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ABSTRACT

Operation and management of wastewater treatment facilities are critical for facility owners because
of limited budget and aging equipments. The assets in a facility are huge in number and amount
and complicated, which make owners to adopt an asset management system to their facility. In this
research, we compared proactive management cost (PMC) and follow-up management cost (FMC)
using life cycle cost (LCC) and risk management, which were major part of asset management for
the wastewater treatment plant located in South Korea. For this, we developed a method to forecast
future maintenance cost of a dewatering facility in a wastewater treatment plant. We also developed
a method to obtain average occurrence probability and average occurrence cost using data grouping
method with equal width of the valid data of USD 273.0. And then, we predicted cumulated mainte-
nance cost (CMC) and cumulative distribution function (CDF). LCC results of dewatering facility were
obtained from maintenance cost data and Bernoulli trials. It was expected that the maintenance cost
reaches $234,778 after 385 months from its installation. We calculated value at risk (VaR) using average
occurrence probability and repair cost. We calculated PMC and FMC using VaR and LCC. Proactive
maintenance was beneficial to facility owners because the maximum difference at 285 months between
PMC and FMC was USD 37,530.

Keywords: Wastewater treatment plant; Dewatering facility; Asset management; Life cycle cost;

Risk management; Value at risk; Proactive management

1. Introduction

Operation and management of water treatment facilities
are critical for facility owners because of limited budget and
aging equipments. Deciding optimal time slot for equipment
repair or replacement for a water treatment facility is trouble
of facility owners. In addition, to replace with new equipment
lays economic burden to facility owners, which makes us
manage aged equipment more efficiently to extend their life
in a facility [1]. The assets in a water treatment facility consist
of land, building, machine, electrical equipment, and instru-
ments, including every consumable in the facility [2]. The
operational cost of maintaining these assets is proportional to
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the size of the assets in a facility [3]. The assets in a facility are
huge in number and amount and complicated, which makes
owners to adopt a scientific and systematic method to handle
them. An asset management was evolved to cope with these
necessities [4].

Asset management of a facility differs from an inventory
management, which has been traditionally used. Inventory
management focus on keeping records on the amount of
assets left in a facility [4]. It is hard for a facility owner to
predict future needs and do proactive repair or maintenance
because inventory management system is follow-up manage-
ment. In the contrary, the asset management has started to
do proactive management of a facility. Proactive maintenance
is beneficial to both a facility owner and water consumers
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because this method can save maintenance cost and suf-
ferings from service interruption. The asset management
method was first developed in the field of business adminis-
tration and later adopted in the management of social infra-
structure including road, facility, and building.

Every equipment and part in water treatment facility has
its useful life [5]. The useful life could be extended by effi-
cient maintenance, including repeated repairing equipments
or replacing parts. When life span of equipment is over or in
critical state, facility owners need to decide whether to replace
or repair their aged equipment. Facility owners need to choose
best options among spending money for repairing aged equip-
ment and replacing it. This is why life cycle cost (LCC) analysis
is important to facility owners. LCC is a price spent through all
its life, which is the cost spent from its purchase to disposal [6].
The whole cost is recorded and called historical data [7]. The
historical data are used to support the owner to make critical
decision on asset management [8]. Generally, LCC is defined to
be long-term cost occurred for infrastructure planning, design,
construction, and operation [9]. The importance of LCC analy-
sis has increased as proactive maintenance becomes more sig-
nificant than reactive maintenance [9]. Reactive maintenance is
a follow-up maintenance to repair equipment or replace parts
after it is broken. On the contrary, proactive maintenance is
managing equipment based on systematic schedule before out
of order. It is similar to replace automotive engine oil before
an engine is broken. Proactive maintenance of engine oil is an
efficient method because it can prevent unexpected breakage
and thus save follow-up cost and extend the life span of a car.

For proactive asset management, it is required to predict
the optimal time slot to replace parts or repair equipment
from analysis of historical data of maintenance. Therefore, it
is necessary to provide a rational method for facility own-
ers to decide proactive action time. Proactive maintenance is
also critical for uninterrupted water supply service system.
In addition, proactive maintenance is more economical than
follow-up method. The objectives of this research are to fore-
cast future maintenance cost of a wastewater treatment plant
and then compare the costs for proactive and reactive main-
tenance after deciding optimal maintenance time slot.

Y. Nam et al. / Desalination and Water Treatment 96 (2017) 211-218

2. Model development
2.1. The wastewater treatment plant

The wastewater treatment plant is located in South Korea
and has capacity of 80,000 m?*/d. Average daily flow rate is
61,000 m?/d. The process consists of primary sedimentation,
aerobic treatment, and secondary sedimentation. The sludge
is treated by anaerobic digestion, followed by mechanical
decanter for concentration and dewatering. The dewatered
sludge is disposed at a landfill. Fig. 1 shows the schematic
diagram of the wastewater treatment plant.

2.2. Collecting maintenance history data

All the maintenance history of dewatering facility
occurred during operation has been recorded on the log book
or an asset management system [10]. For this research, the
LCC analysis was carried out for dewatering facility since
it has abundance for accumulated maintenance data [11].
The maintenance history is summarized at Table 1. The data
were collected during 40 months from September 2011 to
December 2014.

2.3. Predicting historical data using a Bernoulli sequence

The recurrence time in a Bernoulli sequence is controlled
by the geometric distribution. The mean recurrence time is
return period and defined in Eq. (1):

T=

E(T)=37 tpqg ™ =p(1+2q+3¢° + ) 1)

where T, average return period; T, the actual time; E(T),
event in time; t, time; p, occurrence probability; g, no occur-
rence probability.

Since g = (1 — p) < 1.0, the infinite series within Eq. (1)
yields 1(1 - g)* = 1/p* < 1.0. In addition, the mean recurrence
time between two successive events is equal to the reciprocal
of the probability of the event within one time interval. The
actual time is T, which is a random variable [12].
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Fig. 1. Schematic diagram of water and sludge treatment in the plant.
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E/?:ilr?tlnance history data of the equipment (1 USD: 1,100 KRW)

Time (month/year) Historical data Cost (USD)
09/2011 Sewage sludge cake roller box repair $636
09/2011 Sewage sludge cake roller box repair $455
09/2011 Dewatering facility cake conveyor scraper replacement $45
11/2011 Sludge supply pump universal joint replacement $318
12/2011 Dewatering facility cake conveyor reducer repair $818
12/2011 Sewage sludge cake roller box repair $164
12/2011 Dewatering facility cake conveyor roller replacement $1,118
01/2012 Cake roller box repair $327
01/2012 Dewatering facility cake conveyor chain replacement $824
02/2012 Sludge supply pump packing replacement $55
02/2012 Quantitative feeder cylinder and funnel purchase $123
01/2014 Sludge supply pump rotor and stator replacement $818
01/2014 Two cake roller box roller replacement $327
01/2014 Cake roller box ring welding and repair $27
03/2014 Cake roller box handle and ring repair $100
03/2014 Sewage sludge cake roller box repair $45
08/2014 Dewatering facility cake conveyor reducer repair $1,273
08/2014 Dewatering facility cake conveyor roller replacement $1,118
09/2014 Dewatering facility cake conveyor replacement $110
11/2014 Sewage sludge cake roller box repair $600
12/2014 Sewage sludge cake roller box pipe repair $136

The probability of no event occurring within its return
period T is defined as Eq. (2):

P(no occurrence in T) =(1-p)" )

where p=1/T,
We could expand the above with the binomial theorem
as Eq. (3):

T(T-1) . T(T-1)(T-2)

P s
(I-p) =1-Tp+ o 30

PG

Furthermore, for large T or small p, the series on the right
side is approximately equal to e [12]. Therefore, for large T,
we can express like Egs. (4) and (5):

P(no occurrence in 'f) e =e'=0.3679 4)
P(occurrence in T) =1-0.3679 =0.6321 (5)

For Bernoulli trial, average occurrence probability (P) is
renewed by cumulative distribution function (CDF) of 0.6321,
which is the time slot for repair. After this, CDF returns to
zero. The maintenance is mathematically simulated using the

CDF values. Table 2 shows the occurrence probability, CDF,
and its formula.

2.4. Risk calculation from maximum value at risk

Accidents in the future tend to have unpredictability
and uncertainty [13]. Risk was defined to be future uncer-
tainty which could be quantified. If uncertainty could not be
quantified, it was called ambiguity [13]. For management, we
need to understand risk to make more profit through risk or
to keep away from loss by avoiding risk [14]. To reduce the
operational cost, we need to calculate future quantitative risk
by diagnosis of the equipment [10]. We used the concept of
value at risk (VaR) that has been used by an insurance com-
pany or an investment bank. The VaR is also conceptually
illustrated in Fig. 2. They need to calculate this value to pre-
pare sudden bankrupt of a company which they invested
[13]. VaR is mathematically defined as sum of mean risk and
multiplied error as Eq. (6):

VaR =p+ko (6)

where p, mean risk; k, multiplier; o, error.

A multiplier of standard deviation varies according
to the target confidence level. If we set confidence level to
be 1%, 5%, and 10%, the multiplier is 2.33, 1.65, and 1.29,
respectively [13].
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Table 2
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Representative example of Bernoulli trials for section 2 of Fig. 6

Operating time Occurrence Cumulative Occurrence cost p=1/T q=~1-p) Occurrence
(month) probability distribution function (USD) cost (USD)
0.1750 0.8250 $322
Occurrence probability formula
n=1 0.1750 0.1750 - P(N=1)=p-q"=p=0.1750
n=2 0.1444 0.3194 - P(N =2)=p-q"'=0.1750-0.8250
n=3 0.1191 0.4385 - P(N = 3) = p-¢* = 0.1750-0.8250?
n=4 0.0983 0.5367 - P(N = 4) =p-¢°=0.1750-0.8250°
n=5 0.0811 0.6178 - P(N =5) = p-q* = 0.1750-0.8250*
n=6 0.0669 0.1750 $322 P(N = 6) = p-q° = 0.1750-0.8250°
n="7 0.0552 0.3194 - P(N =7)=p-q°=0.1750-0.8250°
n=_8 0.0455 0.4385 - P(N =8) =p-¢q” =0.1750-0.8250"
n=9 0.0376 0.5367 - P(N =9) =p-q* = 0.1750-0.8250°
n=10 0.0310 0.6178 - P(N =10) = p-q° = 0.1750-0.8250°
n=11 0.0256 0.1750 $322 P(N =11) = p-q"°=0.1750-0.8250"
150
Conf. 90% :k=1.29
Conf. 95% :k=1.65 — R
Conf. 99% :k=2.33 Probability o °
' 140 - ° o0
—_— L]
VaR £
< e b
E1304 2 i, ’
Expected Shortfall ° %o °
E o °
E ; (X ] L] °
2 120 1+ .
3 o *
GAIN o *
LURR TR
No. o °
- o oo
Fig. 2. Schematic diagram of the concept of VaR. 100 +— T T T T T T
0.0  1.0x10% 2.0x10°® 3.0x10° 4.0x10° 5.0x10° 6.0x10° 7.0x10°
Maintenance Cost [USD]

3. Results and discussion
3.1. Processing historical repair data

Fig. 3 shows major or minor maintenance cost over
operation time until 145 months after the beginning of the
operation of the plant. Since these data are randomly distrib-
uted, it is hard to find useful data from this. First, we tried
to classify the random data according to the major parts to
which the data belong as shown Table 3. If the major part was
similar, the cost was also comparable from Table 3. We could
find the trend from this table using repair cost and decided
to use it as critical parameter to classify maintenance data.
We can visually find that the data could be separated at the
point with $1,400 in the x axis as shown in Fig. 4. We mag-
nified the shaded part of Fig. 4 in Fig. 5 and then divided
the data within $1,400 into five sections, which is one of the

Fig. 3. Maintenance cost (x) vs. operation time (y) of the facility.

discrete methods among many data mining technique. The
repair and replacement cost were representative class infor-
mation for this research [10]. For the simplicity and general-
ity of the model, we used equal width method. Since equal
width method is arbitrary according to section width which
enormously affect on the final results [10], we compared four
scenarios according to equal width using standard deviation
and valid data number of the Gaussian distribution as shown
in Table 4. When equal width was USD 364.0, it was improper
since we have four sections with the valid data of 34 as shown
in Table 4. In the contrary, when equal width was USD 136.0,
it was improper since we have 10 sections with the too much
valid data of 34 as shown in Table 4. Note that this was very



Y. Nam et al. / Desalination and Water Treatment 96 (2017) 211-218 215
Table 3
Classification of maintenance data by major parts
Time (month/year) Detailed repair data Cost (USD) Major parts
12/2011 Dewatering facility cake conveyor reducer repair $818 Conveyor
12/2013 Dewatering facility cake conveyor reducer repair $818 Conveyor
09/2011 Sewage sludge cake roller box repair $636 Roller box
11/2014 Sewage sludge cake roller box repair $600 Roller box
09/2011 Sewage sludge cake roller box repair $455 Roller box
04 /2013 Sewage sludge cake roller box repair $455 Roller box
06/2013 Sewage sludge cake roller box cover repair $136 Roller box
03/2014 Cake roller box handle and ring repair $100 Roller box
12/2011 Dewatering facility cake conveyor roller replacement $1,118 Roller
11/2013 Dewatering facility cake conveyor roller replacement $1,118 Roller
08/2014 Dewatering facility cake conveyor roller replacement $1,118 Roller
01/2014 Cake box roller repair $327 Box roller
01/2012 Cake box roller repair $327 Box roller
08/2013 Polymer feed pump V-BELT replacement $45 Polymer feed
11/2013 Polymer feed pump V-BELT replacement $45 Polymer feed
02/2012 Polymer feed pump inverter fan replacement $18 Polymer feed
01/2014 inverter adjustable resistance replacement $24 Polymer feed
06/2013 Polymer feed pump inverter repair $23 Polymer feed
07/2012 Sludge supply pump universal joint replacement $636 Sludge feed
04/2013 Sludge supply pump universal joint replacement $636 Sludge feed
01/2014 Sludge supply pump V-BELT replacement $41 Sludge feed
03/2013 Sludge supply pump V-BELT replacement $45 Sludge feed
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Fig. 4. Historical data distribution pattern and their analysis.

complicated situation for data analysis. When comparing
equal width of USD 182.0 and USD 273.0, the valid data were
29 and 28, respectively. Therefore, we chose the valid data of
USD 273.0. Finally, we obtained average occurrence period
(T) and average repair cost (C) using historical data divided
into eight section by discrete method as shown in Fig. 5.
Gaussian distribution with (+2c) was used to reduce data
interruption. The results are summarized in Table 5.

Maintenance Cost [USD]

Fig. 5. Historical data distribution with maintenance cost less
than 1,400 USD with equal width of 273 USD.

3.2. The prediction of CMC and CDF for each section

Fig. 6 is a graph for cumulated maintenance cost (CMC)
and CDF prediction obtained from repair and replacement
cost in section 2 of Fig. 5. CDEF, displayed in dotted line in
the figure, is obtained with monthly accumulated probability
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of failure and renewed if it reaches the limit of 0.6321. If the
CDF reaches the limit, an action of repair will mathematically
happen. The cost spent for this repair is called CMC. Section 6,
which is equivalent to maintenance cost from $2,455 to $2,728,
shows a return period of 124 months. Therefore, the main-
tenance will happen within 385 months as shown in Fig. 7.
Section 8, which is equivalent to maintenance cost over $6,545,
shows a return period of 132 months. Therefore, the mainte-
nance will happen within 290 months as shown in Fig. 8.

3.3. Obtaining LCC of dewatering facility

Fig. 9 is LCC results of dewatering facility obtained from
maintenance cost data and Bernoulli trials. It was expected that
the maintenance cost reaches $234,778 after 385 months from
its installation. The LCC exceeded the $180,000 which is initial
installation cost of dewatering facility. Since the maintenance
cost was bigger than installation cost, the facility owner would
consider replacing aged equipment at some point of opera-
tion. The LCC analysis could be used for decision making.

3.4. Obtaining VaR
We calculated average occurrence probability and repair
cost in Table 5, which is plotted as Fig. 10. We also added VaR

Table 4
Standard deviation of equal width division

Equal width (unit: USD)

136.0 182.0 273.0 364.0
Standard deviation (o)
Section 1 365,100 482,409 669,636 1,026,527
Section 2 436,791 464,909 499,082 824,327
Section 3 72,727 - 157,464 3,051,373
Section 4 - 157,464 917,591 713,245
Section 5 157,464 194,964 713,245 -
Section 6 194,964 472,382 - -
Section 7 - - - -
Section 8 - - -
Section 9 - -
Section 10 - -
Number of 34 29 28 18
valid data
within £2¢
Number of 10 10 8 7
sections
Table 5

The statistical result of Gaussian distribution analysis
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Fig. 6. CMC result for section 2 with return period of 5.71 months.

3000.0 1.0
cme $ 2,545
..... CDF

2500.0 - , ; ; D os
2000.0 =
—_ ey | c
= O It 06 §
4 oot ot ®
2 1500.0 - et : 5
g o4 O
.o. M [T
© 1000.0 - )

. 0.2

500.0 -+
f F 0.0
0.0

175 210 245 280 315 350 385
Operation Time [month]

Fig.7. CMCresult for section 6 with return period of 124.0 months.

7.0x10° 1.0
— CMC

6.0x10% [ ***** CDF $ 6,545 o8
5.0x10° _
=
= + 06 S
. ©
@ 4oy i
2' . . .".. 2
g 3.0x10° | et 04 9
.* o* [T
[$] ...' a
2.0x103 - . L o2 ©

1.0x108 { .*° B
. F 0.0
0.0

175 210 245 280 315 350 385
Operation Time [month]

Fig.8. CMCresult for section 8 with return period of 132.0 months.

Section1 Section2 Section3 Section4 Section5 Section6 Section?7 Section 8

Average occurrence period (T) (month) 111 571
Average occurrence probability (P) 0.9000 0.1750
Average repair cost (C) (USD) $93 $325

10.00 5.00 6.67 124.00 123.00 132.00
0.1000 0.2000 0.1500 0.0081 0.0081 0.0076
$636 $831 $1,227 $2,545 $3,455 $6,545
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results in the figure. The x axis is the average cost (C) and y
axis is the average probability (1/T). The value of k in Eq. (6) is
1.29, assuming that the confidence level is 90%. The maximum
VaR of the dewatering facility was calculated to be $4,590. The
possibility to exceed this cost was within 10% [13]. Note that
the method used in this study to calculate VaR assumes that
cost probability is normal Gaussian distribution and that the
incident of future will be repeat in the same pattern like past.

3.5. Maintenance cost comparison for reactive and proactive
management

Proactive management is a maintenance method to repair
or replace parts by scheduled plan before they are broken.
Regular maintenance plan and action are required for proac-
tive management. Proactive management cost (PMC) is the
cost occurred by proactive management [15]. On the contrary
if equipment is repaired after they are broken, it is defined as
follow-up management. The cost for follow-up management
is defined as follow-up management cost (FMC) [15]. Fig. 11
shows PMC results, which is sum of individual CMC from
eight sections. The total cost of PMC was estimated to be USD
163,250 from the beginning of operation to 385 months.

FMC was calculated to be USD 4,590 at section 3.4 using
VaR. For follow-up maintenance, we need to consider addi-
tional cost from fatigue of equipment. Repair after broken
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Fig. 9. Estimated life cycle cost the facilities over total operation
time.
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down makes it difficult to recover completely at initial state
since it affects the durability of equipment, which will
decrease its life span. This is defined as deterioration cost
[14]. Fig. 12 shows FMC results, which is sum of individual
CMC from eight sections. The total cost of FMC was esti-
mated to be USD 200,930 from the beginning of operation to
385 months.
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Fig. 11. Cumulative CMC for the sections 1-8 (146-385 months)
in the proactive point of view.
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320x10° 0.65
DoE=100%
______________ DoE=97.1%
_______________ DOE=94.0% 0.60
_ | e Tttteeenlll. DOE=92.5% [
B 2000108 1 [ pyoqay | e SRR ” DOE=00.9%
=) FMC(B) IRLLTT I —_
o GAP(B-A) k]
2 oot $200,930 1 055 §
o 2
o3 3 | o
3 160x10 3
z o050 W
o3 [=]
g
80x10°
o
+0.45

0.40

175

210 245 280 315

Operation Time [month]

350 385

Fig. 13. PMC, FMC, and DoE over operation time.



218

Fig. 13 is a comparison graph for PMC and FMC results.
The decrease of durability (DoE) of equipment by FMC is
also shown in the graph. The decrease rate was assumed to
be 0.0443% a month, which is equivalent to 0.5316% a year
[16]. The solid part in the lower part of the figure is the
gap between PMC and FMC. The maximum difference at
285 months between PMC and FMC was USD 37,530. FMC
was higher than PMC in the figure.

Hence, proactive maintenance is beneficial to facility
owners over reactive maintenance in this respect. It was also
shown that the gap was highest between 245 and 280 months.

4. Conclusions

We developed a method to forecast future maintenance
cost of a dewatering facility in a wastewater treatment plant.
We also developed a method to obtain average occurrence
probability and average occurrence cost using the data group-
ing method with equal width of the valid data of USD 273.0.
And then, we predicted CMC and CDEF. CDF is obtained with
monthly accumulated probability of failure and renewed if it
reaches the limit of 0.6321. LCC results of dewatering facility
were obtained from maintenance cost data and Bernoulli tri-
als. It was expected that the maintenance cost reaches $234,778
after 385 months from its installation. We calculated VaR using
average occurrence probability and repair cost. The maximum
VaR of the dewatering facility was calculated to be $4,590. We
calculated PMC and FMC using VaR and LCC. The maximum
difference at 285 months between PMC and FMC was USD
37,530. FMC was higher than PMC in the figure. Hence, proac-
tive maintenance was beneficial to facility owners.
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