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ABSTRACT

This study aimed to assess the sustainability of solar water heating systems (SWHSs) to identify the
sustainability indicators necessary for improvement. It involves the development of a fuzzified multi-
criteria decision model (MCDM) using cosine similarity index for the sustainability assessment of
SWHSs namely; integrated collector storage (ICS), thermosyphon (TS), active open-loop (AOL) and
active closed-loop (ACL). The article was able to identify the indicators necessary for improvement
following the sustainability assessment of SWHSs in domestic and industrial applications. The
framework for the sustainability assessment of the SWHSs included the traditional sustainability
indicators such as economic (EC), environmental (EN), and social (SO), and peculiar sustainability
indicators namely manufacturing (MA), maintenance (MN), reliability (RE), and life-cycle (LC). This
study employed conceptual design developed based on working principle of SWHSs and responses
of design experts for sustainability data. For future research, practical evaluation, and more
sustainability indicators is recommended for increased analysis depth on the sustainability of the
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systems. The establishment of sustainability indicators and sub-indicators towards the assessment
of SWHSs using MCDM considering the indicators identified for the benefit of energy planning from
the manufacturer to the end user. This research focus is on sustainability using the computational
strength of the fuzzified MCDM method to assess the sustainability of SWHSs using traditional and
peculiar sustainability indicators. The highest economic indicator was in ACL at 53% and the lowest
in TS at 42%. This shows that it is important for sustainable economic ease and growth, across the
domestic and importantly the industrial sector that the rate of heating using SWHSs should be
improved for economic sustainability. The highest environmental indicator was in ICS at 54% and
the lowest in TS at 39%. The social indicator was highest in ICS with 43% and joint lowest in TS

and AOL at 30%.

Keywords: Sustainability assessment; sustainability indicators; solar water heating systems; fuzzified
multi-criteria decision model; cosine similarity measure; euclidean distance.

1. INTRODUCTION

Hot water is essential in human daily living. It is
required for hygienic purposes domestically, and
product processing industrially [1]. Though, there
are dissatisfying situations regarding high cost of
energy required to produce hot water. These
situations include inadequate power generation,
distribution, and environmental concerns that has
driven the need for sustainable alternatives.
Solar energy application for water heating in
residential and commercial buildings have
become more feasible technically and
economically [2]. It can operate independently or
serve as a pre-heater for gas or electric
heaters. Sustainable development requires
improvement in socio-technological systems and
technological innovations; therefore, it is
essential to investigate the sustainability of solar
water heating systems. This research aims to
identify the sustainability indicators necessary for

improvement, to assist domestic and
industrial end users, in the process of
adopting a Solar Water Heating System

(SWHYS),
decisions.

to ensure better energy planning

Sustainability assessment can be used to
provide decision-makers with a process to
operationalize sustainability for use within
decision-making processes for sustainable
development, with an evaluation of international
to rural integrated nature-society systems in
short and long-term visions to determine actions
that should or not be taken to make a system or
society sustainable [3-5]. The sustainability
assessment of a system is best achieved
classifying the system into four stages namely
pre-manufacturing, manufacturing, usage, and
post-usage [6,7]. It involves the establishment of
indicators that identifies active situations and
prioritize sustainable development [8]. The

sustainability indicators are the measuring
instruments for sustainability assessment [9].
They eliminate complexity, improve the quality,
and assist in making better and efficient
decisions due to its un-ambiguous data
compilation and easy accessibility [10,11]. The
establishment of indicators can be complicated,
because there are no generally accepted sets,
making it challenging to identify indicators to
include or exclude [9,12]. Indicators can be
selected based on similar area of application as
stated by Lindfors, [3], expert input on important
areas for the alternative’s sustainability, or
approach which involves categorizing indicators
into economic, environment, and social as done
by Yi et al., [13] Junior et al., [14] Wang et al.,
[15] Olabanji and Mpofu, [6] Harik et al., [16]
nemployed the classification of indicators into
traditional and peculiar, with the traditional
comprising economic, environment and social,
while the peculiar focused on technical issues of
the system being assessed, including
potential sustainability ~ understudied, or
overlooked issues, due to uncertainty about
performance.

The abundance of the energy of the sun calls for
its utilization in various operations in order to
provide a renewable energy system [17,18]. The
solar water heating system operation begins by
absorbing sunlight, collecting and transferring
heat with the aid of an array of solar collectors
into the water, which then is transported into the
receiver by natural or forced convection. And
after the heated fluid has been discharged from
the receiver, cooler water is immediately supplied
to fill up the receiver and continue the cycle
[19,20]. Basically, SWHSs can be classified into
passive and active systems. Passive systems
rely on gravitational force and natural convection
to circulate water through the system. The heat
exchanging fluid is water. The integrated
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collector storage and thermosyphon are types of
passive systems [21]. The integrated collector
storage is also known as the batch system, with
one or more black-painted receivers or tubes
inside an insulated box with a glass cover, in
which the solar collector and receiver are
integrated [21,22]. The receivers are painted
black to increase the absorptivity. In the
thermosyphon system, the receiver is separate
from the solar collector. Cold water flows from
the receiver downward to the bottom of the solar
collector, where it gains heat, expands and
become less dense than the cool water in the
receiver. Due to density difference created by
temperature gradients, the heated water rises in
the collector and into the receiver, while the cold
water falls to the bottom of the collector, and the
cycle continues. There are various applications
of thermosyphon depending on the collector such
as Budiharjo et al., [23] with a water-in-glass
evacuated tube, or Arekete, [24] with a flat-plate
collector. However, the solar collector must be
installed below the receiver for the thermosyphon
effect to perform efficiently [23]. The active
systems use an electrical pump to circulate fluid
through the system [23] A fluid that vaporizes at
low temperature such as antifreeze or water is
used as the working fluid. It can be installed at a
low or high altitude with the pump generating the
pressure required for effective transportation of
the heated water. They are categorized into
active open-loop, and active closed-loop.
The active open loop is a system where a pump
is used to circulate water through the solar
collector and into the receiver [1]. There are
various applications of active open-loop
depending on climate conditions. It can be used
in colder climates but must be drained in winter,
using an air glazed collector as suggested by
Hudon, [22] or concentration of water and
propylene glycol as working fluid by Memon et
al., [25] to prevent the water in the pipes from
freezing. The active close loop is also known as
indirect where a solution or antifreeze such as
propylene glycol serves as the working fluid [22].
The working fluid flows through the sealed piping
of a heat exchanger, after gaining heat it
changes phase, becomes lighter and rises into
the receiver, where it loses the heat gained to the
cold water, returns to its liquid phase and falls to
the bottom of the collector for the cycle to
continue. The principle for active closed-loop is
as illustrated in Fig. 1. This can be used in
climates where freezing occurs [26] There are
various applications of active closed-loop
depending on the heat exchanging device

such as solar coil, or heat-pipe evacuated tube
[21].

The Multi-Criteria Decision Model (MCDM) is a
decision aid tool used to integrate multiple
criteria for evaluation in the decision process. It
has the ability to handle inherent complexity and
broad scope of a sustainability assessment,
including qualitative and quantitative data,
including when expressed in fuzzy membership
function [27-29]. Further managing uncertainty
related to data input (human limitations and
linguistic fuzziness) and quality [30,3,46]. MCDM
guides in the design stages to make sustainable
design rigour free and inexpensive, while
facilitating the setting of design goals, and its
evaluation by the creation of a model [31]. Most
times, two or more MCDM models are hybridized
in a decision process in order to enhance the
decision process and increase the computational
integrity of the decision process [32,6,33,34]. It
has proved to be one of the better tools for
efficient energy planning [35]. Generally, the
MCDM can be classified into multi-objective
decision model (MODM) and Multiattribute

decision model (MADM). Analytic Hierarchy
Process (AHP), Weighted Decision Matrix
(WDM), Grey Relational Analysis (GRA),

COmplex PRoportional ASsessment (COPRAS),
and VlseKriterijumska Optimizacija I
Kompromisno Resenje (VIKOR) among others
[36-39] VIKOR is a distance-to-ideal method to
ascertain best and worst values, and rank based
on its performance index. It is readily applied in
engineering by Olabanji and Mpofu, [40-42]
business management by Ouenniche et al.,
(2021), including health by Chang, [43-46]
among others. Sustainable Similarity Measure
(SSM) is a method used to obtain the
improvement level required in sustainability
indicators. It is expected that the higher the
similarity measure, the better the performance of
the system relative to the indicator under
consideration, as it depicts the closeness of the
system to the optimum sustainability measure
with respect to the indicator under consideration
[6,47].

2. METHODOLOGY

A model for the
methodology is shown in Fig. 1 while the
framework for the sustainability = model,
sustainability indicators and sub-indicators for the
solar water heating systems is as illustrated in
Fig. 2.

application of the
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2.1 Fuzzy Membership Function and
Decision Matrix

For ease of analysis, consider ‘n’ number of
design concepts ( DCn ) of Solar Water
Heating Systems (SWHSs). Using ‘m’ number of

sustainability indicators  ( Sm ) that are
characterized by ‘k’ number of sub-indicators

( Smk ). To measure the relative

significan ce of the sustainability indicators
and sub-indicators in the SWHSs, it is
essential to assign  Triangular  Fuzzy
Numbers (TFNs) to the elements of the
matrices using linguistic terms. The terms and
distribution for the TFN is as presented in
Table 1.

Table 1. TENS for rating and ranking sustainability indicators and Linguistic terms adopted

Linguistic terms for rating of relative

Triangular fuzzy scale

Crisp Value of

significance of sustainability indicators and membership function Ranking and
sub-indicators of the SWHSs Rating
Disagree 1/2 13/2 1
Somewhat Disagree 13/2 2 2

Neither Agree nor Disagree 3/2 2 5/2 3

Somewhat Agree 2 5/2 3 4

Agree 5/2 37/2 5

The membership function p,, (¥) of the TENs is contained in [0 1] and can be defined as;

0 a<l
1 |
—y—— y €[a,b],
b- b-
u(y)=1°"2 @ (@)
Ly_l ye[a b]
b-c’ b-c s
0 b>c

Where a < b < c represents the lower, modal and upper values of the fuzzy number M respectively

[37].

To develop a decision matrix for the assessment of the sustainability indicators in the SWHSs, it is
necessary to determine the weight of the sub-indicators of each indicator. For ease of analysis DE
represents the aggregation of extracted TFNs responses of design experts for the k" sub-indicator,
for the m™ sustainability indicator. The responses of (y) design experts assigned to the TFNs are
used to develop matrices for the weights of sub-indicators as presented in Equation (2).

DC, DC, Dc,

s,, DE" DE* DE®

s, S,, DE* DE?*® DE?*
s,, DE® DE* DE®

s,., DEY DE* DE"

DC,
DEln [i DElnj/y

L n=1 _

[/ n=n T (2)
DEZn [Z DEan/y

L\ n=1 .
DE3n [ - DEan/y

L n=1 —
DEkn [i DEknj/y

L n=1 —
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The aggregation will be replicated for all sustainability indicators considering their sub-indicators. In
Equation (2) DE* represents the Triangular Fuzzy Number (TFN) decision of design experts for the
k" sub-indicator, and the m™ sustainability indicator. Equation (2) will be replicated for all indicators

considering their sub-indicators.

To determine the decision matrix, it is necessary to establish the performance of the Solar Water
Heating Systems (SWHSs) considering the responses of the design experts as presented in Equation

(3).
Smk
ZDEml ZDEml ZDEml ZDEmk
DC, DE. DE}? DE}} DE.¢
DC, DEZ DEZ DEZ DEZf
DC, DE® DE¥®  DE¥ DEZ¥ )
DC, DE} DE!? DE)? - DEX

: k . . .
In Equation (3) DE&Tv represents the average TFNs decision of the k™ design experts for ‘n’ designs of

SWHSs considering the m"™ sustainability indicator. Equation (3) will be replicated for all indicators

considering their sub-indicators.

The sub-weighted decision matrix for the SWHSs can be developed from Equation (3) as described in

Equation (4)

Smk
k=k
1 12 13 1k | X (2oEnsoE)
DC, yDE,*DE;, YDE_,*DE;; YDE_,*DE; Y DE, ,*DE;; k:l(
21 22 23 2k |z “DEZK
DC, yDE, *DEZ yDE ,*DE2? yDE ,*DEZ ¥.DE_ *DEZK| > (z0ensoed|
31 23 33 3k | k=k
DC, Y DE ,*DE;, YDE_,*DE;° YDE_.*DE; Y DE,,*DEZ kz:l(zpemfoegvk) @
1 2 3 K| o
DCn Z:DEml*l:)Ezgv ZDEmZ*DE(’;‘v ZDEm3*DEa\nv ZDEmk*DEgv k)zk(ZDEmk*DEg\l,()
k=1
. * nk k=k n=n
In Equation (4) ()" DE, *DE[) represents sy — F[ DEk”J/y—l 5)
the sub-weighted Triangular Fuzzy Numbers k=1 | \_n=1

(TFNs) for n™ design of Solar Water Heating
Systems (SWHSs) considering all the k™ sub-
indicators in the sustainability indicators.
Equation (4) will be replicated for all indicators
considering their sub-indicators. From Equation
(2), the overall weight of the sustainability
indicator can be derived by determining the
aggregate of the weight of all the sub-indicator,
hence,

In Equation 5 S:]V represents the overall weight of

the m™ sustainability indicator. Therefore, the
decision matrix for the SWHSs can be developed
considering the k™ number of sub-indicators in
m™ sustainability indicator as described in using
Equation (6).
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=~ =
"
=~ L

Z(Z DElk*DEazvk)/k Z(Z DEZk*DEjvk)/k

(> DE, *DE})/k
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T
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=~
=~
=~
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] (> DE, *DE})/k

k=

1N

It is important to normalize the TFNs of the
decision matrix to ensure they are contained
within [0,1], as they represent the weights of the
m'™ sustainability indicators and k" sub-
indicators. To normalize the TFNs, consider a
fuzzy number

yij = (ai]’ b,_] Cij) For (| =1...... n, J:1 ...... m) as
defined in Equation (1) [6] Moktariam and Hadi-
Vencheh, 2012).

(Vi) =N = [(ai,-)N(bij)N(ci,-)N]
ra mm b _ am|n Ci' . ar.nin —|

N = : ,——1— |8
L Ar’ﬂaX ArnaX AmaX ()

min min

(7)

max

In Equation (7) and (8), a?‘” = Min a;; and €|

max max min

= Max c;j; 2pip =€ —Q;

To understand the range of the sustainability
indicators to the best and worst performance in
the SWHSs, it is necessary to obtain the ideal
fuzzy best and worst performance of the
indicators in the SWHSs. The fuzzy best (F")
and worst ( F ) values can be derived from the

normalized decision matrix for all the
indicators using Equations (9) and (10)
[44,48,49].
|—k:k N
axlL (X DE,, *DEX)/k ©)
k=1 n
[ v
F =M n|L (3 DE,, *DE”k)/kJ (10)
k=1 n

Sn
3 (XD, 7DEL)fk -+ 3.(5DE,, "DEL )k
k=1 k=1
ki(ZDE *DEZk)k %(ZDEmk*DE:Vk)/k
o=t o= (6)
k:k(ZDEak*DEjvk)/k kZK(ZDEW*DEQK)/k
k=1 k=1
k=k k=k
(> DE,, *DE; ) /k (> DE,, *DE}y)/k

k=1 k=:

N

2.2 Sustainability Separation Measures

There is no certainty that a SWHSs will perform
perfectly in all sustainability indicators. However,
it is expected that the systems should have a
satisfactory performance in all indicators. The
overall sustainability index (S;) is a function of
sustainability indices of the indicators, this
implies that the overall sustainability index for
any of the SWHSs (5f"H5) can be obtained
using Equation (11) by summing the aggregates
of the sustainability indicators in the normalized
decision matrix [6,50].
")

y

k=k
In Equation (11), Y, (Z DE,, * DE:Vk)/ k
k=1

o SWHSs
S

11)

=1

-3 { k(zrﬁﬁ *DE )/

N
is

n

the normalized value of an element in the
decision matrix corresponding to the n™ Solar
Water Heating Systems (SWHSs) with the m*™
sustainability index.

The resulting elements of the normalized
decision matrix using equation (11) represents
the performance of the SWHSs considering their
indicators. Therefore, the current performance of
the elements in the normalized decision matrix
must be compared to an ideal situation in order
to measure the extent of the performances, for
continuous improvements in the SWHSs to have
a sustainable performance in all the indicators.
Considering the TFNs of the current performance
of the SWHSs in (11), using an ideal TFNs to
compare the current performance, to obtain the
level of improvement required in the
sustainability indicators is as presented by the
cosine similarity measure in Equation (12) [6,51].
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[ ek Nk N
|
\_k:l

, DE,, *DE})/k
2

k=
k=

Ccs|> (3. DE, *DE})/k

-| |' . . . ‘|
|:|1_[an a,|+[b, —b,|+[c, cn]| (12)
I 3 N

L

n n

[k Ny N
| > (> DE, *DEN)/k| > (> DE,, *DE})/k| |

k=1 no k=l

In Equation (12), CS is the cosine

n

similarity measure between the ideal performance and current performance. While,

k=k N
(Z DE, *DE[ )/ k| is the ideal performance which can be defined as;
k=1 n
k=k N
(> DE, *DEx)/K| =|a;.b;.c;]=[111] (13)
k=1 n

In order to identify the indicators to improve, it is necessary to find the Euclidean distance, to reveal
how close or far the performance of the indicator is to the ideal. It is necessary to develop an analysis
of the Euclidean distances of the indicators relative to the highest Euclidean distance that the
indicators must approach. Euclidean distance d is obtainable from Equation (14) [6,52-54]

1

d JZ(l—CS N—mz (14)

L 1))

Hence, from Equation (14), a value of zero and the square root of two indicates the best and worst
sustainable performance, respectively, with ‘d,.s;’ and ‘d,.s; representing the best and worst values
of the Euclidean distance, respectively.

N* ek

> (>. DE, *DEx ) /k

no k=l

rk=k
| > (Y. DE,, *DEq)/k
k

=1

Considering Equation (12), a higher value of the similarity measure is preferable for the sustainability
indicator because it depicts the closeness of the SWHSs to the optimum sustainability measure

(S:;t)with respect to the indicator under consideration. The optimum sustainability measure for any

indicator is obtained as the similarity measure equals ideal. It is practically impossible to achieve
optimum sustainability for all the indicators, because of the adverse effects that will occur in the
design process, in order to ensure that all the indicators have satisfactory sustainable performance.
The optimum sustainability for any of the indicators can be obtained from Equation (15).

[ [ Ny [l
s» =Max|Cs| Y (3 DE, *DEX)/k| .Y (3 DE, *DEN)/k| ||=1 (15)
k=1

n o k=

[iN

n

It is expected that the higher the similarity measure, the better the performance of the Solar Water
Heating Systems (SWHSs) relative to indicator under consideration. Therefore, the Sustainable
Similarity Measure (SSM) of SWHSs can be obtained by summing all the similarity measures for all
the indicators, as presented in Equation (16).

N* N

:
|
-

k=k

> (> DE,, *DE} )/k

no k=l

k=k

(> DE,, *DEJ)/k

k=1

SSM = ' Cs (16)

m=1

1
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It is practically difficult for the SSM for a SWHS to be equal to the overall optimum sustainability
measure, but a significant performance is expected from the SWHSs, as the SSM will give a more
definite performance assessment of the SWHSs compared to the sustainability index obtained from
Equation (11) because it shows their sustainable measure relative to the overall optimum

sustainability. Hence, the overall Optimum Sustainability (OSopt) is expected to be equal to the
number of indicators, as presented in Equation (17).

rkk
|

IE=R b=

For the analysis, as the SSM of the indicator
approaches zero in (16), the Euclidean distance
tends to a maximum value, which translates to
the worst sustainable performance for the
indicator. Also, as the SSM increases, Euclidean
distance approaches a minimum value of zero,
which depicts the best sustainable performance
for the indicator.

3. RESULTS

The result obtained from the sustainability
assessment of SWHSs based on the working
principles starts from the determination of
weights for the sub-indicators of the sustainability
indicators to the determination of sub-decision
matrices for the SWHSs considering all the
indicators. The weighted sub-decision matrix is
determined by considering the weights of the
sub-indicators and the performance of the
SWHSs considering the sub-indicators. The
overall decision matrix is a function of the
aggregate  performance of the SWHSs
considering the sub-indicators, these aggregates
are harnessed to form the performance of the
SWHSs in the overall decision matrix. Similarly,
the weight of the sustainability indicator is the
average weight of all the sub-indicators,
contributing to the performance.

For ease of analysis, the determination of
weights, sub decision matrices and weighted sub
decision matrices for the performances of the
SWHSs considering the indicators is presented
in APPENDIX | to XIX. Considering economic
indicator, the weight of the economic indicator is
obtained from the aggregate of the average
weight of the sub-indicators of economic
considering all the Solar Water Heating Systems
(SWHSs) as presented in Table 2. Also, from
Table 2 the weight of the sub-indicators for the
economic indicator is the average weight of the
relevance of the sub-indicator in the SWHSs.
Table 2 was replicated for the performances of

DE_ *DE™)/k| , DE_, *DE™)/k
(z mk av) Z(Z mk av)

[ N—H
||
n

n k=l

the SWHSs considering the environmental,
social, manufacturing, maintenance, reliability
and life-cycle indicator respectively. Further, it is
necessary to consider the performances of the
SWHSs in all the indicators considering the
responses of the design experts. The average of
the responses for the SWHSs for the sub-
indicators of economic is presented in Table 3.
Table 3 was replicated to presents the average
of the responses for the SWHSs for the sub-
indicators of environment, social, manufacturing,
maintenance, reliability and life-cycle
respectively.

In essence the weighted sub-decision matrix is a
function of the weights of the sub-indicators and
the performance of the SWHS in the sub-
indicators. For instance, considering economic
indicator, the average weight of sub-indicator
obtained from Table 2 and the performance of
the SWHS in Table 3 are used to determine the
weighted sub-decision matrix for the SWHSs
considering economic indicator as presented in
Table 4. In the same manner, the weighted sub-
decision matrices for the SWHSs considering

environmental, social, manufacturing,
maintenance, reliability and life-cycle were
derived. The average weights of the

performances of the SWHSs from Table 4 and
others are harnessed to determine the fuzzified
decision matrix considering the weights of the
indicators as presented in Table 5. Also, it is
necessary to normalize the fuzzified decision
matrix in Table 5 in order to ensure that the
membership functions of the fuzzy elements are
contained in [0,1] as described in Equation 1.
Applying Equations (9) and (10), the fuzzy best
and fuzzy worst value can be obtained from the
normalized fuzzy decision matrix as presented in
Table 6.

The overall sustainability index was derived
using Equation (11). Cosine Similarity (CS)
measure for all the indicators of sustainability for
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the SWHSs was derived using Equation (12).
From the result obtained from CS, the Euclidean
distance to determine the distances of all the
sustainability indicators for the SWHSs to the
worst and best sustainable performance was
derived using Equation (14). Applying Equation
(15), (16) and (17) the optimum sustainability,
sustainable similarity measure, and the overall
optimum sustainability respectively were derived
and is as presented in Table 7.

0.9
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4. DISCUSSION

The cosine similarity measures function by the
cosine of the angle between two vectors and
determines whether two vectors are pointing in
the same direction. Hence, operating within [0,1],
it is expected that the best performance will be
the indicator closest to one and worst will be
closest to zero, for all the solar water heating
systems. This is presented in Fig. 3.
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Fig. 3. Cosine similarity measures for the sustainability indicators of SWHSs
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Fig. 4. Euclidean distance of the sustainability indicators relative to worst performance
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Table 2. Determination of weights for sub-indicators of economic indicator

ICS TS AOL ACL Avg
EC1 172125 151923 192327 192327 354351
222 222 2 22 2.2 2 4 4 4
EC2 172125 7911 91113 192327 172125
222 222 222
EC3 15123§ 81012 91113 91113 678399
222 8 8 8
EC4 192327 ggg 81012 1012 14 91113
222 2.2 2
EC5 192327 192327 192327 172125 374553
222 222 222 222 4 4 4
EC6 81012 151923 6810 7911 577389
222 8 8 8

Table 3. Sub-decision matrix for SWHSs considering the sub-indicators of economic

EC1 EC2 EC3 EC4 EC5 EC6

35 43 51 17 21 25 67 83 99 91113 37 45 53 57 73 89

4 4 4 2 2 2 8 8 8 4 4 4 8 8 8

ICS 17 21 25 17 21 25 15 19 23 19 23 27 19 23 27 , 5 5
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 2

TS 15 19 23 7 9 11 , 5 ; 17 21 25 19 23 27 15 19 23

8 8 8 4 4 4 2 8 8 8 8 8 8 8 8 8

AOL 19 23 27 9 11 13 911 13 , 5 5 19 23 27 325
8 8 8 4 4 4 4 4 4 2 8 8 8 2°2

ACL 19 23 27 19 23 27 9 11 13 5 5 7 17 21 25 7911
8 8 8 8 8 8 4 4 4 2°2 8 8 8 44 4
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Table 4. Weighted sub-decision matrix for the SWHSs considering the sub-indicators of economic

EC1 EC2 EC3 EC4 EC5 EC6 EC(Avg)
ICS 595 903 1275 289 441 625 1005 1577 2277 171 253 351 703 1035 1431 57 365 267 7037 3567 15133
32 32 32 16 16 16 64 64 64 8 8 8 32 32 32 4 16 8 384 128 384
TS 525 817 1173 119 189 275 67 415 297 153 231 325 703 1035 1431 855 1387 2047 6559 10111 14431
32 32 32 8 8 8 4 16 8 8 8 8 32 32 32 64 64 64 384 384 384
AOL 665 989 1377 153 231 325 603 913 1287 o 55 2 703 1035 1431 171 73 445 1167 1775 2511
32 32 32 '8 8 8 32 32 32 2 32 32 32 16 4 16 64 64 64
ACL 665 989 1377 323 483 675 603 913 1287 45 23 91 629 945 1325 399 657 979 1831 921 3887
32 32 32 16 16 16 32 32 32 2 2 32 32 32 32 32 32 96 32 96
Table 5. Decision matrix for the SWHSs considering all the sustainability indicators
EC EN SO MA MN RE LC
516375 387 483 579 365 461 557 577 721 865 303 383 463 513 641 769 77 97 117
8 8 8 8 8 4 8 8 8 8 8 8 8 8 8 2 2 2
ICS 7037 3567 15133 6867 10351 14891 1825 8743 17945 985 13925 20137 1083 175 2577 8233 12829 18449 2221 3573 1049
384 128 384 320 320 320 128 384 384 64 576 576 80 8 80 512 512 512 160 160 32
TS 6559 10111 14431 2863 4533 6587 707 2239 407 2323 226 5197 2377 3767 5477 4149 6455 9273 1171 1863 543
384 384 384 160 160 160 48 96 12 144 9 144 160 160 160 256 256 256 80 80 16
AOL 1167 1775 2511 1253 9749 14001 2821 4471 6505 4693 7295 3491 4503 7219 2115 4167 6481 9307 39
64 64 64 64 320 320 192 192 192 288 288 96 320 320 64 256 256 256 % % %
ACL 1831 921 3887 6213 9681 13917 2881 4555 6613 155 1271 2717 303 383 1389 4177 6491 9317 76 120 174
9 32 96 320 320 320 192 192 192 9 48 72 20 16 40 256 256 256 5 5 5
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Table 6. Normalized decision matrix for the SWHSs and determination of Fuzzy best and worst value

EC EN SO MA MN RE LC
5163 75 387 483 579 365 461 557 577 721 865 303 383 463 513 641 769 77 97 117
'8 8 8 '8 8 4 '8 8 8 8 8 8 '8 8 8 2 2 2
ICS 36 47 62 31 272 . 38 ) 103 571 194 498 19 497 338 36
677 102 65 249 539 145 262 652 493 565 43 506 861 41
TS . 277 148 . 125 321 10 79 293 7 251 327 15 264 461 1 67 586 13 215 396
701 169 343 395 689 283 484 211 577 353 241 559 472 160 149 591 370 492 425
AOL 24 365 353 1 151 437 3 62 455 27 419 627 20 66 93 1 336 519 23 425 )
487 802 373 17 344 484 224 223 753 667 942 668 793 155 101 103 739 520 287 861
ACL 4 1 11 104 698 20 72 340 5 395 43 161 ) 1 142 ) 31 55 69
47 2 207 241 781 869 247 547 61 796 565 328 86 311 506 117 71
F 4 1 ) 31 272 ) 20 72 340 5 395 ) 43 161 ) 1 142 ) 23 425 )
47 2 249 539 869 247 547 61 796 565 328 86 311 287 861
F- . 277 148 125 321 0 38 ) 103 571 194 498 0 19 497 0 338 36
701 169 343 395 145 262 652 493 565 43 506 861 41
Table 7. Sustainability separation measures for the SWHSs
ICS TS AOL ACL
Indicators Ccs d CcS d CcS d CcS d
EC 0.49 1.01 0.42 1.07 0.48 1.01 0.53 0.97
EN 0.54 0.95 0.39 1.10 0.47 1.03 0.46 1.04
SO 0.43 1.08 0.30 1.18 0.30 1.18 0.31 1.17
MA 0.42 1.07 0.46 1.03 0.47 1.03 0.53 0.97
MN 0.42 1.07 0.50 0.99 0.45 1.04 0.52 0.98
RE 0.47 1.02 0.48 1.01 0.48 1.01 0.49 1.01
LC 0.42 1.07 0.47 1.03 0.52 0.97 0.50 0.99
SpWHSs 0.49 0.42 0.48 0.53
SSM 3.20 3.03 3.19 3.33
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The highest economic indicator was in ACL at
53% and the lowest in TS at 42%. This shows
that it is important for sustainable economic ease
and growth, across the domestic and importantly
the industrial sector that the rate of heating using
SWHSs should be improved for economic
sustainability.  The highest environmental
indicator was in ICS at 54% and the lowest in TS
at 39%. The social indicator was highest in ICS
with 43% and joint lowest in TS and AOL at 30%.
This indicates the level of acceptability and
usage of these system in developing and
underdeveloped regions, which shows the need
for more local adoption and international
investment to promote sustainable development
by the improvement of this social indicator of
sustainability. The manufacturing indicator was
highest in ACL with 53% and lowest in ICS at
42%. It is important that in the pre-design and
design stage of production of these systems,
considerations must be made to prioritize fast

and adequate operations primarily thereby
improving the manufacturing indicator,
while also considering the societal

implication on the capital of low to middle class
income earners, further improving acceptability.
The maintenance indicator was highest in ACL
with 52% and lowest in ICS at 42%. This
indicates that for improvement in the
maintenance indicator, it is advantageous to
ensure ease in part interchange and overall
maintenance. Furthermore, it is important to
consider all classes of users and the living traffic
level of the populaces in the pre-design stage of
the heating systems. The reliability indicator was
highest in ACL with 49% and lowest in ICS at
47%. This indicates that while the systems can
satisfy domestic and industrial users, for
improvement in the reliability indicator, the
system should be able to satisfy overall

daily usage across all sectors, reducing
cost while maximizing the potential of the
system. The life-cycle indicator  was

highest in AOL with 52% and lowest in ICS 42%.
This indicates that for improvement to the life-
cycle of a SWHSs it is necessary to
operate sustainably and satisfactorily in the short
and long-term, thereby increasing its
acceptability.

In order to improve the overall sustainability of

the SWHSs, while maintaining balance
so that no indicator starts to perform
poorly. It's important to analyse the
performance of the indicators with

respect to their Euclidean distances, as

presented in Fig. 4.

This identifies  which indicators  require
improvement in the adoption of a system. Hence,
contained within [0,2%/2], the indicators with the
best sustainable performance index are closest
0, while the indicators with the worst sustainable
performance index are closest to 21/2. For the
ICS the indicators with the worst performances
are manufacturing, maintenance, and life-cycle
indicators. In the TS, the indicators with the worst
performances are economic, environmental and
social indicators. In the AOL, the indicators with
the worst performances are the social, and
maintenance indicators. And lastly in the ACL,
the indicators with the worst performances are

social, and environmental indicators. The
optimum  sustainability measure of the
sustainability indicators is; 53%, 54%, 43%, 53%,
52%, 49%, and 50% for economic,
environmental, social, manufacturing,
maintenance, reliability, and life-cycle

respectively. The SSM values are 3.20, 3.03,
3.19 and 3.33 for ICS, TS, AOL and ACL
respectively. The  SSM indicates  the
sustainable performance of the SWHSs
considering the sustainability indicators while the
performance index obtained from the
separation measures under the fuzzy
VIKOR model indicates the distance to ideal
satisfactory performance. The environmental
indicator was the overall optimum sustainability
at 54%. It can be stated that, this was as a result
of the environmentally friendly nature of the
systems.

5. CONCLUSION

The optimal performance of established
sustainability indicators was derived from the
outcome of the sustainability assessment of the
Solar Water Heating Systems (SWHSs) using
Multi-Criteria Decision Model (MCDM) through
the evaluation of the relative significance of the
indicators considering their weights in the
assessment. Four SWHSs namely; integrated
collector storage (ICS), thermosyphon (TS),
active open-loop (AOL) and active closed-loop
(ACL). Have been assessed in this article. Also,
the article was able to identify the indicators
necessary for improvement following the
sustainability assessment of SWHSs. The
framework for the sustainability assessment of
the SWHSs included the traditional sustainability
indicators such as economic (EC), environmental
(EN), and social (SO), and peculiar sustainability
indicators namely manufacturing (MA),
maintenance (MN), reliability (RE), and life-cycle
(LC). The sustainability indicators definition and
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weighting for the assessment were adapted
using linguistic term of Triangular Fuzzy
Numbers (TFNs) membership function, to
address the multidimensional nature of the
indicators and sub-indicators and manage the
uncertainty in the weighting process with its
computational strength. It is evident and as
expected that in the result across all SWHSs the
environmental indicator was the highest and
closest to the optimal ideal cosine similarity
measure. Hence, the general average
performance of the highest percentile
of all the sustainability indicators is largely
due to regional selection of these systems. And
while some SWHSs performed relatively well
with the traditional indicators, the results from the
peculiar indicators revealed other weaknesses. It
is essential to ensure balance for the systems
across all sustainability indicators. It is
best to improve all indicators to increase the
sustainable similarity measure, as increasing a
single indicator can adversely affect other
indicators.

APPENDIX

Appendix is available in the following link:
https://journalajarr.com/index.php/AJARR/library
Files/downloadPublic/8.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s) hereby declare that NO
generative Al technologies such as
Large Language Models (ChatGPT,

COPILOT, etc) and text-to-image generators
have been used during writing or editing of
manuscripts.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Ogueke NV, Anyanwu EE, Ekechukwu OV.
A review of solar water heating systems”,
Journal of Renewable and Sustainable
Energy. 2009;1:1-20.

2. Rutz D, Worm J, Doczekal C,
Kazagic A, Duic N, Markovska N,
Batasbjelic I, Sunko R, Tresnjo D, Merzic
A, Doracic B, Gjorgievski V, Janssen R,
Redzic E, Zweiler R, Puksec T, Sunko B,
Rajakovic N. Transition towards a

10.

11.

12.

13.

132

sustainable heating and cooling sector —

case study of southeast European
countries. Thermal Science. 2019;23:
1-7.

Lindfors A. Assessing sustainability with
multi-criteria methods: A methodologically
focused literature review”, Elsevier:
Environmental and Sustainability
Indicators. 2021;12:1-16.

Halla P, Binder CR, Wyss R, Massaro E.
Sustainability assessment: introduction
and framework”, Sustainability assessment
of urban systems, Cambridge University
Press, Cambridge, ISBN: 9781108574334.
2020;7-29.

Ness B, Urbel-Piirsalu E, Anderberg S,
Olsson L. Categorising tools for
sustainability = assessment”,  Ecological
Economics. 2007;60(3):498-508.

Olabanji  OM, Mpofu K. Design
sustainability of reconfigurable
machines, IEEE Access. 2020b;8:215956-
215975.

Badurdeen F, Aydin R, Brown A. A multiple
lifecycle-based approach to sustainable
product configuration design, Journal of
Cleaner Production. 2018;200:756-
769.

Ramos TB. Sustainability assessment:
Exploring the frontiers and paradigms of
indicator  approaches”,  Sustainability.
2019;11(3):824.

Batalhao ACS, Teixeira D, Martins MF,
Bellen HM, Caldana ACF. Sustainability
indicators:  Relevance, public policy
support and challenges. Journal of
Management and Sustainability, 2019;9
(2):173-184.

Hai LT, Hai PH, Ha PTT, Ha NM, Dai LT,
Hoa PV, Huan NC, Cam LV. A system of
sustainability indicators for the
provonce of Thai Bink, Vietham”, Social

Indicators Research. 2014;116:661
-679.

Fredricks SE. Justice in
sustainability indicators and indexes”,
International Journal of Sustainable

Development & World Ecology. 2012;19
(6):490-499.

Parris TM, Kates RW. Characterising and
measuring  sustainable  development.
Annual Review of Environment and
Resources. 2003;28:559-586.

Yi P, Li W, Zhang D. Assessment of city
sustainability using MCDM with



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Olabanji and Ogungbuiji; Asian J. Adv. Res. Rep., vol. 18, no. 9, pp. 118-135, 2024; Article no.AJARR.121443

interdependent criteria

Sustainability. 2019;11(6):1682.
Junior AN, de Oliveira MC, Helleno AL.
Sustainability  evaluation  model for
manufacturing systems based on the
correlation between triple bottom line
dimensions and balanced scorecard
perspectives”, Journal of  Cleaner
Production. 2018;190:84-93.

Wang C, Wang L, Dai S. An indicator

weight,

approach to industrial  sustainability
assessment:. The case of China’s
capital economic circle’”, Journal of
Cleaner Production. 2018;194:473-
482.

Harik R, Hachem WEL, Medini K, Battaia
O. Towards a holistic sustainability index
for measuring sustainability of
manufacturing companies. International
Journal of Production Research. 2015;53
(13):4117-4139.

Makinde PF, Anjorin SA. Performance
evaluation of single slope and double

slope solar stills integrated  with
a solar pond in a tropical humid
climate. Journal of Scientific and
Engineering Research. 2018;5(12):187-
196.

Makinde PF, Obikoya E. Implementation of
solar system for electricity generation for
rural farmers: A review. World Journal of
Advanced Research and Reviews. 2024;
22(3):458-471.

Kakaza, M, Folly KA. Effect of solar water
heating system in reducing household
energy consumption”, International
Federation of Automatic Control. 2015;48
(30):468-472.

ljumba KP, Sebitosi AB, Pillay P, Folly K.
Impact of extensive residential solar water
heating on power system losses”, Energy
for Sustainable Development. 2009;13(2):
85-95.

Jamar A, Majid ZA, Azmi, WH,,
Norhafana M, Razak AA. A review of water
heating system for solar energy
applications”,International Communications
in Heat and Mass Transfer. 2016;76:
1-8.

Hudon K. Chapter 20 Solar energy - water
heating, National Renewable Energy
Laboratory. 2014;6:443-451.

Budihardjo I, Morrsion GL, Behnia M.
Perfomances of single-ended evacuated
tube solar water heaters, Solar

24.

25.

26.

27.

28.

29.

30.

31.

32.

133

2004: Life, The Universe and Renewables.
2004;1-10.

Arekete SA. Performance of solar water
heater in Akure, Nigeria. International
Institute for Science, Technology and
Education. 2013;3(6):1-7.

Memon S, Katsura T, Radwan A,
Zhang S, Serageldin AA, Abo-Zahhad EM,
Sergey S, Memon AR, Khan SW,
Yang S, Jama HH, Hoseinzadeh S, Sara
ID, Fang Y, Danilevski L, Isaev R,
Kiani A. Modern eminence and concise

critique of solar thermal energy and
vacuum insulation technologies for
sustainable low-carbon infrastructure”,
International Journal of Solar Thermal
Vacuum Engineering. 2020;1(1):52-
71.

Arekete  Ayompe LM, Duffy  A.

Thermal performance analysis of a solar
water heating system with heat pipe
evacuated tube collector using data
from a field trial”, Solar Energy. 2013;90:
17-28.

Olabanji OM. A treatise on reconnoitering
the suitability of fuzzy MARCOS for
Assessment of Conceptual Designs.
Applied Sciences. 2024;14:762.
Available:https://doi.org/10.3390/app14020
762

Olabanji O, Mpofu K. Extending the
application of fuzzy COPRAS to optimal
product design. Procedia CIRP. 2023;119:
182-192.

Olabanji OM. Fuzzified synthetic extent
weighted average for appraisal of design
concepts. International Journal of
Research in Industrial Engineering.
2020;9(No. 2):190-208.

Olabanji OM. Improving the computational
process for identifying optimal design
using fuzzified decision models.
International Journal of Fuzzy System
Applications IGI  Global. 2022;11(1):
1-21.

Balcomb JD, Curtner A. Multi-criteria
decision-making process for buildings, a
collection of technical papers" 35th
intersociety energy conversion engineering
conference & exhibit (IECEC). 2000;1:528-
535.

Olabanji OM, Mpofu K. Fusing
multi-attribute  decision  models  for
decision making to achieve optimal

product design. Foundations of Computing



33.

34.

35.

36.

37.

38.

39.

40.

41.

Olabanji and Ogungbuiji; Asian J. Adv. Res. Rep., vol. 18, no. 9, pp. 118-135, 2024; Article no.AJARR.121443

and Decision Sciences. 2020a;45(4):17-
18.

Olabanji OM, Mpofu K. Hybridized fuzzy
analytic hierarchy process and fuzzy
weighted average for identifying optimal
design concept. Heliyon, Elsevier. 2020c;6

(1):1-13.

Olabaniji oM, Mpofu K. Pugh
matrix and aggregated by extent
analysis using trapezoidal fuzzy

number for assessing conceptual designs.
Decision Science Letters. 2020d;9(1):21-
36.

Kumar A, Sah B, Singh AR, Deng Y,
He X, Kumar P. A review of mult
criteria decision making (MCDM)
towards sustainable renewable energy
development, Elsevier: Renewable and

Sustainable Energy Reviews. 2017;69:
596-609.
Olabanji OM, Mpofu K. Appraisal of

conceptual designs: Coalescing
fuzzy analytic hierarchy process (F-AHP)
and fuzzy grey relational analysis (F-
GRA)”, Results in Engineering. 2021a;9:1-
16.

Afful-Dadzie E, Nabareseh S, Oplatkova
ZK, Klimek P. Model for assessing quality
of online health information: A fuzzy
VIKOR based method”, Journal of Multi-
Criteria Decision Analysis. 2016;23(1):49-
62.

Bag S. Fuzzy VIKOR approach for
selection of big data analyst in
procurement management”, Journal of
Transport and Supply Chain Management.
2016;10(1):1-6.

Kim Y, Chung ES. Fuzzy VIKOR approach
for assessing the vulnerability of the

water supply to climate change and
variability in South Korea”, Applied
Mathematical Modelling. 2013;37(22):
9419-9430.

Olabanji  OM, Mpofu K. Design
concept evaluation technique via
functional link matrix and fuzzy
VIKOR based on left and righht
scores”, Production & Manufacturing

Research. 2021b;9(1): 116-139.
Mokhtarian M, Hadi-Vencheh A.
A new fuzzy TOPSIS method based
on left and right scores: An
application for determining an industrial
zone for dairy products factory”,
Applied Soft Computing. 2012;12(8):2496-
2505.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

134

Olabanji OM, Mpofu K. Comparison of
weighted decision matrix, and
analytical hierarchy process for CAD
design of reconfigurable assembly fixture.
Paper presented at the Procedia CIRP;
2014.

Chang TH. Fuzzy VIKOR method: A case
study of the hospital service evaluation in
Taiwan”, Information Sciences. 2014;271
(3):196-212.

Olabanji OM, Mpofu K. Adopting
hybridized multicriteria decision model
as a decision tool in engineering
design. Journal of Engineering, Design

and Technology. 2019a;18(2):451-
479.
Olabanji OM, Mpofu K. Decision

Analysis for Optimal Design Concept:
Hybridized Fuzzified Weighted Decision
Matrix and Fuzzy TOPSIS Using Design
for X Tools. Procedia CIRP. 2019b;84:434-
441.

Olabanji OM, Mpofu K. Assessing the
sustainability of manufacturing
processes in the manufacture of transport
equipment, based on fuzzy grey relational

analysis. South African Journal of
Industrial  Engineering.  2022;33(1):39
-50.

Opricovic S. Fuzzy VIKOR with an

application to water resources planning”,
Experts Systems with Applications. 2011,
38(10):12983-12990.

Musani S, Jemain AA. Ranking
schools’ academic performance using
fuzzy VIKOR”, Journal of Physics:
Conference Series.2015;622(1):12—
36.

Shemshadi AH, Shirazi H,
Toreihi M, Tarokh A. A fuzzy VIKOR
method for supplier selection
based on entropy measure for objective
weighting”, Experts  Systems  with
Applications. 2011;38(10): 12160-
12167.

Olabanji OM. Reconnoitering the suitability
of fuzzified weighted decision matrix for
design process of a reconfigurable
assembly fixture”, International Journal of

Design Engineering. 2018;8(1):38-
56.
Chen SM. New methods for

subjective mental workload assessment
and fuzzy risk analysis”, Cybernetics
and Systems. 1996;27(5):449-472.



52.

53.

Olabanji and Ogungbuiji; Asian J. Adv. Res. Rep., vol. 18, no. 9, pp. 118-135, 2024; Article no.AJARR.121443

Ye J. Cosine similarity measures for

intuitionistic ~ fuzzy sets and their
applications”, Mathematical and
Computer  Modelling. 2011a;53(1):91-
97.

Ye J. Multicriteria  decision-making
method based on a cosine

similarity measure between trapezoidal

54.

fuzzy numbers. International
Journal of Engineering Science
and Technology. 2011b;3(1):272-278.

Yeo S, Mak M, Balon S. Analysis of
decision-making methodologies for
desirability score of conceptual design.
Journal of Engineering Design. 2004;15
(2):195-208.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/121443

135


https://www.sdiarticle5.com/review-history/121443

