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Abstract

A chemical cleaning sequence model is developetl dha be used to predict the
fouling status of a membrane over multiple chemataining cycles. The model is

used to optimize the operating costs - based omicla¢és usage, energy requirement
and investment costs - over a fixed time horizoe Pptoduction of a specified volume

of permeate should be guaranteed, while the nuwibeycles, the net production, the

production time and the subsequent cleaning timeamputed. The fouling status of
the membrane is bounded. Optimization of the cleamiariables does not strongly

influence operational costs; however, optimizatidrthe chemical cleaning cycle is

useful as a means to control fouling.
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1. Introduction

Ultra filtration (UF) is increasingly used as afsge water purification technique. UF
membranes have a high selectivity, are easy toescgl and have become
economically attractive during the last fifteen ggeaHowever, during filtration, the
membranes are subject to fouling and frequent oigan required. In the short term,
membrane fouling is removed from the membrane bgnsef backwashes, in the
long-term the membrane is treated with cleaningrabals.

Currently operating settings for UF membranes asetl on rules of thumb and pilot
plant studies. The settings are generally consgevand it is expected that operating
costs can be reduced by means of process optionizafirocess optimization of

membranes is not done extensively. Dynamic optitiinaof membranes to minimize

filtration costs and to control membrane foulingswiast reported in the 1990's by
van Boxtel et al. [1,2]. Also some efforts were agpd on the automation and
advanced control of membrane units [3-5].
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A membrane filtration process shows cyclic behavigwitching between filtration,
backwashing and chemical cleaning). The processstgkace over different time
horizons and optimization should subsequently bdopeed at different levels.
These issues have not been addressed extensivehe iliterature on membrane
operation. On optimization of a membrane unit aveitiple production cycles a few
publications appeared [6, 7], however, for othgsligations in the field of chemical
engineering, the mentioned issues have been stutdied extensively. Optimization
of cyclic processes has been reported for tubwactors [8, 9] and for example,
steam generators [10]. Mixed integer maintenanbedwding problems are often used
to deal with cyclic behaviour of processes [11-Higrarchical optimization or multi-
level optimization is frequently performed in maeagent systems, computer
networks or electronic circuits [16-18].

If a process can be divided into several decisayens, multi-level optimization may
be very useful. In figure 1 the cyclic nature ofwdtra filtration process as studied in
this paper, is visualized.
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Figure 1: Schematic representation of the cyclitalvéour of the ultra filtration process.

Figure 2 shows the multi-level optimization struetdor the ultra filtration process
schematically. Optimal values are calculated inhelayer and passed downwards,
while costs are passed upwards. In the lowestdayershort-term levels (Filtration
(F), Backwash (B) and Chemical cleaning phase @€yjsions are made concerning
actual process control (settings for valves, puregssors, etc). In the upper layers, or
intermediate-term-levels, (Filtration cycle and @feal cleaning cycle) decisions are
made concerning settings at the production lev&ig@ment of volumes and times
over the cycles). In principle a third layer or determ level can be added where
strategic decisions are made (operational settififpsrespect to membrane life time).
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Figure 2: Hierarchical optimization structure fbetultra filtration process

During the filtration phase (F) surface water lgdied in dead-end mode, as a result
fouling builds up and a backwash phase (B) is peréal to restore the membrane
fouling status. A filtration phase followed by ackawash phase is called a filtration

cycle (FC). During a production phase (P), ordiiion sequence (FS) a number of
filtration cycles are performed. During the filiat sequence, backwashing does not
always result in complete membrane fouling statesovery, for this reason, a

filtration sequence is normally followed by a cheaticleaning phase (C), in which

the membrane is cleaned with chemicals to restogentembrane fouling status. A

filtration sequence followed by a chemical cleanipigase is called a chemical

cleaning cycle (CC) and a number of chemical clegquaycles is referred to as a

chemical cleaning sequence (CS). It is furtherchétt@t in a higher hierarchical layer

the membrane lifetime cycle (MLTC) membrane lifezim optimized.

Blankert et al. already reported on the modelling aptimization of the filtration

phase [19, 20] and backwash phase [21] in membopeeation. In addition, the
modelling aspects of the chemical cleaning phase weported by Zondervan et al.
[22]. Results on the modelling and optimizationaofequence of filtration cycles
were published in [21]. In this paper the modellawgd optimization aspects of a
sequence of chemical cleaning cycles will be diseds
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2. Theory

For the optimization, the required models, costfiam and constraints are defined:

2.1.The process models

Darcy’s equation is given as:
R, +R, =22 1)
J7a;
WheredP is the trans membrane pressyras the viscosity,) is the flux,Ry is the
membrane resistance ailis the resistance as a result of fouling. For lideke

filtration, the membrane fouling resistance camléscribed as:
R = a(xw,i T Xws T X1 ) ()

Where a is the specific cake resistance and whefg X s Xwr are fouling state
variables for irreversible, slow and fast foulirgmoval. The fouling states can be
modelled for filtration, backwashing and chemidalaning. The dynamic models for
these different phases are shown in figure 3. Thelais for the filtration- and
backwash phase are connected by a filtration seguerodel that acts as a scheduler
between the two phases. Similarly, the chemicalrifeg sequence model connects
the filtration sequence model to the chemical dleaphase model and acts as a
scheduler between these phases.

Chemical cleaning model
dxw,i/dt = -KJe(Xwi-Xw,in)+rw”
ST waldt=o0
’
) dxw,/dt = 0 Backwash model
',’ dxw,/dt = 0
’
Chemical cleaning ' s==o] dxws/dt=-KVy Js Xws
sequence model J
" dXW_f/dt = -1/VM JB Xwf
'l
’
'I
Filtration sequence ,
Model
Filtration model
dXWIi/dt = yiJF
dXWYs/dt = stF
dxw,f/dt = yrJr

Figure 3: Schematic model structure
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2.2.Cost function

The operating costs are a measure for the econpenformance of the process and
can be divided into:

* Energy costs (typically short-term)
» Material costs (typically intermediate-term)
» Depreciation- and maintenance costs (typically {targn)

The energy consumptidBe csduring a chemical cleaning sequence is the sutheof
energy consumption of all filtration phases, backwahases and chemical cleaning
phases:

< 2R JZR J2R
Cees = Z j'u dt+z j'u dt + [ 1R dt 3)

Csnc—l 0 n=1\ o e o e

whereWE is a cost factorye the pump efficiencyVcs is the volume produced in a
chemical cleaning cyclé\c is the number of chemical cleaning cycles &iads the
number of filtrations in a chemical cleaning cycle.

The total costs for material streaf@gcsare based on waste disposal costs, chemicals
consumption and feed:

1 X N
Cyvcs = Z (Vc XeinWe + Z (VF (W + Ce W) + W, Vg )] (4)

VCS nc=1 ng=1

in whichWk is a cost factor for the feed water co$tg, are the waste disposal costs,
W are the coagulant costSk s the coagulant concentratioW/: are the costs for
cleaning chemicals and i, is the cleaning agent concentration.

The depreciation cosf cs of the membranes are proportional to the duraiotine
chemical cleaning sequence:

1
Ceccm=— 5
e VesWites ©

in which the cost factow, representing the depreciation costs is normalipedhe
membrane life time. These costs do not influeneedsults of an optimization with a
fixed final volume and fixed final time. When thendl volume is a degree of
freedom, the depreciation costs are balanced d@ghmsther costs.

The total costs are the sum of the energy cost®riats costs and depreciation costs.

Ctot = CE,CS + CM ,CS + CI ,CS (6)
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2.3.Constraints and optimization

The problem consists of 13 optimization variableg integer control variable$c
the number of chemical cleaning cycles &rdthe number of filtration cycles. There
are eleven continuous control variableg:;, the volume of permeate produced during
filtration, tg, the filtration time, Cg, the coagulant concentratioWg, the volume
consumed during backwashing, the backwash timéyes, the volume of permeate
produced in the filtration sequendgs, the time of the filtration sequenc¥, the
volume of cleaning chemicals used for chemicalrile® tc, the chemical cleaning
time, Vcsthe volume of permeate produced in the chemicalntiey sequence arigks
the time of the chemical cleaning sequence.. Thdimaous variables can assume
different values for each individual filtration, dlavash or chemical cleaning;
however, in this study the optimal stationary valaee determined.

The optimization objective is to minimize the oger@ costs, while producing a
specified volumé/y within a specified timé,.

For this reason, the optimization problem dealfaifixed time:

tes =ty (7)
And a fixed final volume:

Ve =V, (8)

For this reason, not all variables can be chosdapandently. If it is assumed that
conditions are the same for each cycle, the foligvtime constraints can be defined:

t
t :L—t 9
FS Ne c 9)
te :tLS_tB (10)
NF

And for the volumes:

Ves = \|<|_H +Ve (11)
C
Ve =2y, (12)
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It is further noted that the backwash strategyaiselnl on flushing with maximal flux,
for this reason duration and volume of the backwasin not be chosen
independently:

Vg = gty (13)

Given the constraints of equations 7 to 13, the memof optimization variables
reduces to 6, namely the backwash titgethe coagulant concentratidds, the

cleaning agent volum¥c, the chemical cleaning time, the number of filtration
cyclesNg and the number of chemical cleaning cydlies

The total number of filtration cycles and chemiadéaning cycles are integer

variables, which pose problems for normal optimaratalgorithms. For this reason,

the following optimization procedure is used: Rocertain number of filtration- and

chemical cleaning cycles, the minimal costs areuwated as a function of the

backwash duration, the coagulant concentration,cteaning time and the cleaning

agent volume. By repeating this for different \eduof the number of chemical

cleaning cycles, the values M andN¢ are found for which these costs are minimal.
The optimal value of the number of cycles can hentbby a direct search method.
The objective function is in this case given as-k\el-programming problem:

J= min( min (Cmt)j (14)

Nc Ne \ tg Ce e Ve
3. Results and discussion

Simulations were performed with the parameterrsgdtof table 1.

Rw (1/m) 8.80.10" We (EUR/KWh) 0.10
o (1/nf) 1.5.1G° Wi (EUR/NT) 0.03
M (Pa.s) 1.01.16 Wy (EUR/NT) 0.25
Jg (I/h/m?) 250 W (EUR/ntlyr) 14
Je(I/h/m?) 125 W (EUR/nt.ppm) 5000
Ne (-) 0.35 WE (EUR/NT) 500

Table 1: Parameters used for optimization

In figure 4, optimal calculated fouling profileseashown for a production horizon of
tcs = 72h, with a net productiofiux of 66 I/h/n?, for three different values ofic,
respectively 1, 9 and 24 times. The maximum rasc# level decreases when the
number of chemical cleaning cycles over a giveretimrizon is increased.
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Figure 4:Resistance trajectories for an operating horizori2ofiours, for different values of
Ne: 1, 9 and 24

Figure 5 shows optimal settings for the controliatales for different values of the
chemical cleaning cost\): 50 EURO/nT (low), 500EURO/nT (reference) and 5000
EURO/N (high). The optimal values fag , Cr , tc and Ng are not sensitive to
changes iM.

Vc decreases for higher valuesW§, from which can be concluded that if chemical
cleaning becomes more expensive, optimization tegulower cleaning volumes.

In general it can be observed that for increasiatpes ofNc, the filtration time
decreases, thdtrationflux increases, the backwash time and coagelamtentration
remain constant.
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Figure 5:0Optimal settings for different values for the cheaticleaning costs, low (dotted),
high (dashed), reference (line). It should be ndteat in some of the figures, the lines
coincide.
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As Nc is increasing, the available production time desesa Consequentlthe
filtration flux is higher and théltration time and the number dftration cycles is
decreasing. As thiltration flux is increasing, thiouling rate also increases.

From figure 5 (the lower row, 3figure from left) it can be seen that the opemtin
costs slightly decrease with the number of chendleEsning cycledc), however, the
operational costs do not have a minimum for a spewalue of Nc within the
admissible range. From an environmental point eiwNc should nobe chosen too
high, in order to reduce chemicals consumption iastiouldalso not be chosen too
low, in order to meet legal hygienic regulations.

To deal with the increased fouling rate, the backwaluration orflocculant
concentration can be increased. This is not nepess$ae to thdact that the fouling
rate iscontrolled by increasing the number of chemaaaning phases.

As observed earlier, @ is increasing, the cleaning agent volumdésreasing. This
is an interesting observatiom principle two strategies exist to obtain the ik
cleaning éectivenesslin the first strategy the volume of cleaning agdnished
through the membrarman be increased, while keeping the cleaning timogtsin the
second strategye volume may be kept minimal and the cleaning tisnncreased. It
may beexpected that in order to minimize costs, whilechaéiag the desired cleaning
effectiveness, the volume of cleaning agent shouldedeced, while increasintpe
cleaning time.

Figure 6 shows the relationship between the ovemdlating coststc and V¢ for a
givensituation {4 = 144,Nc = 6, N = 21,C¢ = 1.15 andg = 11). A large planean
be seen where the costs are minimal faedint values ofc andV, i.e. different
conditions oftc andVc result in the same operating costs.

3000

(3 v,

25
' x 10°

Figure 6: Surface plot of the costs as functiorihef cleaning time and cleaning agent volume. The
costs were capped at 0.25 EURO/m3.

In table 2 the most important optimization resalts summarized. A reference case is
compared to four other cases, 1) A high chemicebhmhg interval, 2) A low
chemical cleaning interval, 3) High costs for cheahicleaning and 4) Low costs for
chemical cleaning. It can be seen tiNg and We do not strongly influence the
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operationg costs. For the reference case, the chémieaning costs are less than
0.2% of the overall operating costs. Even if thenbar of chemical cleanings over
the specified time interval is doubled, or the nlag agent costs are ten times more
expensive, the cleaning costs hardly influence dlierall operating costs, where

minor compensations are made with respect to eneogis or flocculant costs. In

figure 7 the division of the operational coststfue reference case are shown.

reference Low High Low High
cleaning | cleaning | cleaning | cleaning
interval interval COsts COsts
Nc (-) 6 3 12 6 6
We (EUR/NT) 500 500 500 50 5000
J (I/h/m?) 67.1 67.3 67.8 67.3 67.3
tr (sec) 4074 4089 3862 4074 4074
tg (sec) 11.0 11.0 11.0 11.0 11.0
Cr (ppm) 1.14 1.14 1.14 1.14 1.12
Ve (m°) 0.0039 0.0039 0.0039 0.0039 0.0027
tc (sec) 600 600 600 600 600
Ne ) 21 42 11 21 21
Ciot (EUR/n?) 0.0660 0.0662 0.0659 0.0658 0.0660
R x10% (1/m) 2.50 2.60 2.35 2.50 2.50

Table 2: Summary of optimization results

Energy costs Waste water costs

Flocculant costs

Feed water costs

Depreciation costs

Cleaning agent costs

Figure 7: Pie chart of the operational costs ferréference case.

It can be seen that the costs for chemical cleaaregsmall compared to the overall
operating costs. Optimization of the cleaning vaga (Nc, tc andVc) will therefore
not result in a significant reduction in the opematcosts, however, chemical cleaning
settings do influence the membrane resistancengylrofiles.

4. Conclusions

Computation of optimal operating settings ,(Cr , tg, tc, Ve, Ne ) as function of the
number of chemical cleaning cyclds for a fixed time horizont{s) while producing

a specified volumeMcg, over that time horizon, was performed. The satiah
results show that operational costs and optimalaijpe variables are not sensitive to

10
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the number of chemical cleaning cycles and thenahegintensity {¢ and Vc).
Optimizing the number of chemical cleaning cycle#i mot reduce operating costs
and for this reason optimization should be usedcmomplish other objectives such
as, controlling membrane fouling. At a higher hiekécal level fouling control is an
important issue with respect to membrane life time.
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