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ABSTRACT

The paper is to present a multi-criteria approach for sustainability assessment of man-
ufacturing processes, which can be applied to carry out the sustainability assessment of
manufacturing processes requiring less detailed data, time, and expert knowledge, but still
providing a company-level analysis. The analytical hierarchy process method is used to de-
termine ranking of simple and relevant activity areas for manufacturing processes in terms
of sustainability objectives. Analytical technique is also employed to assess the degree of
sustainability in manufacturing due to limited information which appear to be a character-
istic of the case study presented. One goal of sustainability characterization methodology is
to improve the manufacturing sustainability performance. Similar to the baseline scenario,
sustainability reevaluation for sustainability improvement is also applied and discuses perfor-
mance profile at the process level. This approach seems particularly useful when comparing
different processes. It makes applicable for various industries and might be a challenge to
derive priorities for systematic improvement. The applicability and usability of the proposed
assessment method was verified by the case study in company producing heating devices.

KEYWORDS
multi-criteria decision analysis, analytical hierarchy process, sustainability assessment,
manufacturing.

Introduction

cial responsibility. The second, planet, refers to sus-

tainable environmental practices. The third, profit,

The increasing concern about sustainability initi-
ates the necessity of assessment manufacturing activ-
ities [1, 2]. The Science and Technology Policy Insti-
tute white papers also stressed the “need for acces-
sible and affordable measurement systems and ana-
lytical tools for assessing [...] across the production
process” [3]. Hence, it has become mandatory to as-
sess the degree of sustainability in manufacturing in
order to set plans on how to improve it [4, 5]. Sustain-
ability drive paraphrased as “people, planet, profit”
[6] or “triple bottom line” [7, 8] is measured to cover
its totality. The first, people, concerns corporate so-
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is the economic value created by the organization.
The three together involves the use of available re-
sources and the generation of new resources, quality
initiatives, environmental costing.

Considerations on the three interlinked sustain-
ability components form the basis for measuring
and assessing the performance of enterprises, thus
sustainability production processes. On that point,
decision-support methods are needed, not only to im-
prove environmental aspects of manufacturing, but
also to ensure long-term productivity and social well-
being [8]. Following the concept, it also requires a de-
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velopment of metrics for sustainability by developing
quantitative or qualitative indicators [9-12]. It, in
turn, needs to identify interactions for each manu-
facturing process.

This strong promotion of sustainable issues in
industry in recent years forces enterprises from
heating sectors to assess their performance from
these three perspectives. Boiler production compris-
es many processes each of which has its own techni-
cal specification. An attempt to assess sustainability
in manufacturing processes will require consideration
of the activity areas between their differing sustain-
able objectives using decision-making methods. In
this case, defining sustainable assessment methods
for manufacturing consists of decision-making prob-
lems with different components [13]. It includes, on
the first hand, technical aspects, costs, environmen-
tal and social aspects, on the second hand, compo-
nents for manufacturing processes.

Although in recent years, various methods and
approaches have been developed for sustainability
assessment of production processes at the national
level or for cross-country comparisons, but the issue
of developing a combined method as multi-criteria
at the process level is not properly addressed. From
the literature, although generic methods to evaluate
sustainability performance are not available, manu-
facturing processes sustainability performance eval-
uation models are under development [14]. To assess
and improve sustainability performance in manufac-
turing, it is needed to develop straightforward, ease
of use methods, which can be applied in diverse man-
ufacturing scenarios.

Considering this research gap, there is a lack of
holistic focus on development of criteria and sustain-
ability objectives (technical, environment, economic
and social) for different sustainable manufacturing
assessment from SME. Additionally, sustainability
assessment of manufacturing was not yet considered
on the process level and applicable for use in a proac-
tive company in its continuous efforts to improve sus-
tainability performance. Time consuming assessment
due to the complexity and amount of data required is
usually quite limited. Besides the technical sustain-
ability is a novel objective and a contributor to the
sustainability assessment of manufacturing.

In this sense, the author focuses on the concept
of a new approach in the sustainability objectives
and AHP within the framework of MCDA. It allows
the development of an approach which can be applied
by the company to carry out an overall sustainability
assessment requiring less detailed data, time, and ex-
pert knowledge, but still providing a company-level
analysis. The author does this by exploring the possi-
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bilities of applying modified version of the AHP [15,
16] in a simplified manner for ranking activity areas
for manufacturing processes.

The present study developed a composite multi-
criteria approach for sustainability assessment of
manufacturing processes based on an enterprise pro-
ducing heating devices. This approach allows the
company considered to incorporate sustainability ob-
jectives — social, environmental, economic, and tech-
nical — into production processes simultaneously. In
order to unify assessment method, the sustainability
assessment will be based on mostly qualitative data
taken from on-site visits carried out.

Rationale for sustainability assessment
of manufacturing processes

A rationale for sustainable assessment in produc-
tion is treated as a core requirement in sustainability-
related research, where both qualitative and quanti-
tative information can be used [17]. Many industrial
enterprises should rethink how to produce products
to improve profits and competitiveness and to re-
duce environmental impacts at the same time. To
achieve sustainable manufacturing, there are need-
ed major changes in manufacturing defined by var-
ious authors [18, 19]. Manufacturing decision mak-
ers consider several aspects such as technology se-
lection, supplier selection, production planning and
control, inventory management, workforce manage-
ment, quality management, and process prioritiza-
tion must be considered [20]. The state-of-the-art
study has shown that significant effort is spent in
developing of diverse approaches for the assessment
and improvement of sustainability [20], at different
levels of abstraction, namely manufacturing process,
plant floor, enterprise [14].

The most significant challenge for implementing
sustainable manufacturing at the process level is to
develop quick and convenient sustainability assess-
ment approach without compromising significantly
on comprehensiveness involves the use of the analyt-
ic hierarchy process (AHP) to prioritize sustainabili-
ty manufacturing activity areas based on the limited
data for a particular manufacturing process.

Literature review

Literature has been reviewed from the perspec-
tives of multi-criteria decision analysis (MCDA) and
an attempt of AHP application in manufacturing
sustainability assessment. Numerous examples of
applications of MCDA methods have been repor-
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ted [21-23]. MCDA approach methodologies aim to
determine overall preferences among alternative op-
tions according to the different criteria being diffi-
cult while comparing with one another [24]. It al-
lows the use of such heterogeneous criteria like costs
and benefits of the project, environmental quality in
physical and qualitative terms, and social impact in
non-monetary terms. The measurements of indica-
tors do not need to be in the monetary terms, but
are often based on the qualitative analysis (through
scoring, ranking and weighting). Desired values of
the certain criteria are estimated, difficult to mea-
sure and subjective, which are stated as “good” or
“much better” [25]. This means that MCDA tools
can be customized to incorporate value judgments
of individual or multiple decisions makers [26]. One
of the greatest weaknesses of MCDA is the subjec-
tivity of the weighting step that is needed to val-
ue the different criteria. Although the methods de-
scribed above often seem to lack precision, they can
provide an estimate of an enterprise’s sustainabili-
ty performance. The selection of a certain MCDA
method has to be based on an appropriate knowl-
edge of the basics of the approach and the evaluation
to be performed as well. This implies the recognition
that some aspects can be covered only by certain
methods [17].

“Some multi-criteria methods, in particular, the
AHP, serve to further entrench the problem” [27]
or “problematics” [28]. AHP determines the crite-
ria weights indirectly based on scores of relative im-
portance for each in pair-wise comparison. The main
concern of AHP is dealing with inconsistencies aris-
ing with the judgment and improving this judgment.
This intricacy has been dealt with to ensure that the
judgments are consistent enough to give weights for
multi-attribute activity areas and to “establish pri-
orities”. This method has been employed widely in
decision-making problems involving multiple criteria
in systems of many levels [29-33].

Hence, due to its mathematical simplicity and
flexibility, AHP seems to be well-suited to manu-
facturing processes assessment towards sustainable
development by using a pair-wise comparison tech-
nique (judgments) between criteria with regards to
the each criterion. Due to expert’s statements are
uncertain in their nature, human thoughts are fuzzy
and the problem being analyzed is complex, then it
is proposed to apply successfully fuzzy logic to help
handle imprecision in multi-criteria decision making
processes [34]. Hence, an effective approach in the
decision-making area to evaluate and select business-
es, in the context of collaborative networked organi-
zations, was presented based on a dynamic multi-
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criteria decision model (DMCDM) [35]. Further, the
dynamic DMCDM model was extended to consid-
er a time frame in terms of both past behavior
and future information [36]. The recent research in
the decision-making area provided some extensions
against a dynamic MCDM, regarding the integra-
tion of several distinct technologies, smart objects
for local and remote data collection and process-
ing directly from manufacturing resources or man-
agers [37].

Although MCDA methodologies appear to be
promising for dealing with complex decision-making,
there has been a verified limited information in the
literature about their use in the industrial plants pro-
ducing central heating boilers.

Other methods developed to perform sustainabil-
ity assessment studies are focusing on covering only
a certain object of sustainability (i.e. life cycle as-
sessment), while MCDA allows to cover more sus-
tainability pillars [17].

Life cycle assessment (LCA) designed for mea-
suring and assessing environmental and economic ef-
fect along with social life cycle assessment model
have proposed by [38] is difficult due to complex-
ity of processes and lack of parameters as well as
values describing characteristics of criteria activity
areas.

The rationale for not developing parameters and
values was based on partially quantitative and most-
ly qualitative information. The paper does not intro-
duce real “improvement ratios” [39] between exist-
ing and new technology in specific heating industry.
Serious estimates of improvement ratios require rel-
atively “deep knowledge” of the production process
based on cleaner production audits [40], comparison
with best available technologies [19] and comparative
life cycle assessment [41, 42].

The assessment methods used depend on the
character of the project or scientific research as well
as the information available. When selecting meth-
ods, it should consider methods which allow to aggre-
gate and summarize the data into smaller sets with
least loss of information. One of the main requisites
of sustainability assessment is that every indicator
is provided by standard-based measurement meth-
ods, in a tightly integrated manner with business
operation [43]. As such, the manufacturing assess-
ment might be done in multiple passes with analyti-
cal tools [44].

Some selection approaches have been developed
in the literature to assess sustainability in compa-
nies [44, 45]. Moreover, additional assessment meth-
ods using other analytical techniques would still be
necessary.
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Materials and methods

The present study designed an information model
for assessing the manufacturing sustainability perfor-
mance for a company producing heating devices. In
this paper, the AHP method and 5-point scale was
used to serve the purpose of the study.

Manufacturing process of boilers involves mul-
tiple sub-processes represented by various kinds of
performance data. The data provided by the compa-
ny is incomplete and not necessarily sufficient. What
is more, the complexity of manufacturing processes
may make sustainability assessment impossible ac-
cording to the various parameters. From the other
hand, the sustainability assessment procedure must
also be sufficiently generic and broad to cover as
much of the detail as possible that would be cov-

ered in a comprehensive procedure. Various in oper-

ations manufacturing technologies need to be based

upon procedure for simplifying sustainability assess-
ment in order to easy compare with baseline scenario.

Hence, there is need for:

e applying a feasible, quick approach for the assess-
ment and improvement of sustainability on the
process level against the four sustainability objec-
tives,

e unifying manufacturing processes in terms of cate-
gories of each manufacturing process. These crite-
ria, called “activity areas”, are designated to dif-
ferent processes of boiler production. The analysis
and assessment were framed in terms of technolog-
ical changes (replacement the existing machines by
more advanced ones) in manufacturing processes
for the considered company as shown in Table 1.

Table 1
Potential benefits of implementing selected improvement technologies in the manufacturing processes.
No. of process Proposed technologies, Potential benefits Savings/loss [US$; %]
changes in existing technology
Replacement plasma cutter with | Converting from plasma to laser cut- [2; 50]
laser cutter. ting reduced:
Workplaces converted to laser cut- | ® dust emissions from 7.2 kg/year to
M1 ting.wil.l be equipped with filtered 3.6 kg/year,
ventilation system. e material waste — from about 12,000 [2370; 25]
kg/year down to about 9,000
kg/year,
e annual reduction in electricity. [6479; 56]
The use of push — pull welding venti- | The installation of ventilation systems [13.2; 5]
lation system with a high efficiency | reduced:
dust filter of 99%. e dust from the welding process up 30 [83.6; 16]
The use of general ventilation with kg/year,
M2 central vacuum 'and ﬁlte.ring SYS- | e electricity and increased in electrici- [—10,146; 147]
tems equipped with cartridge filter ty consumed by the ventilations sys-
units to reduce welding fumes and tems is 192,240 MJ /year.
gases. ’
Replacing sand blasting equipment | The new shot blasting installations [41,323; 98]
and solvents degreasers with shot- | eliminated:
:iljst::rilfci(t)oshst‘:ih ea zose:d avl:,f:}; e the need for 258 tons of sand by
M3 : Y » €quIpp replacing it with steel shot for the
integral filter system to reduce dust. cleaning abrasive (4.2 tons),
e using steel shot blast instead of sand [143; 98]
as the abrasive reduced dust emit-
ted by the cleaning process by up to
8.3 kg/year.
Installation of the paint spraying | e Ventilation systems installed in [2,768; 100]
and drying cabins with air recir- these booths capture up to 1,465 | [—8,832.6; 43 times more]
M4 culation loop using hydrodynamic kg/year of these VOC rich emis-
spraying. sions.
e Installation of paint spraying and [—32,000; 100]
drying booths requires more elec-
tricity (46,440 MJ/year) for paint
application from the base scenario
(1,080 MJ/year).
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A sustainability assessment of production process
was carried out for an industrial enterprise produc-
ing central heating boilers. The manufacture of boil-
ers has several processes including: cutting, bending,
welding, cleaning, painting and assembly. For this
assessment, bending and assembly are not consid-
ered due to a low impact on the sustainability per-
formance of processes.

Relative weights of evaluation criteria were de-
termined using the AHP. The AHP as a method
widely applied by researchers [46] was employed for
the sustainability assessment of the manufacturing
processes of central heating boilers for five main rea-
sons:

e It does not require weights directly assigned to
each criteria, all comparisons are made in pairs.
The criteria shown in Table 2 cannot be directly
aggregated since they are measured in different
units. The AHP can be used to resolve this prob-
lem because it allows for the data to be normalized
and subsequently aggregated.

e The AHP can detect inconsistent judgments and
provide an estimate of the degree of inconsistency
in the judgments [47].

e The multi-dimensional nature of the method al-
lows us to tackle qualitative problems.

e Results presented in this paper could be accept-
ed because they were derived from eight criteria
(activity areas).

A combination of the MCDA and modified AHP
was used to identify the assessment of sustainability
of boilers manufacturing.

The global sustainability indicator (average im-
pact) of i — process I” . was established in two steps.
First, a local impact indicator (I;;) was calculated for
each activity area within four objectives as presented
in Eq. (1):

Ii; = Itecij + Ienvij + Iecoij + ITesoci;. (1)

The three resulting measures are the environmen-
tal (Ignv), social (Isoc), technical (Itgc), and eco-
nomic impact (Igco) was obtained using Eqgs. (2)—(4)
respectively.

Ircoij = Recoij x Wij, (2)
Itgcij = Rreci; X Wij, (3)
Ienvij = TENVi; X WiF, (4)
Isocij = Rsocij x Wij. (5)

Second, the values of indicators I;; were consid-
ered as components of sustainability indicator I? .
presented in Eq. (1). The value of I” . was calculated

as the sum of the local results (I;;), multiplied by n,
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where ¢ is number of manufacturing process and j
is the number of the activity area, for all processes;
n means the number of influencing objectives ana-
lyzed

8, = Ij/n. (6)
=1

Applying the developed integrated
method in practice

Identification of sustainability objectives

Sustainability involves the application of sustain-
ability objectives to manufacturing. The interactions
within and across the typical objectives (social envi-
ronmental, economic) are critical to the understand-
ing of the sustainability manufacturing and measure-
ment indicators [43], because addressing any one of
the objectives in isolation could result in unintend-
ed consequences [48]. Technical objective is the val-
ue offered by the company to customers through its
production technology, products. In this context, the
paper sets up several indicators which are interlinked
within four objectives: technical (Itgc), economi-
cal (Ixco), environmental (Ignv) and social (Isoc).
Interlinked objectives characterize the sustainability

(Fig. 1).

Sustainable

objectives

Fig. 1. Four-dimensional sustainability objectives.

Indicators which monitor and assess the environ-
mental performance of the installations when are as
follows:

e quantity of air emissions, and their impact on the
environment of manufacturing processes; the in-
dicator measures output flows from the installa-
tion, such as dust and gases (volatile organic com-
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pounds, carbon dioxide, carbon monoxide, and
nitrogen dioxide) or indirectly from energy con-
sumption or transportation,

e materials consumption referring to the opera-
tion and maintenance of technologies; material
consumption (sand, steel) is among the critical
resources used in manufacturing. Some scraps
resulting from processes can be used in other
processes; they are used to calculate the consump-
tion ratios and factors, which value the resource
efficiency on how technologies use these resources,

e energy intensity; the indicator measures input en-
ergy flows of the installation. It is used to calculate
the energy consumption ratios which value the re-
source efficiency on how installations use this en-
ergy,

e waste (paint, solvents, sand) associated with the
amount and type of waste generated; dangerous
substances require special treatment in disposal
to avoid their negative effect on the environment.
Disposal of wasted material and hazardous gases
should be also minimized or reduced.

Indicators which assess the technical performance
of the installations when are:

e state of technical infrastructure (degree of device
wear), reliability, and quality production; applied
technologies, equipment should combine the best
cost-effective and environmentally friendly solu-
tions,

e installation and user information including con-
sumer information/user instructions for installa-
tion, operation and end-of-life management,

e machine longevity (lifetime of the product),

e requirements for technology.

Indicators which evaluate the economic perfor-
mance of the installations when are as follow:

e implementation costs related to costs for the im-
plementation technological improvements (the in-
vestment and production costs) [49],

e cnergy efficiency: those criteria take into account
the technology power efficiency, which in turn af-
fects productivity [50],

e payment to employees,

e environmental management system maintenance
referred to audits costs and treatment costs. The
treatment costs are represented by the environ-
mental fee for the processing of the functional unit
of a ton of industrial waste and emissions.

The social indicators focus on the manpower in
the facility (needed employees in entire process to

Volume 7 ¢ Number 3 e September 2016

produce the boiler), considering their safety and de-
velopment. Technical and skill development are nec-
essary requirements for increased company produc-
tivity. This could be provided by worker training.
Sustainable manufacturing should provide for the
well-being of employees and improvement of health
through work practices.

Other corresponding indicators criteria can be in-
tegrated when they are relevant to specific manufac-
turing process with specific requirements or deemed
to be necessary by individual engineers.

Defining activity areas
of manufacturing processes

Research areas for application of sustainable
manufacturing technologies can be broadly catego-
rized into the following activity areas as presented
in Table 2. The eight activity areas were evaluated
in terms of the four interrelated sustainability objec-
tives (technical, environment, economic, and social).
Identification of the activity was based on the liter-
ature review [5, 51, 52].

Figure 2 presents a schematic view of interactions
between the sustainability objectives combined with
process sustainability criteria (activity areas).

Weighting of activity areas

Weights need to be suitable for a rapid assess-
ment which means that the activity areas need to
match the degree of information offered by experts.
More specifically, the activity areas (criteria) need
to be easily understandable, and assessment method
needs to be easily fulfilled by users having a gener-
al knowledge about analyzed companies (focusing on
qualitative data).

To set comparable objectives for evaluation,
weighting factors can be used to differentiate the im-
pacts of the considered activity areas on the overall
judgment. The indicators of the objectives are em-
bodied in activity areas, which are further weighted
by using AHP. Weights of the activity areas and cor-
responding objectives were obtained from an expert
in the field of manufacturing. For assessing the rela-
tive importance of criteria, Saaty’s method [15] was
used (Table 3).

According to this scale, the available values for
the pair-wise comparisons are members of the set:
{9,8,7,6,5,4,3,2,1,1/2,1/3, 1/4, 1/5, 1/6, 1/7,
1/8,1/9}.
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Table 2

Activity areas for the sustainability assessment of manufacturing processes.

Activity areas

Factors

References

Health & safety (1)

Equipment and machinery are kept clean, regularly maintained, enough
work space, cleanliness of operations-exterior and interior, scrap reduc-
tion, minimizing wastes (leaks, fumes and exhaust), noise level reduction,
use of efficient lighting, safety standards for machine tools, environmental
controls, monitoring, remediation, preventive maintenance, work instruc-
tions standard.

[51, 53]

Production technology state (2)

Machinery, tooling, material handling, workhandling used, machine per-
formance data availability technology improvement policy, total asset uti-
lization.

(52, 54]

Production planning (3)

Capacity planning requirements to ensure that the required materials,
tooling, personnel, and information are available to manufacture the com-
ponents when needed, machines/tools and operating times; production
materials stored at production materials stored at sideline , tools and set-
up equipment kept near the machines, travel distances between processes,
material movement.

51, 53, 55, 56]

Computer based information sys- | Computer systems used to planning of production and management of [54]
tems in operations planning (4) activities (to make the effective use of resources, energy and raw materials,
equipment based on order information); the availability of computer and
the system to save the data, transaction, trace the transaction and data,
etc.
Manufacturing empowerment (5) | Employees involvement in the labor process, cross-functional workforce, [51, 57]
organizational worker power, employee redeployment, educational support
by enhancing sets of skills and expertise, motivation systems.
Manufacturing systems (6) Manufacturing systems in terms of the type manufacturing process: flow,
intermittent or project manufacturing.
Time-based logistics & supply Movement and storage of goods from suppliers to manufacturing and to [57-59]
chain system (7) final customer; increasing availability of outsourcing, supplier scheduling
and delivery, inventory control, reduced packaging, efficient transporta-
tion, supplier selection.
Quality process Engineering approach within lean, innovative product development; qual- (2, 58, 60]

and environmentally-conscious
product design approach (8)

ity of conformance, customer attitudes and support for sustainability, im-
plementation of quality best practices.

Goal
| Identify impact for activity areas ‘
I
Objective N Envi x tal E i =
: e nvironmenta conomic G
(criteria) Techmc’al ablgclvestl, | . .. objecives cee e p objecives < - Soaa\fb]ecwes
il lewy leco S
A o B s e b b Pt e BB g g 6 E s wad d Set 4 E S i =
Cutting (I=1) ‘
(1
(2
()
®)
‘ Welding (2)
’ Cleaning (3)
Painting (4)

1 4 Direct interaction
» Indirect interaction

TEC . P . .

1" | Indicators in terms of technical objectives

i | Indicators in terms of environmental objectives
ECO - . . N .
=" | Indicators in terms of economic objectives
1%°%, ] Indicators in terms of social objectives

where / - number of processes, j -number of activity areas

(1) Health & safety (f=1)
(2} Production technology & state (f =2)
(3) Production planning and scheduling (f =3)

(3) Manufacturing empowerment (f =5)
(6) Manufacturing system used (j =6)
(7) Time-based logistics & supply chain system (7 =7)

(4) Computer based information systems in operations planning (f =4)

(8) Quality and environmentallv-conscious product design approach (f =8)

Fig. 2. The framework of multi-criteria approach for processes manufacturing sustainability assessment.
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Table 3
The Saaty‘s rating scale in AHP method [15].
Rank Definition Description
1 Equal importance Two factors contribute equally to the objective
3 Somewhat more important Experience and judgment slightly favor one over the other
5 Much more important Experience and judgment strongly favor one over the other
7 Verty much more important Experience and judgment very strongly favor one over the other
9 Absolutely more important The evidence favoring one over the other is of the highest possible validity

This is achieved through a series of pair-wise com-
parison matrices A, a simple example of which is de-
picted in Eq. (2):

1 Qi oo Q1p 1
1

1— 1 A2n

A= | 12 (7)
1

1 1

_— — ... 1

L G1n  G2n dfor i,j=1,2,...,n

Pairwise comparisons are made by providing a ques-
tion asking which indicator ¢ or 7 is more important
in the measurement of manufacturing sustainability
activity areas of boiler production process.

The following questions are used to establish the
weights for criteria: “How important is criterion Ai
relative to criterion Aj7” or “Which is more impor-
tant with respect to the criterion? How strongly?”
[61]. A matrix of pair-wise comparisons, where the
number in the i-th row and j-th column gives the rel-
ative importance of Ai to Aj (priority vector). The
columns of the matrix are normalized by dividing the
largest entry in each column. Weights enough to fill
in the matrix on the side of the main diagonal, the
values on the other side of the main diagonal, they
are the opposite of the values lying symmetrically
across the diagonal.

All the upper-left to lower-right diagonal ele-
ments (for the same criteria) of an analytic hierarchy
process comparison matrix are 1’s, whereas the val-
ues that are diagonal (45 degrees) from each other
are the mathematical inverses of each other. As such,
they can be calculated from the formula: a;; = 1/a;;,
where a;; is an assessment of the advantages of the
validity of the i-th element over the j-th.

A case in which pair-wise comparisons are ex-
pressed as differences (instead of ratios) was used
to define the similarity relations and is described
by [62]. Activities in the AHP method can be sum-
marized in four stages [63]:

Volume 7 ¢ Number 3 e September 2016

1. Identifying criteria to compare elements.

2. Gathering value judgments on relative importance
of the criteria.

3. Constructing a set of pair-wise comparison ma-
trices (size n x n) for each element by using the
relative scale measurement described above and
their synthesizing. After normalization of all the
columns, they are computed to the individual row
averages. The received result is the priority vector
wj (denoted as the relative importance or weight
of Ai over Aj).

4. Calculating the consistency index CI by using the
eigenvalue Amax as follows: CI = (Amax —n)/
(n — 1), where Amax is the maximum eigenvalue
of the matrix of priorities.

The calculation of the consistency ratio C.R. en-
sures the consistency of the responses [64, 65]. The
consistency ratios of the matrices was calculated.
If C.R. is less than 0.1, then the judgment matrix
is consistent. If it is greater, the pairwise compar-
isons should be re-evaluated. The last column of
each matrix represents the eigenvectors indicating
the absolute priority weight of each rated activity
areas.

Figures 3-6 show the relative weights and C.R.
values for the activity areas with respect to the ob-
jectives.

Rex{ (D @ B @ O ©® (D ®|EV
Mml1r 3 5 9 5 9 0.37
Dl 1 3 3 5 71 7 0.23
&l1s 1131 3 3 3 3 0.11
@lvs 13 13 15 3 3 3]ol10
G)l19 15 113 15 1 13 3 1/3]004
®e|1s 17 1713 113 3 1 3 31007
M1 17 13 13 13 13 1 1/3]0.03
@®|l1s 15 1 13 3 13 17 1 ]006

Note: Amax =8.79 RI=1.41 CI=0.080 C.R.=0.08
Fig. 3. Criteria with respect to Ienv.
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Red D) 2 B @ O © D ®|EV
mytr 3 3 3 7 9 3 71031
Q113 1 55 9 7 7 91030
3|13 15 1 3 3 5 3 5]014
@l 5 1131 3 3 173 310.07
G| V7 179 173 19 1 3 1/31 0.05
|19 177 1/5 19 13 1 1/3] 0.04
|y v7 v7 19 179 13 173 1 1/3]0.03
®|v7 119 1/5 /3 3 3 3 1 ]0.06

Note: Aimax =8.79 RI=1.41 CI=0.080 C.R.0.081

Fig. 4. Criteria with respect to ITec.

Recd (D 2 B @ O © () @®fEV
Mmy v s 13 13 3 3 0.11
s t 3 3 3 9 7 5103
33 13 1 35 7 5 31022
@13 173 173 1 33 3 3|01
G| v 3 1/5 13 1 3 1/9 1/5]0.05
el 19 V7 V3 V3 1 13 3 ]0.05
lvs v7 S V3 13 1/3 1 1/5]0.03
@®| 13 /5 13 1/13 5 13 5 1 ]0.09

Note: kmax =8.89 RI=1.41 CI=0.127 CR.=0.09

Fig. 5. Criteria with respect to Igco.

Rsod () @) B @D B _©® () B®]EV
OIR 3 5 3 13 3 3 3 10.19
@ 173 1 5 5 13 3 3 3 10.15
G| Vs 15 1 3 1/5 173 1 3 10.06
@l 15 113 1 19 U3 1 3 10.05
3| 3 3 9 1 5 7 7 10.36
©| V3 13 3 3 15 1 5 3 10.11
™| V3 13 1 1 1/7 1/5 1 3 10.05
@®| Vv 13 1/3 1/3 U7 13 1/3 1 ]0.03

Note: Amax =891 RI=141 CI=0.131 CR.=0.09

Fig. 6. Criteria with respect to Isoc.

Defined priority weights are the same for both
scenarios: baseline and improvement.

Degree of sustainability

for production process

70

The possible future sustainability assessment of
manufacturing processes was described in Table 4.

Baseline scenario for manufacturing is developed
without a focus on sustainability. Investments in
technologies and corresponding improvement have
typically been driven by increased productivity, re-
duced operating costs and work effort, and enforced
environmental regulatory compliance. Improvement
scenario is likely to be based on meeting facility
needs, increasing the utilization efficiency of ener-
gy, materials and related manufacturing technolo-
gy in order to improve environmental process qual-
ity and the future business prospects for the com-
pany.

The five Likert scale was used for sustainability
assessment of manufacturing, where 5 indicates the
highest degree of sustainability and 1 indicates the
lowest degree of sustainability. Likert scale shows the
respondent opinion, quick and easy to made, more
reliable, and give many data.

The judgments from individual experts were then
synthesized into a single judgment through geomet-
ric mean in order to get an overall estimate of the
priorities/importance for each criterion in terms of
the sustainability objectives. Indicators with a val-
ue of more than 3 were selected for inclusion in
the improvement model. The geometric mean for
synthesizing individual judgments was expressed in

Eq. (8):

GM(a1,a2,a3) = (a1 x az x a3)1/3, (8)
where GM = Geometric mean, Likert scale
given by an expert, n = Number of ex-

perts.

Figure 7 shows the matrices containing the in-
dividual judgments from the experts in the baseline
scenario. The values of geometric means for the man-
ufacturing process across the technical, environmen-
tal, economic and social objective are calculated sim-
ilarly. Table 5 presents a matrix with synthesizing the
judgments (GM) from the experts for both scenar-
ios.

The impact values (Ignv, Ieco, Isoc, Itecu) for
particular objectives were rated on a scale of 0-5.

The values for I;; across all activity areas with-
in each manufacturing process can be evaluated in
the horizontal rows for particular sustainability ob-
jectives by summing the scores of all influencing sus-
tainability objectives, and then to calculate the value
of global sustainability indicators for all processes.
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11117 ITE(,‘ GM [E.VV GM IE('() GM 15()(‘ GM

Cl1 [(2:2:3) 2.3 (4:3:3) 33 (3:3;:4) 3.3 (3:3:3) 3.0
C2 |(3;2;3) 2.6 (43:4) 3.6 (3;3;2) 2.6 (1:3;2) 1.8
C3 [(4:4;5) 43 (3:3:3) 3.0 (3:3;2) 2.6 (2;1;1) 1.3
C4 |(4,2:4) 3.2 (2:2;3) 2.3 (3;2;3) 2.6 (2:2;1) 1.6
C5 1(3;3:3) 3.0 (3:3:2) 26 (3;2:2) 23 (2:1:3) 1.8
C6 |(3:2:3) 2.6 (2:2:3) 23 (3:4:3) 33 (2:2:3) 23
C7 |(1;1;1) 1.0 (1;2:1) 1.3 (3;3;3) 3.0 (3:2:2) 23
C8 [(4:3;2) 2.9 (4:2:2) 2.5 (4:2:1) 2.0 (3;3:4) 33
1" | Ige GM Ipyy GM Ipco GM Igoc GM
C1 [(3:3:3) 3.0 (3:4:4) 3.6 (2:2:3) 2.3 (3:4:3) 33
C2 |(3:2:3) 2.6 (3:3:3) 3.0 (3:4;4) 3.6 (4:3:2) 29
C3 |(4,4;2) 3.2 (4:4:3) 3.6 (3;3;2) 2.6 (4:2:4) 32
C4 |(4,2;2) 2.5 (1:2;1) 1.3 (3;44) 3.6 (4:5;5) 4.6
C5 |(3:4:3) 3.3 (5:5:5) 5.0 (4:3;3) 3.3 (5:4:5) 4.6
C6 |(2:1;3) 1.8 (2:2:2) 2.0 (3:2;3) 2.6 (4:4:3) 3.6
C7 1(2;2:2) 2.0 (1;1;2) 1.3 (3;3;2) 2.6 (3;2;1) 1.8
C8 |(4;4;5) 43 (1:2;2) 1.6 (45:4) 43 (4:3;2) 29
I3 | Tyge GM Iy GM Tyco GM Isoc GM
Cl |(2;2;3) 2.3 (3:5:3) 3.6 (44;5) 43 (2:2;1) 1.6
C2 |(2:2:3) 2.3 (1:2:3) 1.8 (3:4:4) 3.6 (3:4:5) 39
C3 |(2:3:4) 2.9 (44:3) 3.6 (3:2,4) 2.9 (3:3:3) 3.0
C4 |(1;1;1) 1.0 (2:2:1) 1.6 (3:4;4) 3.6 (4:3;5) 3.9
C5 [(5:5;3) 4.2 (3:5:3) 3.6 (1;2:2) 1.6 (4:4:3) 36
C6 |(2:2:1) 1.6 (1:1:1) 1.0 (2:1;1) 1.3 (4:2:3) 2.9
C7 |(1;1;1) 1.0 (1:2:2) 1.6 (3:3;2) 2.6 (1:2;2) 1.6
C8 |(3;1;2) 1.8 (2;1:2) 1.6 (4,4;5) 43 (5:2:3) 3.1
L’ | Tige GM Iy GM Tyco GM Isoc GM
Cl [(1;2;4) 2.0 (2:1:1) 1.3 (3:4;5) 3.9 (3:;1:3) 2.1
C2 |(5;5;5) 5.0 (4:5:5) 4.6 (3;3;3) 3.0 (3:5:5) 4.2
C3 [(4;2:4) 3.2 (4:5:5) 4.6 (3:3;3) 3.0 (3:5:3) 36
C4 |(4;3;3) 3.3 (2:2;1) 1.6 (3;2;2) 2.3 (3:3;2) 2.6
C5 |(5:4:3) 3.9 (3:2:3) 2.6 (4.3:5) 3.9 (1:2:1) 1.3
C6 |(3;4;1) 2.3 (1:1;1) 1.0 (3;55) 42 (2:2.3) 23
C7 1(3;3;3) 3.0 (2:1:2) 1.6 (5:3;5) 42 (1:1;1) 1.0
C8 [(2:3;3) 2.6 (3:3:4) 33 (3:53) 3.6 (4:2;2) 25

Fig. 7. Decision makers’ opinion of category importance
weight for the baseline scenario.

Sustainability assessment and improvements

One goal of sustainability characterization
methodology is to improve the manufacturing sus-
tainability performance [14]. Figure 8 indicates the
overall methodology adopted in this study.

The evaluation results properly reflected the
problems in the actual manufacturing processes and
provided rational and specify guidance for develop-
ing new manufacturing technologies or replacing ex-
isting ones in this firm (sustainability improvement).
Based on the assessment results, specific technolog-
ical changes and practices were adopted including
replacing plasma cutter with laser cutter adding fil-
tered ventilation system device to sawing machine,
applying sand blasting equipment with shot-blasting
booth with a closed abrasive circuit system, equipped
with integral filter system to reduce dust, installing
of the paint spraying and drying cabins with air re-
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circulation loop, designing of push — pull welding
ventilation for welding. With these technologies and
management improvement, it was found that the ef-
fectiveness of the case company was improved.

Process |
Process 2
Maruf . —»| Assessment/
anufacturing Measurement
processes
Process n A
N
—_ "
" AHP+ |
scoring | - :
| searine | Evaluation of
—% manufacturing +—
sustainability
Proposed
technological
changes Manufacturing
[ technology
improvements
| Step | Defining activity areas of manufacturing :
| process  with embodied sustainability |
| objectives |
== Step 2. Making pairwise comparisons and activity areas I
I weightage (AHP) I
| Step 3. Indicator’s impact judgement (5-point scoring) I
| Step 4. Calculating Local and Global indicators 1

Fig. 8. Methodology for sustaiability assessment and im-

provement for manufacturing process adopted in this
study.

The accuracy of the “weights scale” was tested
by statistical methods. The scale reliability of man-
ufacturing sustainability a-Cronbach amounted to
0.789 and mean of all the Pearson’s correlation coef-
ficients was 0.484. The correlation matrix indicated
that the last variable was least correlated with the
other items. It can also examine the scoring scale of
the manufacturing technologies used in the context
of sustainable growth of the enterprise.

The scoring scale turned out to be a reliable scale.
Cronbach alpha coefficient was 0.682.

Table 5 shows an example of a convenient sus-
tainability assessment method for manufacturing
processes based on the eight activity areas depicted
in Table 2 with the rating system as follows: score of
1-2 represents a poor degree of the sustainability, 2-3
—moderate, 3-4 — significant, and 4-5 very significant
sustainability impact.

From the Fig. 9, it can be observed that the local
indicators I;; for individual activity areas in the im-
provement scenario are higher than the baseline one
for all manufacturing processes.
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Fig. 9. Local indicators, I;;, individual of the activity ar-
eas compared baseline and improvement scenario.
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Experts emphasized need for substantial im-
provement in the performance of activity areas, es-
pecially in manufacturing systems and time — based
logistics and supply chain system.

The applicability and usability of the proposed
assessment method was verified by the case study in
company producing heating devices.

The eight activity areas indices of the manufac-
turing processes were compared within both scenar-
ios (Fig. 9). Then, the following information could
be deduced:

e Health & safety (I;;) for painting had been seen
a considerable increase in its degree of the sustain-
ability level (from 1.78 to 4.29). The production
technology state also obviously improved (from
4.41 to 4.56), for cutting the indicator increased
drastically from level of 3.0 to 4.80 in this activity
area.

Compared to other activity areas, health & safety
as well as production technology state are the high-
est in all processes because these criteria are more
on sustainability and can significantly contribute to
environmental and economic sustainability.

e Two indicators designed for production planning
and scheduling (I;3) and computer based informa-
tion systems in operations planning (I;4) showed
the poor level where they were compared in the
improvement scenario. The indicators still had
room for improvement because their rates were
between 1 and 2 (a modest degree of the sustain-
ability).

e The company has not paid much attention to
these indicators in the baseline scenario, because
weights of manufacturing processes to the im-
provement scenario were small. Only with respect
to the indicators (I;7) and (I;s), the degree of sus-
tainability level decreased slightly in all process
when compared with the improvement scenario.
It indicated that the company’s activities for im-
proving these areas (manufacturing systems and
time-based logistics) had not a significant im-
provement rate.

There rest of activity areas are not slightly higher
than the others.

The global sustainability indicator 12, of weld-
ing is not slightly higher than the process in the
improvement scenario showing 16% of improvement.
The biggest (significant) improvement is represented
by painting (40%), then cleaning (30%), and cutting
(19%).

Although the global indicators corresponding
to manufacturing processes had great progress by
means of implementing some technological solutions,
it was still far from reaching very significant sustain-
ability degree in manufacturing.
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Fig. 10. Global sustainability indicator, IZ,, individual
of the company compared baseline and improvement sce-
nario.

Discussion and conclusions

The paper led to “rough” sustainability assess-
ment of the manufacturing processes due to limited
data which appear to be a characteristic of the case
study presented The presented assessment tool con-
stitutes an initial development of an infrastructure
— a framework for sustainability performance mea-
surement. The proposed framework for sustainabil-
ity assessment of manufacturing processes is based
on the AHP method covering the four dimensions of
sustainability.

To achieve consistency with similar efforts, a uni-
fied classification of activity areas was applied for
process sustainability characterization.

However, some limitations should be addressed.
Firstly, the study was based on a single case study.
Secondly, the methodology used which was based on
limited data available in the plant. The collection of
data from experts may bias the results leading to
different results. Third, it provided limited ground
to generalize the findings. This suggests the need to
replicate and extend the research for greater under-
standing of each activity area and to develop appro-
priate indicators.

This approach seems particularly useful when
comparing different processes within the production.
It makes applicable for various industries and might
be a challenge to derive priorities for systematic im-
provement. It also seems to be promising method for
reducing the computational times involved.

Future work will focus on refining the methods.
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