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a b s t r a c t
The life span of the pressurized hollow fiber membrane (PHFM) modules was analyzed for a full scale 
water treatment plant in South Korea by developing a novel mathematical model of an asset man-
agement method. The model described shifting trend and pattern of transmembrane pressure (TMP) 
through discrete Fourier analysis. PHFM modules suffered from problems related to weakened mate-
rial properties and reduced life span because of frequent cleaning in place. Thus, the plant will need to 
replace deteriorated PHFMs with new ones at uncertain time slot in the future. The replacement time 
slot anticipated in this study as first, was March 2018 for technical efficiency and September 2015 for 
economic efficiency when the benefit coefficient, related to raw water quantity, was 0.100. However, 
this study indicated that the result of economic efficiency could be improved by March 2018 when 
its benefit coefficient was increased to be 0.127 for about 3 years. Therefore, this system will extend 
longevity without financial burdens through the minimum raise of its benefit coefficient. The plant 
could take time to prepare a replacement of PHFM and to find ways to lessen the burden of operation 
and maintenance in a few years. It also showed that the trend of TMP would steadily increase in a few 
years, which implies that various technical problems would frequently occur in the system.

Keywords:  Membrane; Water treatment; Transmembrane pressure (TMP); Asset management; Discrete 
Fourier frequency analysis; Benefit–cost analysis

1. Introduction

Asset management (AM) is operation and maintenance 
(O&M) method to maintain the value of assets in the long-
term, based on the triple-bottom-line thinking that integrates 
social, environment, and economic responsibilities [1,2]. AM 
focuses on a key role component of the utility, which is con-
sidered as a main asset [3]. AM is used foraging infrastruc-
tures such as bridges, roads, water distribution systems, and 
water treatment utilities [4]. The sum of O&M cost in aging 
infrastructures is not small when compared with their con-
struction cost in the long-term because the O&M cost tends 
to increase gradually when structures are aged [5,6]. Thus, 

the O&M cost increases the burden of financial circumstances 
in the long-term which requires reducing O&M cost in aging 
infrastructures using AM methods [7,8].

However, the research of using an AM method in water 
treatment utilities is marginal. This study applied the AM 
method to a water treatment utility in the Republic of Korea 
which is using pressurized hollow fiber membrane (PHFM) 
modules. The water treatment plant has been enterprising 
from July 2011 to present, showing that its PHFM modules 
are currently aging and its O&M costs are gradually increas-
ing in these days. The O&M cost of the membrane-puri-
fying plant is larger than conventional treatment plants 
[9–11]. The cost is also influenced by the aging degree of 
PHFM modules [12]. The aging of the modules implies the 
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increased frequency of the cleaning in place (CIP) [13,14] and 
the increased transmembrane pressure (TMP) [15,16]. Thus, 
the aging modules need to be replaced with new ones at the 
proper time to improve the O&M efficiency and to reduce 
O&M cost in a plant. There are existing methods to alert the 
replacement time of the PHFM modules. They are monitor-
ing the flow of the membrane filters [17], testing the air bub-
ble through the membrane modules [18–20], and measuring 
the change of TMP [21,22]. These technical skills are depen-
dent on the practical experience of administrators in water 
treatment utilities as well as limited possibilities the exact 
renewal time to be in a short-term scale. To overcome these 
limits of existing skills, administrators of plants needs to use 
an AM method which could anticipate the time of replace-
ment of the main asset in the plant in long-term scale [23] as 
well as to help enterprising efficiently the O&M of plants in 
the economic view [24], which makes an AM become more 
important in the management of aged utilities [8].

The objective of this paper is (1) to develop a mathemat-
ical model for AM analysis of the PHFM modules, (2) to ver-
ify the model using the full scale field data, (3) to estimate 
the replacing time slot of the PHFM modules, and (4) to find 
alternatives reducing the load of O&M part for sustainable 
management in the plant.

2. Model development

2.1. Developing mathematical TMP model to find the technical life 
span

The relation between the permeate flux penetrating pores 
of membranes (L/m2/h), Ψpore, and TMP is defined in Eq. (1) 
without the osmotic effect generated by the difference of sol-
ute density between feed water and purified water, according 
to Hagen–Poiseuille formula [25–27].
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Here, the mass-transfer coefficient (kw) includes fluidic 
characteristics such as viscosity (μs) and membrane charac-
teristics such as pore porosity (εm), pore diameter (Dp), mem-
brane’s thickness (δm) as shown in Fig. 1.

A sieve effect is dominant to screen particles for UF mem-
brane and MF membrane when the water flows through 
membrane’s pores in which the diameter influences on the 

magnitude of flux [28]. Particles in the fluid stack over the 
pores’ surface, which decrease the magnitude of flux [29,30]. 
As a result, the magnitude of TMP tends to increase in order 
to keep constant flux [31,32]. Thus, the dominant factor can 
be the particle’s density in feed water in the sieve effect as 
shown in Fig. 1(b).

When particles adhere to the surface on the pore wall of 
membrane, these particles could make the membrane dete-
riorated, which influences the decrease of CIP efficiency 
[33,34]. Although these accumulated particles can mostly be 
washed out by cleaning chemicals like NaOCl, H2SO4, and 
other stronger oxidants in CIP process, it is not completely 
recovered into the virgin state of membrane [35]. Since H2SO4 
or another stronger oxidants influence physical character-
istics, repeated CIP makes physical characteristics of mem-
brane gradually weaker [36,37]. This can become more critical 
in higher TMP circumstances [38–40]. Thus, the deterioration 
degree of membrane becomes worse by increasing the oper-
ating time (Δt) and the number of CIP, which is defined as the 
number of operation (N). These happenings can be formu-
lated as Eq. (2), which describes the TMP increase using the 
operating time (Δt) and the number of operation (N).
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where ∂TMP/∂t is the slope of TMP over the operating time 
(Δt), and ∂TMP/∂N is the slope of TMP over the number of 
operation (N). They are defined in Eqs. (3) and (4), respec-
tively, from Eqs. (1) and (2).
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As shown in Eq. (3), ∂TMP/∂t has membrane’s properties 
and depends on the pore diameter. When ∂TMP/∂t is con-
stant in an assumption that the pore diameter is not dras-
tically changed in each Nth, TMP shows the linear increase 
over the operational time with the slope for each Nth. And 
∂TMP/∂N also has membrane’s properties and dependence 
on both the pore diameter and flux as shown in Eq. (4). 

Fig. 1. Particles sticking to membrane surface and pores: (a) virgin state and (b) partly fouled state.
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Because ∂TMP/∂N is related to the membrane deterioration 
factor (αd), the frequency factor of particles’ density and flux, 
the slope α(N) on Nth can be shown in Eq. (5) using the linear 
combination method [41].

α αN
t N

t N
N Z Nd( ) = ( )

( ) = + ( )⋅
∆

∆

TMP
NTU&Flux

,
 (5)

Here, the membrane deterioration factor (αd) trend 
to increase with α(N) values on Nth. And, ZNTU&Flux (N) is 
the trend function of α(N) having the same frequencies of 
NTU(N) and Flux(N) on N domain. The particles’ density is 
indirectly measured by Nephelometric Turbidity Unit (NTU).

Based on the assumption of the linear increase of TMP 
in Nth stage, TMP could be modelled as Fig. 2. TMP will 
increase from TMPb to TMPh with the slope α(N) for the oper-
ational time (Δt) within each Nth stage, which can be formu-
lated as Eq. (6).

TMP TMPh bN N t N N( ) = ( ) + ( ) ⋅ ( )∆ α  (6)

The difference (ΔTMP) between TMPb and TMPh in Nth 
stage is also shown in Eq. (7). Where TMPb is the bottom value 
of Nth stage, and TMPh is the highest value of Nth stage.

∆TMP TMP TMPN N Nh b( ) = ( ) − ( )  (7)

When Δt(N) is defined as the operational time in Nth 
stage, the operational time in (N + 1)th stage, Δt(N + 1), is 
defined in Eq. (8) with Г(N) that is the ratio of the operational 
time from N to N + 1.

∆ ∆ Γt N t N N+( ) = ( ) ⋅ +( )1 1  (8)

Thus, TMPb in N + 1 stage is defined in Eq. (9) with R(N) 
of N stage, which describes the TMP decrease after Nth CIP. 
Where R(N) is the recovery ratio, which is generally over 
95% when TMP is recovered by washing particles adhered 
to the fouled membrane surface during CIP. However, R(N) 
could be influenced by the deteriorating degree of the active 
membrane [42], which was theoretically decreased through 
increasing the number of CIP [43].

TMP TMP TMPb hN N N R N+( ) = ( ) − ( ) ⋅ ( )1 ∆  (9)

The area of TMP on Nth is evaluated by using Eq. (10), 
which could be used to estimate the operational cost because 
TMP is generated by a pressurizing pump in the plant which 
consumes electricity.
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In order to determine the technical life span by evaluat-
ing the efficiency of active membrane based on the recovery 
ratio, the regeneration ratio, E(N), is evaluated as Eq. (11). 
E(N) is normally positive and possibly have values over one 
when many adhered particles on the membrane surface for 
long time are washed out during CIP.
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When E(N) is below 0.7, the efficiency of active mem-
brane can be finished at the NTth stage, which means that 
the membrane modules reach their life span and need to be 
replaced with new modules. Where 0.7 in E(N) is the practi-
cal criteria that administrators in a water treatment plant use 
in their O&M. Therefore, the life span of membrane modules 
(TLifeSpan) in day at NTth stage is calculated in Eq. (12).

T t N tTN

NT
LifeSpan INSday( ) = ( ) + =∑ ∆ ∆

1
 (12)

where ΔtINS is the inspection time including CIP time, which 
is approximately constant.

3. Materials and method

3.1. Information of full scale water treatment plant, and properties 
of PHFM

The full scale water treatment plant has been using the 
PHFM modules in its systems from July 2011 to present as 
shown in Fig. 3(a). The number of modules in one system 
is 42, having two trains in the system. The modules in the 
plant have not yet been renewed. The operating conditions 
in the plant have been ordinary in feed water qualities when 
comparing with other water treatment utilities in Gyeonggi 
and Seoul regions in South Korea. The operational data in 
the plant from July 2011 to September 2014 have been used 
in AM analysis, including TMP, O&M costs, and feed water’s 
quality data.

The properties of the PHFM used in the water treatment 
plant are made from polyvinylidene fluoride as shown in 
Table 1. Its pore size of membrane is 0.05 μm. Inner diameter 
of the fiber is 0.07 mm. Outer diameter of the fiber is 1.3 mm 
with asymmetrical structure as shown in Figs. 3(b) and (c). Its 
average operating capacity per module is 112 m3/d. Filtering 
velocity is 1.5 m/d. Each module is consisted of 8,900 mem-
brane fibers. The valid surface area of its membrane is 
75 m2/module.

3.2. Using discrete Fourier analysis to find Г(N), R(N), and α(N)

Enough O&M history data are critical in an AM analy-
sis in order to anticipate the life span and replacing spot of Fig. 2. The effect of repeated chemical cleanings on TMP.
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PHFM modules in the water treatment plant [44]. The O&M 
history data in the plant have resulted from the combined 
influences of the operating environment such as temperature 
and the fluctuation of feed water quality [45], as well as the 
operating know-how of administrators such as the operat-
ing pressure, the operating time, the flux, the frequency of 
CIP, the scale of CIP, and the others [46]. Thus, it could be 
assumed that the O&M history data in the plant might show 
periodic patterns in the long-term.

Individual inner functions such as Г(N), R(N), and α(N) 
could be found by the summation of periodic functions 
because its O&M circumstances have had periodic influ-
ences in the long-term, showing characteristic patterns in 
Г(N), R(N), and α(N). These circumstances in the long-term 
such as about 4 years will not massively change without 
higher fluctuations in the O&M conditions. These periodic 
patterns in the long period could be found by Fourier trans-
formation [47], transforming from time domain signals to 
frequency domain ones. Fourier transformation shows its 
spectrums, and then its dominant frequency values could be 
extracted because these values could represent longer period 
pattern [48]. Thus, its dominant patterns in Г(N), R(N), and 
α(N) in quasi-time domain (N) could be rebuilt by inverse 

transformation from frequency domain to N domain with 
less noises. In this study, the N domain means the number of 
CIP operation in a water treatment plant. Because given data 
types were the groups of discrete data that are not polyno-
mial mathematical functions, Fourier series formula in dis-
crete Fourier analysis (DFA) [49] was used in Eq. (13).
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where T is the period of sample data on N domain, which 
could be assumed to be a half of the total period, all ak are 
magnitude of cosine terms in Eq. (14), and all bk are ones of 
sine terms in Eq. (15), and all dk are ones of complex terms 
combined cosine terms with sine terms in Eq. (16), showing 
what frequencies could become dominant in periodic pat-
terns by comparing relatively individual ones on the fre-
quency (k).
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Furthermore, these periodic functions have individual 
phase differences as in Eq. (17), where Ms is the number of 
sampling used in the rebuilding process [50].

∆Φ
π

=
2
Ms

 (17)

In the rebuilding process, it is important to make ‘win-
dow function’ in DFA to reduce errors in frequencies hap-
pened by differences between starting and ending points [51], 

Fig. 3. The membrane system of the plant. (a) Schematic diagram of pressurized PHFM system of the water treatment plant. (b) Photo 
of cross-section of PHFM. (c) Photo of PHFMs surface.

Table 1
Properties of the PHFM modules

Membrane specification

Module type MF/UF (pressurized)
Material Polyvinylidene fluoride (PVDF)
Bore/full Diameter 0.7/1.3 mm (asymmetric) in diameter
Capacity 112 m3/d/module (average flow rate 

1.5 m/d)
Pore size 0.05 μm
Piece of module 8,900 piece/module
Valid surface Area 75 m2/module
Module size 216 mm × 2,300 mm
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which could make frequency’s magnitudes become clearer 
by removing many noise frequencies in spectrum analysis.

3.3. Using B/C analysis to find the economic life span

The concept of benefit–cost (B/C) analysis has been used 
to assess the economic efficiency of O&M, because the B/C 
analysis could show the best O&M strategies from several 
alternatives as well as the one’s economic feasibility for sus-
tainable O&M in an AM [52]. In order to carry out B/C analy-
sis for the plant, total O&M cost should include both its direct 
and indirect cost [53]. The direct cost is calculated by the 
summation of all O&M costs related with producing activ-
ities such as feed water cost, chemical cost for CIP, electrical 
cost for producing, and payroll cost for administrators. The 
indirect cost is evaluated by summing the lost cost influenced 
by temporary operational interruption and PHFM module 
cost spent for modules’ physical failure, which are ‘Values 
at Risk (VAR)’. VAR is evaluated by multiplying the failure 
probability of PHFM modules by its consequences [54–56]. 
The indirect cost on Nth stage is defined in Eq. (18), and then 
the total O&M cost on Nth, CTotalO&M(N), becomes Eq. (19).

C N C N C NIndirect Loss ReplacedModule( ) = ( ) + ( )  (18)

C N C N C NTotalO&M Direct Indirect( ) = ( ) + ( )  (19)

Benefit–cost should include only direct benefits because 
there is not enough quantitative information on indirect ben-
efits [57]. Thus, benefit–cost on Nth, BProduce(N), could be eval-
uated in Eq. (20).

B N J Q N t NProduce Water( ) = ( ) ⋅ ( )⋅ ∆  (20)

where JWater is the benefit coefficient (price/ton), Q(N) is the 
producing water quantity on Nth, and Δt(N) is the operat-
ing time on Nth. The benefit–cost analysis on Nth, B/C(N) is 
defined in Eq. (21), which is its economic efficiency on Nth in 
the O&M view [58].
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It not only shows the economic efficiency, but also indi-
cates the happening of financial loss when B/C(N) is less than 
one. If this situation is continued under B/C analysis, the 
plant will lose its economic feasibility [59], and be required 
to improve B/C value over one through the increase of bene-
fit–cost or the decrease of O&M cost [60]. Thus, B/C analysis 
could become the crucial factor determining plant’s life span 
and replacement time slot.

4. Results and discussion

4.1. TMP data and results of transformation from time domain to 
N domain

The raw data of TMP for about 1,500 d from July 2011 to 
September 2014 in the water treatment plant were edited into N 
domain day using the linear regression analysis [61,62]. Table 2 

shows the transformation results on N domain. Initially, the per-
formances of TMP appeared unstable when N was 1, because its 
TMP slope was a negative value such as –0.7556, which was not 
theoretically acceptable in consideration of membranes’ dete-
rioration. In addition, when N was 7 or 8, the system showed 
unstable with negative values in its TMP slope. Although some 
data groups, which did not follow the theoretical performance, 
had low values in r2 (r2, coefficient of determination related with 
the degree of linear correlation [63]), other groups had proper 
values in the consideration of the field circumstance.

The transformed results of TMP data on N domain were 
shown in Fig. 4 on day domain with its raw data. It appeared 
that the TMPs data trend could be approximately trans-
formed into linear line even though some intervals were not 
proper as linear line.

4.2. Rebuilding Г(N), R(N), and α(N) through the DFA

Some data in (N, Г(N)) such as (2, 4.7143), (7, 3.8529), 
and (13, 2.5500) seems not to be proper values in the data 
analysis for membrane’s operating time ratio because other 
Г(N) values ranged from 0.3 to 1.6. Except for these improper 
values, the average of the others was 0.8931 and its standard 
deviation was 0.4586, which showed that Г(N) ranged from 
0.4345 to 1.3516 with its confidence level, 68% [64]. It could be 
assumed that Г(N) was approximately positioned the interval 
between 0.5 and 1.5 with its confidence level, 70%. Based on 
the interval, given Г(N) data were edited into 0.5 or 1.5 when 
Г(N) was below 0.5 or over 1.5, respectively.

These edited pieces of Г(N) data were put into the DFA, 
which showed magnitudes of frequency as in Figs. 5(a) and 
(b). When its frequency ‘k’ in ‘ak’ was (4, 5, 8, and 11), and (4, 5, 
8, 9, and 12) in ‘bk’, its magnitudes of frequencies in Г(N) were 
much bigger than the other cases, which showed its valid 
trend. By these valid frequency values, Г(N) was rebuilt like 
in Fig. 6(c), which described its origin trend as well.

Rebuilt Гr(N)’s mathematical formula is shown in Eq. (22). 
Meanwhile, it was supposed that rebuilt Гr(0)was defined as 
1, theoretically in the operational view. Thus, Eq. (22) would 
become valid when N was more than 2.
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Some data in (N, R(N)) such as (1, 0.3887), (5, –0.6320), 
and (8, –2.7575) seems like it is not the proper values in the 
data analysis for membrane’s recovering ratio, because other 
most R(N) values ranged from 0.4 to 1.6 as well as R(N) was 
positive in the theoretical view. Except for these improper 
values, the average of the others was 1.0035 and its standard 
deviation was 0.3294, which showed that R(N) ranged from 
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0.6741 to 1.3329 with its confidence level, 68%. It could be 
assumed that R(N) was approximately positioned the inter-
val between 0.6 and 1.3 with its confidence level, 70%. Based 
on the interval, given R(N) data were edited into 0.6 or 1.3 
when R(N) was below 0.6 or over 1.3, respectively.

These edited pieces of R(N) data were put into the DFA, 
which showed magnitudes of frequency as in Figs. 6(a) and 
(b). When its frequency ‘k’ in ‘ak’ was 4, 6, 7, 9, and 10, and its 

frequency ‘k’ in ‘bk’ was 5, 6, 8, 9, and 10, its magnitudes of fre-
quencies in R(N) were much larger than the other cases, which 
showed its valid trend. By these valid frequency values, R(N) 
was rebuilt in Fig. 7(c), which described its origin trend as well.

Rebuilt Rr(N)’s mathematical formula is shown in Eq. 
(23). Meanwhile, it was supposed that rebuilt Rr(0) and Rr(1) 
were defined as one, because membranes theoretically were 
under virgin state in the membrane’s physical view. Thus, Eq. 
(23) would become valid when N was more than 2.

R N N

N

r ( ) = + ⋅ −










+ ⋅ −

0 9648 0 1582 4
13

2
13

0 1110 6
13

2

. . cos

. cos

π π

π π
113

0 1374 7
13

2
13

0 1256 9
13

2
13









 − ⋅ −











+ ⋅ −


. cos

. cos

π π

π π

N

N






 − ⋅ −











+ ⋅ −





0 1428 10
13

2
13

0 2066 5
13

2
13

. cos

. sin

π π

π π

N

N 


 + ⋅ −











− ⋅ −










0 0834 6
13

2
13

0 1562 8
13

2
13

. sin

. sin

π π

π π

N

N −− ⋅ −










+ ⋅ −










0 0850 9
13

2
13

0 2638 9
13

2
13

. sin

. sin

π π

π π

N

N

 (23)

Table 2
TMP, Г(N), R(N), and α(N) values

N Time (d) TMP (kPa) Δt (N) ΔTMP α(N) r2 Γ(N) R(N) E(N) Q(N)

1 0.0 42.00 28.0 –22.0 –0.7966 0.9019 1.0000 0.3887 1.00 3470
28.0 20.00

2 28.1 29.00 132.0 11.0 0.0680 0.1466 4.7143 1.4293 1.75 4,070
160.1 40.00

3 160.1 24.00 159.0 49.0 0.3151 0.5695 1.2045 0.9119 1.06 3,584
319.1 73.00

4 319.2 28.00 75.0 30.0 0.4032 0.9702 0.4717 0.8410 0.93 3,847
394.2 58.00

5 394.2 33.00 110.0 11.0 0.1003 0.1332 1.4667 –0.6320 –0.53 3,869
504.2 44.00

6 504.3 51.00 34.0 22.0 0.6370 0.3995 0.3091 1.5887 0.83 3,348
538.3 73.00

7 538.3 38.00 131.0 –2.00 –0.0140 0.0046 3.8529 2.3553 –0.94 3,593
669.3 36.00

8 669.4 40.00 186.0 –5.00 –0.0256 0.0477 1.4198 –2.7575 3.45 3,826
855.4 35.00

9 855.4 22.00 96.0 30.0 0.3155 0.8075 0.5613 0.8645 1.23 4,210
951.4 52.00

10 951.5 26.00 75.0 21.0 0.2779 0.4874 0.7813 0.9546 1.25 4,380
1,026.5 47.00

11 1,026.5 27.00 123.0 24.0 0.1963 0.8130 1.6400 0.4683 0.56 4,328
1,149.5 51.00

12 1,149.6 40.00 60.0 8.0 0.1488 0.0486 0.487805 2.0595 0.97 4,319
1,209.6 48.00

13 1,209.6 31.00 153.0 10.0 0.0659 0.1950 2.55 0.9700 0.97 3,962
1,362.6 41.00

14 1,362.7 31.30 109.7 11.8 0.1080 0.1574 0.7171 0.9107 0.89 3,908
1,472.4 43.15

Fig. 4. TMP variation over time during the water treatment.
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Fig. 5. Result DFA of Г(N) and rebuilt Гr(N): (a) ak, (b) bk, and (c) Г(N).

Fig. 6. Result DFA of R(N) and rebuilt Rr(N): (a) ak, (b) bk, and (c) R(N).
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The slope α(N) needed to consider the trend of NTU, 
which was the degree of micro-particles in feed water 
because NTU were related with TMP slope at the same 
time. Micro-particles in feed water theoretically influenced 
the increase of TMP slope. When NTU(N) was put into 
the DFA, its frequency ‘k’ was 1, 2, 3, and 4 in Fig. 7(a), in 
which the number of results was small when comparing 
with other results because recorded NTU data were not 
enough in the period. And, α(N) also needed to consider 
the flux trend because its flux was related with TMP slope 
in the same time as given in Eqs. (3), (4), and (5). When 
Flux(N) was put into the DFA, its valid frequencies were 
1, 2, 3, and 4 in Fig. 7(b), which showed the same results 
of NTU(N).

Some data in (N, α(N)), such as (1, –0.7966), (7, –0.014), 
and (8, –0.0256) seems not to be proper values from the 
data analysis of TMP slope, because other α(N) values were 
positive as well as α(N) was theoretically positive under 
conventional operating circumstances. Except for these 
improper values, the average of the others was 0.2354 and 
its standard deviation was 0.1701, which showed that α(N) 
ranged from 0.0654 to 0.4055 with its confidence level, 68%. 
It could be assumed that α(N) was approximately posi-
tioned the interval between 0.06 and 0.5 with its confidence 
level, 70%. Based on the interval, α(N)’s raw data were 
edited into 0.06 or 0.5 when α(N) was less than 0.6 or over 
1.3, respectively.

These edited pieces of α(N) data were put into the DFA, 
which showed magnitudes of frequency as in Fig. 8(a) and 
(b). Thus, α(N) was rebuilt in Fig. 8(c) by these frequencies 
that were 1, 2, 3, and 4 in both ‘ak’ and ‘bk’ relating the DFA 
results of both NTU(N) and Flux(N). Residual frequencies 
were used to formulate the different trend of α(N) to find 
the deteriorated term ‘αd’. The slope of its linear regression 
was 0.0032 and positive value, which was considered as ‘αd’ 
value, because α(N) would be increased slowly by mem-
brane’s deteriorations through micro-particles stacked on 
membranes’ pores depending on Nth.

Rebuilt αr(N)’s mathematical formula is as shown in 
Eq. (24). Meanwhile, rebuilt αr(0) was not zero but 0.1120, 
which could become membrane’s characteristics.
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4.3. Results of TMP simulation

This simulation results could be used to expect the values 
of TMP in the future as shown in Fig. 9 until N = 30. After 
3,000 d, the simulation shows highly fluctuating. Main rea-
sons came from the limit of the DFA as shown in Fig. 9(a). 
DFA has defects overflowing on its edge parts such as drastic 
fluctuations [65]. Hence, edge parts could not be used in the 
simulation results. Proper expected time will become about 
3,000 d (N = 26). At the time, the CIP efficiency index, E(N), 
becomes below 0.7 as shown in Fig. 9(b), in which the mem-
brane modules could be determined as being exchanged to 
new ones.

The points in the time, when E(N) was less than 0.7, were 
24, 25, 26, and 30 in N domain. It has drastic changes from 
26 to 30 in N, which was considered as the improper results 
including the DFA limit. The DFA analysis had overshoot-
ing occurrences in its edges, magnifying its uncertainty [66]. 
Therefore, these simulations result could estimate that its 
life span was 2,703 d, about 7.4 years (from N = 1 to N = 23) 
because E(N) will become less than 0.7 at N = 23. Its residual 
usage time would technically become about 3.4 year from 
1,472 d (N = 14).

4.4. Calculating its total O&M cost on N, and benefit–cost on N

JTMP(N) is evaluated by dividing the electrical cost and 
operating cost coefficient by the area of TMP on Nth stage, 
respectively. The area of TMP is related to the electric cost on 
Nth stage. Based on the electrical cost from N = 1 to N = 14 in 

Fig. 7. Result DFA of NTU(N) and Flux(N): (a) dk of NTU(N) and (b) dk of Flux(N).
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the plant, JTMP(N) is shown in Fig. 10. JTMP was defined as the 
average of JTMP(N) values from N = 1 to N = 14 after removing 
its negative values where N was 1, 7, and 8 because JTMP had 
to have positive values in the cost view as well as excepting 

for JTMP(14), 6.54, which unusually showed the biggest value 
comparing with proper ones. Thus, JTMP was evaluated as 
USD 1.5/AreaTMP, which could be used to calculate the oper-
ational cost on Nth stage in TMP simulation. And operating 
cost on Nth stage, COperation(N), could be estimated by using 
Eq. (25). Here, USD is the monetary unit of the United States 
of America, and KRW is the monetary unit of the Republic of 
Korea, and ‘1,000 KRW’ was assumed to be approximately 
equal to ‘1 USD’ in this study.

C N J N NOperation TMP TMP TMPArea Area( ) = ( ) ≈ ( )⋅ ⋅1 5.  (25)

Fig. 8. Result DFA of α(N) and rebuilt αr(N): (a) for ak, (b) for bk, and (c) for α(N).

Fig. 9. Results of TMP simulation: (a) for TMP(day), (b) for 
TMPb(N), TMPh(N), and E(N).
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Nth.
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Historical data of the direct O&M cost in 2014 are shown 
in Fig. 11. The sectional average cost per month in 2014 was 
individually calculated as follows: (a) feed water cost was 
estimated to be 2,883 USD/month, (b) chemical cost for CIP 
was estimated to be 261 USD/month, (c) operating electri-
cal cost was estimated to be 1,761 USD/month, and (d) total 
labour cost was estimated to be 3,217 USD/month. Thus, the 
direct O&M cost per month was estimated to be USD 8,122, 
which is about 4.6 times of electrical cost per month. The 
direct O&M cost on Nth was calculated in Eq. (26), depend-
ing on the area of TMP on Nth.

C N C N NDirectO&M Operation TMPArea( ) ≈ ⋅ ( ) ≈ ⋅ ( )4 6 6 9. .  (26)

This study supposed that the system’s non-operating 
probability and module’s failure probability as 2.34% per 
month for 100 months, equivalent to about 8.2 years by 
Poisson’s failure model [67–69]. And the module’s price is 
fixed to be USD 500. Thus, the indirect O&M cost depending 
on operating time on Nth, Δt(N), was calculated by Eq. (27). 
It shows that its indirect O&M cost would be marginal to its 
direct O&M cost on Nth stage.

C N t NIndirect ( ) ≈ ⋅ ( )23 2. ∆  (27)

Therefore, total O&M cost on Nth stage, CTotalO&M, is 
shown in Eq. (28), combining the direct and the indirect one.

C N N t NTotalO&M TMPArea( ) ≈ ⋅ ( ) + ⋅ ( )6 9 23 2. . ∆  (28)

Also, the benefit coefficient on Nth, JWater was roughly 
considered as 0.100 USD/ton because the plant had been 
operated with its direct benefit under its practical cost in 
produced water, which is approximately ranged from 0.080 
to 0.090 USD/ton for that period. Furthermore, its average 
of produced water quantity on a day from N = 1 to N = 13 
was 3,908.58 m3/d (≃ton/d), which was used as Q(N) value in 
the further simulating period. Thus, the benefit–cost on Nth 
stage, BProduce(N), was simply evaluated in Eq. (29) without 
including the indirect benefit–cost.

B N t NProduce ( ) ≈ ⋅ ( )390 9. ∆  (29)

4.5. Results of B/C analysis and discussion

Benefit per cost ratio (B/C) showed the economical use-
fulness in the aspect of O&M for the plant. When B/C was less 
than one, it means that the plant was not profitable during its 
operation. Thus, the plant needs to reduce its O&M costs, or 
increase its benefit coefficient to make better benefit. The net 
profit (S) was defined by balancing its benefit–cost and O&M 
cost, which showed if the amount of its renewal costs could 
be made, or not.

In the plant, the results of both B/C(N) and E(N) on Nth 

stage are shown in Fig. 12. And the results of both B/C(N) 
and S(N) are also shown in Fig. 13. B/C(N) was dropped as 
much as N had increased, which meant losing its economic 
efficiency within N = 17. Furthermore, when N had increased 
from 17 to 23, S(N) had drastically enlarged negative values, 

showing that its economic feasibility was lost (Fig. 13(a)). 
Thus, its economic life span could become N = 17 when it 
was within about 1 year from N = 14, which was much ear-
lier than its technical life spot (N = 23). Its technical life span 
showed that the plant could be used without severe operat-
ing problems by N = 23. Thus, the plant reasonably needs to 
extend its economic life spot by its technical life span through 
increasing its benefit coefficient (JWater), or decreasing O&M 
cost after N = 14.

In order to extend its economic life span by its technical 
one, the scenario increasing its benefit coefficient was strate-
gically preferable for O&M. The increasing amount of JWater 
could become at least 0.027 USD/ton based on the outcome 
of the simulation, resulting in which the plant would be pos-
sible to extend its economic life span from N = 14 to N = 23 
(having more than 3.37 years), as well as making its replacing 
cost of PHFM modules by the sum of S(N) from N = 14 to 
N = 23,which is shown in Fig. 13(b). It meant that the plant 
could more strategically prepare its O&M plan by using the 
method in the future, which is expected to increase its O&M 
efficiency in the long-term for 3 years.

5. Conclusion

The life span of PHFM modules and O&M efficiency 
could be evaluated by an AM method such as TMP sim-
ulation and B/C analysis. Simulation results showed that 
replacements of membrane modules were anticipated to be 
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Fig. 11. Recorded data of operation and direct maintenance costs 
in 2014.

Fig. 12. Simulation results of B/C(N) and E(N).
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March 2018 for technical efficiency, or September 2015 for 
economic efficiency if JWater was constantly 0.100. However, 
the economic life span could be improved by March 2018 
when JWater was raised to 0.127 from N = 14 to N = 23. And 
then, facility will secure the longevity without financial bur-
dens through the minimum raise, 0.027 USD/ton in the water 
price. TMP trend would steadily increase in a few years, 
inducing diverse potential technical problems frequently in 
the system as well as loading on its financial. Thus, the plant 
will need to prepare the replacement plan of PHFM modules 
and improve the O&M efficiency in near future. From this 
study, the analyzed model based on an AM concept could 
draw the life span of membrane modules and help making 
better O&M plans for a water treatment plant.
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