
MFC | ,036 ,025 | ,032 | ,035 | ,038
SLY | ,036 ,025 | ,032 | ,035 | ,038
RTA | ,036 ,025 | ,032 | ,035 | ,038
USE | ,036 ,025 | ,032 | ,035 | ,038
RYC | ,036 ,025 | ,032 | ,035 | ,038

In Step 11, score values (Table 12) are computed by Equation
(23). Normalization procedure is applied for the score values

in Step 12.
TABLE 12. Score Values
GWG | NPW | WSY | ABN

RRC | 1,324 | 1,284 | 1,199 | 1,494 | 1,284
MFC | ,806 |1,379 | 1,515 | 1,527 | 1,133
SLY | 1,034 | ,653 | 1,199 | ,903 | ,903
RTA | 44 | 653 | ,993 | 1,264 | 1,117
USE 4 1,11 | 1,379 | 1,267 | 1,133
RYC | 1,326 | 1,428 | 1,603 | 1,598 | 1,451

CTY

Step 13 includes the generation of the actual evaluation
matrix (Table 13) by Equations (26) and (27).

TABLE 13. Kr Matrix
GWG | NPW | WSY | ABN | CTY

RRC | ,036 | ,021 | ,011 | ,030 | ,026
MFC | ,015 | ,024 | ,028 | ,032 | ,016
SLY | ,024 | ,000 | ,011 | ,000 | ,000
RTA | ,000 | ,000 | ,000 | ,018 | ,015
USE | ,011 | ,015 | ,021 | ,018 | ,016
RYC | ,036 | ,025 | ,032 | ,035 | ,038

In Step 14, the total void matrix (Table 14) matrix is
calculated by Equation (28). The final values (Q) for the
criteria are calculated by Equation (29) in Step 15. These
values are also indicated in Table 14.

TABLE 14. G Matrix and Q Values

GWG | NPW | WSY | ABN | CTY Q

RRC | ,000 | ,005 | ,022 | ,005 | ,012 | ,043
MFC | ,021 | ,002 | ,005 | ,004 | ,022 | ,053
SLy | ,012 | ,025 | ,022 | ,035 | ,088 | ,131
RTA | 036 | ,025 | ,082 | ,017 | ,023 | ,134
USE | ,026 | ,010 | ,012 | ,017 | ,022 | ,086
RYC | ,000 | ,000 | ,000 | ,000 | ,000 | ,000

Recycle is determined as the most optimal alternative
because it has the lowest Q value. Resources and
manufacturing are other critical alternatives in this respect.
The same MAIRCA process is carried out with the other
weights obtained with T-SF TOPSIS-DEMATEL. Q values
obtained with the other weights are given in Table 15.

TABLE 15. G Matrix
GWG | NPW | WSY | ABN | CTY | Q

RRC | ,000 | ,005 | ,022 | ,005 | ,012 | ,043
MFC | 021 | ,002 | ,005 | ,004 | ,022 | ,053
SLY | 012 | 025 | ,022 | ,035 | ,038 | ,131
RTA | 036 | ,025 | ,032 | ,017 | ,023 | ,134
USE | 026 | ,010 | ,012 | ,017 | ,022 | ,086
RYC | ,000 | ,000 | ,000 | ,000 | ,000 | ,000

Furthermore, Table 16 indicates the summary of the
comparative ranking results.

TABLE 16. Comparative Ranking Results

RRC 2 2 2 2 2 2
MEC 3 3 3 3 3 3
SLY 5 5 5 5 5 5
RTA 6 6 6 6 6 6
USE 4 | 4 4 4 4 4
RYC 1 1 1 1 1 1

Figure 2 also illustrates the details of the comparative
ranking results.
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FIGURE 2. Comparative ranking results

The ranklng results are the same for all different situations. TABLE 17. The linguistic evaluations of the decision makers for the

This situation explains the reliability and accuracy of the cs;ng'els
proposed model. The most accurate strategy to be applied to
minimize the damage to the environment in material GWG | NPW | WSY ABN | CTY
investments is the recycling of products. In this way, much Brazil S 6 S 5 4
fewer natural resources will be used during production. This China 9 8 9 9 8
will help to have a more environmentally friendly material India 6 5 7 5 7
production time. Indonesia 6 3 2 4 5
C. Ranking E7 Countries Mexico 4 4 5 6 5
In the final step, E7 countries (Brazil, China, India, Russia > I 6 8 8
Indonesia, Mexico, Russia, and Turkey) are ranked for the Turkey 7 6 8 7 8
performance of the environmental impacts of material PTO3
production investments. Table 17 gives information about GWG | NPW | WSY ABN | CTY
the linguistic evaluations of the decision makers for these Brazil 5 6 5 5 4
countries. China 9 8 9 9 )
India 6 5 7 5 7
Indonesia 6 3 2 4 5
Mexico 4 4 5 6 5
Russia 5 7 6 8 8
Turkey 7 6 8 7 8
PTO 3
GWG | NPW | WSY ABN | CTY
Brazil 5 6 5 5 4
China 9 8 9 9 8
India 6 5 7 5 7
Indonesia 6 3 2 4 5
Mexico 4 4 5 6 5
Russia 5 7 6 8 8
Turkey 7 6 8 7 8

Table 18 indicates direct relation matrix.
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TABLE 18. Direct Relation Matrix

GWG NPW
a b c d e f a b c d e f
Brazil 50 | 55 | 45| 55 | 30 | 40 | 55 | 65 | ,25 | ,30 |,25|,30
China 85| ,9|,0),15|,05]|,15(|,75|.,8 | ,15| ,20 |,15]|,20
India bS5 | ,65|,25|,30 |,25|,30 | ,50 (,55 | ,45 | ,55 [,30|,40
Indonesia | ,55 | 65 | 25 | ,30 | 25 | 30 | 20 | ,25 | 65 | ,75 |,20|,25
Mexico 251,30 | 5 |65 (,15|,30|,25 (,30 | ,5 | ,65 |,15],30
Russia 50 | 55| 45 | 55 | )30 | 40 | 65 | ,75 | ,20 | ,25 [,20 |,25
Turkey 65,75 ,20 | 25| ,20 | ,25 | 55 | 65 | ,25 | ,30 [,25(,30
WSY AB
a b c d e f a b c d e f
Brazil 50 | 55 | 45| 55 | 30 | 40 | 50 | ,55 | 45 | ,55 |,30 | ,40
China 85| ,9|,0),15|,05]|,15(,8|,9 |,0|,15 |,05],15
India 65| ,75|,20 | ,25 |,20 | ,25 | 50 | ,55 | ,45 | ,55 |,30 | ,40
Indonesia | ,15 | ,20 | ;75 | 85 | , 15 | ,20 | 25 | ,30 | 55 | ,65 |,15,30
Mexico 50 | 55 | 45| 55| ,30 | 40 | 55 | .65 | ,25 | ,30 |,25|,30
Russia | ,55 | 65 | 25| 30 | 25 [ 30 | ,7/5 | ,85 | ,15 | ,20 | 15,20
Turkey | ;75 | 85 | 15| 20 | 15 | ,20 | 65 | ,75 | ,20 | ,25 |,20 | ,25
CTY
a b c d e f
Brazil 25 | 30 | 55 | 65 | ,15 | ,30
China 75 | 85| ,15 | ,20 | ,15 | ,20
India 65 | ,75 ] ,20 | 25 | ,20 | ,25
Indonesia | ,50 | 55 | 45 | ,55 | ,30 | ,40
Mexico | ,50 | ,55 | /45 | 55 | ,30 | ,40
Russia 75| .85 | ,15 | ,20 | ,15 | ,20
Turkey 75| .85 | ,15 | ,20 | ,15 | ,20

TPA and score values are presented in Tables 19 and 20.

TABLE 19. TPA

TPA GWG | NPW | WSY | ABN | CTY
Brazil ,031 ,022 | ,028 | ,030 | ,032
China ,031 ,022 | ,028 | ,030 | ,032
India ,031 ,022 | ,028 | ,030 | ,032
Indonesia | ,031 ,022 | ,028 | ,030 | ,032
Mexico ,031 ,022 | ,028 | ,030 | ,032
Russia ,031 ,022 | ,028 | ,030 | ,032
Turkey ,031 ,022 | ,028 | ,030 | ,032

TABLE 20. Score Values

GWG

NPW

WSY

ABN

CTY

Brazi

| ,99

1,27

99

China 1,79

1,60

1,79

1,60

India 1,27

,99

1,43

1,43

Indonesia | 1,27

,55

,38

,99

Mexico ,70

,70

,99

1,27

,99

Russia ,99

1,43

1,27

1,60

1,60

Turkey | 1,43

1,27

1,60

1,43

1,60

Tables 21 and 22 demonstrate the Kr matrix, G matrix and Q

values.

TABLE 21. Kr Matrix

GWG

NPW

WSY

ABN

CTY

Brazi

| ,008

,015

,012

,008

,000

China ,031

,022

,028

,030

,032

India ,016

,009

,021

,008

,026

Indonesia | ,016

,000

,000

,000

,010

Mexico | ,000

,003

,012

,016

,010

Russia | ,008

,018

,017

,025

,032

Turkey | ,021

,015

,024

,020

,032

TABLE 22. G Matrix and Q Values

GWG

NPW

WSY

ABN

CTY

Q

Brazil

,023 | ,007

,016

,022

,032

,100

China

,000 | ,000

,000

,000

,000

,000

India

,015 | ,012

,007

,022

,006

,063

Indonesia

,015 | ,022

,028

,030

,022

,116

Mexico

,031 | ,018

,016

,014

,022

,102

Russia

,023 | ,004

,010

,005

,000

,042

Turkey

,010 | ,007

,004

,010

,000

,031

Finally, comparative ranking results of E7 economies are

indicated in

Table 23.

TABLE 23. Comparative Ranking Results

t=2(t=1

u=0,
t=golden
cuts

0, | u=0,
2| t=1

- Q. C
o

= O O

Brazil

5

China

India

Indones

ia

Mexico

Russia

Turkey

Nl W] O N | ] O
Nl W] O N| | ] O

1
4
>
6
3
2

N W] o N | ] O0

Nl W] O N| | ] O
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The ranking results are also explained in Figure 3.
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FIGURE 3. Ranking results of E7 economies

The results are similar for different conditions that
demonstrate the reliability of the proposed model. It is
concluded that China is the most successful country
regarding the environmental impacts of material production
investments. Turkey is another successful country in this
context. Nonetheless, Brazil, Mexico and Indonesia have
low performance with respect to this situation. The results
obtained in this study are especially guiding for low-
performing countries. As a result of the improvements to be
made in these highlighted issues, it will be possible for these
countries to make their material production processes more
environmentally friendly.

V. DISCUSSIONS

The use of chemicals in material production investments
brings some conveniences. In this way, production processes
can be completed much faster. However, if the necessary
precautions are not taken in this process, very big problems
can occur. These chemicals seriously threaten the
environment. A high amount of waste occurs in raw material
investments where chemicals are used a lot. If this waste is
not disposed of effectively, they pollute both the air and the
soil. On the other hand, some chemicals also cause pollution
of water resources. Therefore, first, these chemical wastes
should be destroyed. As a result of this process not being
carried out effectively, people's lives are in danger.
Therefore, it would be appropriate for states to provide
incentives for investments in recycling processes. Sheldon et
al. [54] underlined the significance of chemicals with respect
to environmental issues. They claimed that green chemicals
should be taken into consideration for the purpose of waste
minimization. Zhao et al. [55] and Varshney et al. [56] also
stated that effective disposals of the chemicals is a very
critical issue to minimize the environmental damage of the
material production investments.

Another important issue in this process is the adequacy of
legal regulations. Material production investments without
adequate regulations for the use of chemicals can lead to very
serious harmful consequences on the environment and living
things. In this context, states should make the necessary legal
arrangements for both the amount of use of chemical
products in raw material production and the effective
management of wastes. In this way, natural resources will be
less damaged in the material production process, and this
will contribute to the sustainability of economic growth.
Sajid et al. [57], Hassan and Saleh [58] and Siril et al. [59]
highlighted that legal regulations should be created
effectively so that it can be much easier to handle
environmental problems created by material production
investments.

VI. CONCLUSIONS

In this study, it is aimed to identify the environmental
impacts of material production investments. The factors of
Higg Materials Sustainability Index are defined as the
parameters. These factors are weighted by considering T-SF
TOPSIS-DEMATEL. Furthermore, the items of the life
cycle process are defined as alternative set for measuring the
environmental effects of each process in the sustainable
production investments. For this purpose, these alternatives
are ranked with interval valued SF MAIRCA. The
calculations are also made for different t, u and d values with
the aim of making comparative evaluations. The results are
quite similar for all conditions. Therefore, it is understood
that the proposed model provides consistent and coherent
findings. It is concluded that chemistry is the most critical
factor for environmental impact for material production
investments. Moreover, recycle is determined as the most
optimal alternative.
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The main contribution of this study is that a priority analysis
has been made so that the most significant indicators are
defined for the companies to increase sustainability in
material production investment process. Nonetheless, a
specific country analysis has not been applied in this study.
Instead of this issue, the criteria and alternative list is
examined in a general view. For the future research direction,
a specific assessment can be made for countries with high
carbon emissions. This will help to solve the carbon emission
problem more quickly.

NOMENCLATURE

DEMATEL: decision making trial and evaluation
laboratory

MAIRCA: multi attributive ideal-real comparative analysis
SF: Spherical fuzzy

TOPSIS: technique for order preference by similarity to
ideal solution
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