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ABSTRACT

The objectives of this paper are to propose a disignprocess of user’'s preference for a new buoslt-t
order technology system, and to subsequently optittie specification of the system for a manufaagur
company. Manufacturing companies, such as chempicdlucts companies, need to take responsibility for
reducing plant-based pollutions, given their patdiyt severe human and environmental consequemtes.
addition, companies need to investment strategidall their development due to increasing focus on
corporate social responsibilities, compliance amstanability. However, determining the specifioatof

a new built-to-order technology system is a congpéid task, because of subjective factors ententtg i
the evaluation of necessary and sufficient spetific of the system. Consequently, the choice of
appropriate system often lacks transparency anddtality in the process. This paper addresseddbige

by combining cost-benefit analysis and the analigrarchy process. Wastewater treatment systera for
chemical company is considered as one of a buiirtier technology system, and a case study in the
company was carried out to demonstrate the apjiliityabf the proposed approach. The results of this
paper shows some evidence that the diagnosis prgeeposed in this paper succeeded in quantifying
user’s preference for potential systems, and tlespecification was optimized successfully.
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1. Introduction

With growing interest in global environmental issuemanufacturing companies need to take
responsibility for reducing plant-based pollutiossch as wastewater or gas emissions discharged fro
the plant, given their potentially severe human angironmental consequences. In addition to taking
responsibility, companies need to adopt strategrestments in effluent treatment, which is inseplara
from profit generation due to increasing focus oocaintability to stakeholders. A certain consemit,
therefore, are set according to a law and industniassions must satisfy the limits before discldrinto
environment.

Decision making for strategic investment in effluemeatment is complicated, particularly in
manufacturing companies, where large amounts oérbamns substance are dealt with. In optimizing
investment in the treatment system, safety supmwimust evaluate and choose system architectures,
which are usually costly and surrounded by unaataiver the likely effects of the different ar@ttures
available. The difficulties arise mainly from inible factors, such as the safety supervisor'smeiy of
criteria that enter into the evaluation and chadeappropriate system architecture, given the tgpid
changing technological environment. Thus, decisiaking regarding strategic investment, relying
heavily on experience, knowledge, as well as iittnjtoften lacks transparency and traceability.



Proceedings of the International Symposium on the Analytic Hierarchy Process 2013

Given the need for a necessary and sufficientrtreat system within manufacturing plants, a varigty
architectures have been proposed. However, the @wurob studies on strategic investment in the
architecture within manufacturing companies is tgdidue to inherent plant-based risks, which resnlt

a lack of a “standard” framework for the optimizati of the system architecture. Manufacturing
companies surrounded by uncertainties, such agpented losses from disasters and envisaged economic
effects from investment in the treatment systemehherefore tried to develop “haute couture” syste
architecture by, for instance, consulting profesai@nalysts for safety.

This paper proposes to apply the cost-benefit-basatuation approach as the basis of directingva ne
built-to-order industrial wastewater treatment egst In the approach, subjective factors in a decisi
making process are quantified using the Analytierblichy Process (AHP). The approach combining
cost-benefit analysis and the AHP consists of aaece of transparent steps to provide clarity otignt
into the evaluation and selection process for gadeipervisors of companies. The approach requires
supervisors to determine the degree of importariceach criterion by using the AHP which enables
supervisors to express their preference for tredrirent system quantitatively, and to conduct cesiefit
analysis which enables supervisors to evaluatenpatetreatment systems systematically. This is
desirable since it is possible that supervisorshinigodify the weighting criteria due to insight gl
during the course of a selection process. Thetresaluating not only the treatment systems b tis
decision criteria, therefore, fully justifies thedl decision. An additional benefit of the justdtion is that
the rationale behind each decision is captureccandhen be used as the basis of an overall petiiin.

2. Literature review

There is a significant amount of literature in teclogy investment and selection (Sriram & Stum@40
Debo, et al., 2005; Khouja, 2005; Huang, et alQ&asikowski, et al., 2008; Wallenius, et al.08
However, only a few models have been developethiidesign of a wastewater treatment system in the
literature, since each manufacturing company t&aevin preference for the system. Bollinger ande®ict
(2008) proposed a multi-criteria decision analysfstreatment technologies for waste incineration
residues; however, their approach did not coveatiea of industrial wastewater treatment. Fredtaal.
(2000) applied an expert system to develop a cdoekmlesign of industrial wastewater treatment
process, but the process in the application wdack lbox; the selection process thus lacked traesgs.
Therefore, decision makers are unaware of whabfadtave been considered and what trade-offs have
been taken; it is difficult to convince decisionkees to trust the expert system’s solution. Sonpem
adopted optimization methods to solve the problémastewater treatment system design (Loucks,. et al
1967; Rossman, 1980; Ellis, et al., 1985; Rossrh@89; Evenson & Baetz, 1994), which assumed that al
information on the system design would be givenntjtegively for designers in solving the problem
(Noble & Tanchoco, 1995). In designing a compleduistrial wastewater treatment system, however,
intangible factors in the design process shoulthken into account. Data envelopment analysis (iéhou
2005), the AHP (Lai, et al., 2002), and the ANP @fet al., 2009) were applied to solve the problem,
while these applications only evaluated a poterdigtem solution in the approved list, and did not
include the specific design process of wastewateatient system. Stehna and Bergstrémb (2002)
proposed customer-oriented design process of ptedwbich could be applied to the design of
wastewater treatment system; the approach, howditenot explicitly take user’s subjective preferen
into design. Safety supervisors in manufacturinmpanies thus face huge challenges in designing the
treatment system and selecting the appropriatetdaty suppliers.

On the other hand, selecting and designing a sadti@ treatment system is vital because this iqmote-
off investment; the financial sustainability is @la very important factor. The lower the finanaiabts
are, the more attractive the technology is (Hle&étespanhol, 1997). However, even a low purchasing
cost option might not be financially sustainabletrade-off between purchasing cost and operaticost
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needs to be resolved in relation to the expecfedofi the plant (Jianga, et al., 2002). For examibla
wastewater treatment system has lower installatast, then the operating cost and system staffitity
will become a legal issue if the discharging wastiewcannot satisfies the regulated level) become m
vital when it would be used for long periods. Thiiss substantial for safety supervisors to coesigow

to minimize both the purchase cost for the systemponents and the operation cost (including the
external failure cost, such as warranty cost apdireost) of the treatment system.

3. Decision support process

This section describes decision support procestesifining a built-to-order wastewater treatmentesys

for a manufacturing company by means of a caseg/stde of the most difficult aspects in designihg t
treatment system is to determine how to directgiesifforts. Design direction is necessary at every
decision level, if system designers desire to staya path that will lead to consistent decision.
Traditionally, making decisions with large amourft iovestment were mainly made by the central
committee of the company; final decision used todiained based on the consensus within the
committee members. The decision process, howevightnbe inconsistent, since subjective factors
among the members’ preference for the treatmemésysvithin the committee could affect the outcome
of an investment proposal. In order to rectify tiakness of existing approach, the top managenient o
the company keened to adopt an approach which @adidt the central committee in making decisions
with high transparency.

The treatment system must purify wastewater beftiseharged into environment so as to satisfy the
allowable limits defined by a water pollution pretien law (Hlemer and Hespanhol, 1997). In order to
purify wastewater, the treatment system equipsrabgebsystems; Rotating Biological Contactor (RC),
Fluid Carrier Tank (FT), and Sedimentation Tank )(S@ach of which has different functions and
performances. By combining these subsystems, éagntent system satisfies the allowable limits; &shil
the profile of the combination is not unique. Diffat combinations have their strengths and weaksess
For example, a pure RC system is best at cleanasemwater, but with a higher odor risk, while agplaT
design is with lower initial and maintenance cobi®t has poor process stability. All possible
combinations of subsystems should be reviewed b¢far final decision would be made.

The regulation set by the legislation has a breagie of items concerning the wastewater treatnsent

as concentrations of Biological Oxygen Demand (B@DJ Chemical Oxygen Demand (COD). These
items define the specifications of the treatmersteays, each of which can be completely specified as
objective information. On the other hand, as a afd¢he treatment system, the manufacturing company
has its own preference for the system, which iredudubjective information, such as cost-minimum
priority or the sustainability-of-the-system prigri in medium-and-long-term perspective. This
information relates to each aforementioned spextific and is represented as intangible information.
Diagnosis procedure of user’s preference for a beit-to-order system is thus substantial in optinmg

the specification of the system for the manufaotydgompany.

Therefore, the decision support process needs atuate all potential alternatives in light of castd
benefit, which integrates objective data and subjeqreference for the specification of the treain
system. Thus, the process consists of two followirain processes: evaluating potential alternatines
light of cost and benefit based on the objectivéadan alternatives; collecting information on the
preference for the specification of the treatmegatesm.

3.1 Formulation of cost-benefit analysis

A developer of the wastewater treatment systemthasvn methodologies and techniques for purifying
wastewater; therefore, the requirement for thetrimreat system is determined based on the regulation,
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once the contamination level of inflow wastewatefixed. In this paper, the status of the wastemiate
supposed to be determined by both the volume an@dhcentration of BOD of inflow wastewater, and
the developer purifies it by the system consistiigthree subsystems: RC, FT, and ST. Since the
performance of each subsystem is clarified, thalegign can be satisfied by combining the subsystiEm
several ways. In addition, both the initial and ming costs for each subsystem are also given, the
specification, in other words, a set of critedagevaluating the system, can be defined as follois:
(Area of installationm?); “I” (Initial cost: Yen/installation); R’ (Running and maintenance costs:
Yenlyear); 'S’ (Leakage risk of SS: total amount of leaked S§/day); ‘B” (Leakage risk of BOD:
concentration of leaked BOD, mg/L);0" (Odor risk of HS: concentration of generated,Si
ppm*number of RC), where the durable years of thetesn is set as 20 years. Those criteria, and
subsequent indicators defined below were determiasdd on the discussion with safety supervisoes of
chemical products company and designers of a ®rpplia wastewater treatment system introduced in
Section 4.

In this paper, the following indicators represegtihe specification of the treatment system areleyep
in the cost-benefit analysis. Benefits are defibgdhe reciprocal values df, ;, S, ;, B, ;, andO,;, and
costs are defined by the actual values, pfindR, ;, where * (*=I: high, II: intermediate, Il: low) rad i
(i=0, ..., 8) respectively denote the BOD load per afe&C in the system, and the number of RC of the
treatment system, each of which is indexed usiag/élue when *=I and=0 as a benchmark (set as 1).

Two types of cost-benefit functions are formulatedthe analyses: one is “simple” cost-benefit timg
the other is “weighted” cost-benefit function. hetfunctions, each indicator is transformed intecore.
Therefore, the T-score of the criteriany (c=A, I, R, § B, O) is transformed by the following formula and
denoted as;;, whereu(c,;) ando(c,;) are respectively denote the average and the atamtviation of
Cui-

ci; :=50+10{c.; - u(c. )Y a(c.)- 1)

Based on (1), simple cost-benefit function is dedirby the following formula which calculates each
alternative’s simple performance but does not ceflser’s preference.

SCB,; :={1/AS;+1/S5+1/BS+1/05 ML I5+RS, ). 2)

On the other hand, weighted cost-benefit functrdéfined so as to reflect user's preference fer th
treatment system to the results. ketdenote user’s preference for the critertoihen, the T-score of the
criterionc, ; can be represented by the following and denotetf;as

Cry 3=50+10{c.; - p(c. )t wela(c.y). 3)(

Based on (3), the weighted cost-benefit functiam loa defined by the following formula which caldels
each alternative’s weighted performance reflectisgr's preference.

WCB,; :={1/AY;+1/8)+1/BY+1/05Y{ I +R; }. 4)

3.2 Collection of information on user’s preference

The user of the wastewater treatment system haswits preference for the treatment system on the
premise that the alternatives of the system satiséy regulation. The user, therefore, would make
decisions on which system architecture to ordenfeanong the potential alternatives. However, ther us
is sometimes caught in a dilemma, for example, figkibility of installation and low running costin

this paper, user’'s preference is supposed to begepted upoi, I, R, S B, andO, each of which
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determines the specification of the system. Userserence, however, is often expressed as sugecti
information, such as cost-minimum priority, or tbastainability-of-the-system priority in long-term
perspective. Collecting information on user's prefee, therefore, should be carried out so as to
transform such intangible information into quariita form.

In this paper, the AHP is adopted in quantifyingnss preference. The user is required to conduict pa
wise comparisons over all possible combinationsridéria in order to represent his/her preferemcete
specifications of the treatment system. In the @secthe user represents his/her preference byaromgp
each specification pair-wisely over all possiblembinations of specifications, such as “Which
specification of the treatment system do you thiknore important for the treatment system of your
plant, Flexibility or Initial cost?” The results dhis process quantify the user's preference fer th
treatment system.

4. Case study

This section introduces the procedure and the tre$the case study verifying the approach propased
this paper. A chemical company X (Co.X) is a majbemical products company in Japan, whose wide
array of products is highly esteemed and ranges fasic materials to fine chemicals. A wastewater
treatment system company Y (Co.Y) is a suppliea afastewater treatment system, whose technology in
RC is highly rated in the field. Co.Y develops wais types of the treatment system combining RC and
FT, meeting the demands from great many manufagfudompanies. Both companies’ name, X and Y,
cannot be disclosed due to confidentiality obligation the other hand, every data and information
employed in this case study is the real in the cmgs.

On the occasion of the renewal of the wastewagatrtmient system in Co.X, the management team of the
company has to make decision on the investmentrieva built-to-order industrial wastewater treatment
system. As noted in the previous section, therghaez major indicators for the wastewater treatm@n
total amount of leaked BODii) concentration of leaked SS, arid)(concentration of generated,$
Safety supervisors and designers in the companiasdXY need to design the treatment system toypurif
the wastewater to meet the required legislatioelleVhere are three core subsystems in the wastewat
treatment system: RC, FT, and ST, where ST is dedigo be configured at the final phase of the
treatment system, and the requirement for the ouinttion level of wastewater inflowing to ST isdik

for all potential alternatives in this case.

The decision process is complicated as it requselecting the most appropriate combination of
subsystems and deciding the architecture of ttagnrent system. Based on the approach proposedin th
paper, safety supervisors of Co.X and designe@ooY identify a set of criteria for the new buitt-brder
treatment system, which are listed as indicatosulvsection 3.1. The criteria assess the potdraimfits

of the new system, its alignment with the comparsgtategy, its impact on identified objectives, disd
failure risks. With this approach, a number of @l&tives of the treatment system are designed and
evaluated by the set of criteria. The alternativite high prioritization scores are finally apprave

Co.Y first proposes some alternatives of the waatemtreatment system each of which meets required
level of Co.X.; the details of the alternatives, the specifications of the potential treatmestens, are
given in the appendix. Co.X, then represents igdgpence for the wastewater treatment system; Thble
summarizes Co.X’s preference for the system quedtiby the AHP. As shown in the table, Co.X
emphasizes the degree of importance of initial, épstas the highest, and the safeness of BOD leakage,
1/B,;, as the second highest, and so on. These dedreagartance can be interpreted as the company’s
preference for the treatment system, which shoeldefiected in designing the new system.
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Table 1. Chemical company X's preference for teattnent system.

Specifications Flexibility Initial cost Running SS safeness BOD Odor
cost safeness safeness
Degree of 0.096 0.247 0.187 0.110 0.236 0.124
importance

The results of “simple” cost-benefit analyses bamedhe specifications of the alternatives are show
SCB,; and its ranking columns of Table 2 whose valuescafculated by (2). As shown in the table, the
cost-benefit scoreSCByy; 5, SCB;, andSCBy g are the top three. While, the results of “weightedst-
benefit analyses are shownWCB, ; and its ranking columns of Table 2 whose valuescaiculated by
(4). As shown in the table, the scores and itsirankf WCB, ; has slightly changed from thoseS#B., ;;
WCByy 5, WCB1, andWCBy 3 are the top three. The results of the weighted-loesefit analyses
reflecting user’s preference imply that safety suigers of Co.X judge the requirement for the new
treatment system to be almost the same as thatmple” cost-benefit analyses suggest.

Table 2. Results of cost-benefit analyses.

BOD load per

area of RC RC SCB,; Ranking WCB, ; Ranking
0 2.04436 2 2.00699 2
1 1.99842 12 2.00003 13
2 2.01569 8 2.00406 7
3 1.99734 13 2.00046 12
(Hilgh) 4 1.96948 21 1.99533 21
5 1.97342 20 1.99557 20
6 1.96748 22 1.99398 22
7 1.94938 23 1.99006 23
8 1.94194 24 1.98780 24
0 2.03476 4 2.00466 6
1 1.97742 19 1.99637 18
2 1.99115 14 1.99968 14
3 1.99851 11 2.00094 11
(Interr|r|1ediate) 4 1.98113 18 1.99741 17
5 1.98481 17 1.99748 16
6 1.99043 15 1.99770 15
7 1.98750 16 1.99617 19
8 2.03697 3 2.00495 5
0 2.03081 5 2.00352 8
1 2.01220 9 2.00277 9
i 2 2.00802 10 2.00260 10
(Low) 3 2.02428 7 2.00521 3
4 2.02874 6 2.00508 4
5 2.06515 1 2.01157 1

On the other hand, by using the “weighted” costdfitranalysis, we can conduct sensitivity analyses;
how user’'s preference would affect the result ef $kelection of the treatment system. The analysis ¢
also be applied to the diagnosis procedure foroousts of Co.Y. Table 3 shows the results of the
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analyses, which summarizes the rankings of the sdt@matives shown in Table 2 with different users
preference, such as Flexibility prioritized, Init@ost prioritized, and so on. In the analyseschanging
the values of pairwise comparisons so as to emphabie degree of the importance of a criterion,
abovementioned priorities are artificially genedat&or example, Flexibility prioritized preferente
generated as follows; the relative importance ekiility to all the other criteria, such as Init@st and
BOD safeness, are set to “9” in pairwise compasgsand in all other pairwise comparisons, the irsdat
importance between the remaining criteria are eetlt. As shown in the table, the rankings of
alternatives change drastically based on the upegference, which leads to the different choicehef
architecture of the treatment system.

Table 3. Results of sensitivity analyses.

BOD load per RC Flexibility Initial cost Running SS BOD Odor
area of RC cost safeness safeness safeness

0 1 2 13 17 8 1

1 9 12 20 22 10 4

2 7 9 9 13 5 5

[ 3 14 15 14 11 4 7
(High) 4 18 16 22 21 9 14
5 20 18 18 12 6 15

6 22 21 21 9 2 20

7 23 23 23 10 7 23

8 24 24 24 7 3 24

0 2 4 15 19 15 2
1 11 13 19 24 21 18

2 6 7 17 23 19 16
3 12 10 11 14 16 13
n 4 15 14 16 16 18 22
(Intermediate)

5 17 17 10 8 14 21

6 19 19 6 5 13 17

7 21 22 5 4 11 19

8 16 20 2 1 1 8

0 3 5 12 18 22 3

1 4 3 7 15 23 11

i 2 5 1 8 20 24 12
(Low) 3 8 6 4 6 20 10

4 13 11 3 3 17 9

5 10 8 1 2 12 6

Traditional approaches could not address the wasésvireatment system selection problem with taking
subjective factors into consideration. Questiorchsaas why the component and architecture of thiesys
was selected, nor what the benefit of the selealtiEtnative to the performance of wastewater treatm
was, were not easily answered. The approach compitst-benefit analysis and the AHP proposed in
this paper provides a framework for consideringithpact of each trade-off decision on the critesiag
develops a justification path for the managemeatef the company.

Co.X management is satisfied with the insight gaifrem the approach, based on which the trade-off
among various criteria can be quantified and thesi® can be made with high transparency. Morgover



Proceedings of the International Symposium on the Analytic Hierarchy Process 2013

the approach provides a flexible decision framewibik can take a new focus on the assessment into
consideration when different preference for thetexsater treatment design would be expressed. On the
other hand, Co.Y management is also satisfied thighdiagnosis procedure that can address different
users’ preference. By using this procedure, the pemy would be able to address various users’
preference and to optimize the architecture oftteatment system with its own technologies comhined
Based on the retrospective interview focusing endifferences between the actual choice of Co.Xitsnd
clarified preference following the analyses, bdil tjuantification of the user’s preference showhahle

1, and the results of the cost-benefit analysesnsanimed in Table 2, are persuasive, resulting & th
consensus of the “next” selection of system archire for the company. The results of the sensitivi
analyses shown in Table 3 are also significanCimry, which helps its promotion of the treatmergteyn

to potential customers.

5. Concluding remarks

This paper proposes a diagnosis procedure of uggeference for a new built-to-order industrial
wastewater treatment system and subsequently agdmthe specification of the system for a
manufacturing company, which integrates both objecind subjective information on the system. The
approach not only satisfies the required legistakiavel, but also reflects user’s preference todinsign of

the system, which makes decision path more traaapdhan before. The case study demonstrates the
applicability of the approach that supports safetypervisors in designing a built-to-order industria
wastewater treatment system. A cost-benefit armligsia systematic approach to evaluate the system
performance, while the application of the AHP issimple approach to transform the subjective
information into objective information. The propdsapproach, therefore, enables safety supervisors t
deal with this information on the same horizon. @gviding clarity to the analysis process, the siec
making results in transparent and traceable.

Further research is needed to explore design ingpnewmt and technology selection in more complex
industrial wastewater treatment systems. In additimw to define the indices of the specificatiohshe
system, such as the reciprocal values for the bieraéfFlexibility, is an open-ended question.
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Appendix. The specifications of the alternatives of wastemtatment systems proposed by the wastewatentesd system company Y.

B;E;%?dR%er Nurgt():er of VOIlIJ:?e of Flexibility Initial cost Running cost  SS safeness ssfgr?ess Odor safeness
0 791 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
1 791 0.64602 1.23484 1.03807 1.07986 1.04163 00®0
2 528 0.60036 1.16485 0.94713 1.18441 1.09188 005
3 528 0.47837 1.39969 0.97020 1.30117 1.14298 66716
(Hilgh) 4 396 0.42740 1.46128 1.06726 1.24628 1.11957 5042
5 396 0.36173 1.68568 1.00349 1.38000 1.17484 0040
6 317 0.32242 1.83641 1.02160 1.52935 1.23012 3638
7 264 0.28716 2.02919 1.05766 1.52711 1.22934 1437
8 264 0.25594 2.26403 1.07080 1.70340 1.28730 266
0 791 1.00000 1.00000 0.99589 1.00833 0.81613 000
1 791 0.64602 1.23484 1.02197 1.10762 0.84944 00Mm5
2 396 0.67104 0.99160 1.01229 1.08986 0.84374 50m2
3 317 0.54727 1.13189 0.94356 1.24546 0.89027 6601
. . 4 264 0.45287 1.32468 0.97038 1.29023 0.90237 26M1
(Intermediate)
5 226 0.38624 1.51746 0.92838 1.49514 0.95167 00Mm1
6 226 0.33181 1.74187 0.87386 1.72839 0.99800 83830
7 226 0.29082 1.97670 0.86601 1.98306 1.03967 70480
8 0 0.28119 1.87870 0.71344 2.42000 1.09573 0062
0 791 1.00000 1.00000 0.98354 1.03419 0.69364 000
1 528 0.80585 0.93002 0.92311 1.15110 0.72016 502
1] 2 264 0.73602 0.85500 0.93732 1.10652 0.71048 26M1
(Low) 3 226 0.57486 1.03735 0.82766 1.40040 0.76628 83830
4 226 0.46205 1.27219 0.78855 1.79746 0.81984 6090
5 0 0.43821 1.17419 0.67486 2.06838 0.84719 0mMm050

Every criterion is indexed by using values when &ntli=0 as a benchmark (shown in bold).



