WO 2024/238283

SYSTEM FOR DETERMINING FILTER STATUS

CROSS-REFERENCE TO RELATED APPLICATION

6001 The present application claims priority to Spanish Ulility Model Appln

No. 202330840, filed on May 21, 2023, which 1§ incorporated herein by reference in its

entirety.

TECHNICAL FIELD

[6002 4 The present tnvention relates to a method and system for automated monitering of
filter membranes in 3 water treatment facility, and for detection and iwdentification of membrane
fouling fypes 16 8 water treatment facstity. The method and system are usable for efficiently
determining when cleaning of filter membranes is needed, and provide accurate guidance of

the filier membranes based on the identified type of fouling.
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[0006] Over time, the performance level of the filtration elements can decline due to the
accumulation of foreign material on the feed spacer or the membrane (e.g., fouling) and/or
sall deposition (e.g., scahng). Such drop e performance level can affect the qualty of the
filtered water and/or places grester pressure on the water filtvation system during operstion,
which can resulf in inereased maintenance efforts over time.

{0007 Manufacturers of the filtration elements andror water reatment systems generally
set certain guidelines for cleaning the filtration elements. Typically, this invoelves monitoring
the overall operation of the water treatment system and stopping operation of the system to

clean the filters when certain operational characteristics are detected e ., the pressure drop

across an element sorpasses a recommended threshold). For proper cleaning, it is generally

recommended that the system is shut dows, affected filiration clements arc cleancd, and some

of the affected elements are sent to a laboratory for a detailed analysis of the type of fouling
andior scaling. Typically, however, water treatment plant operators push the filtration system
beyond the recommended guidelines to avoid a shutdown of the overall system for extended
periods of tine. This may result in further problenis | ¢ g., pump overheating, low produet
quality, or the tike, which would force a system shutdown.
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{0008 At this point. rather than sending the filtration element to a Isboratory, the opemtor
may try to rely on expenence to guess the type of fouling/sealing oceurring and clean the
systermn using chemicals they believe may be appropriate.  In such instances, the type of
chemicals used mey not be appropriate and may not addresy the actual touling/scaling
oceurring. This can resudi in a cleaned filtration element having a performance baseline lower
than the performance tevel the filtvation element would have 1 proper cleaning was performed.
After repeated cleaning attempts, the filtration elements and/or the water treatment facility can
encounter additional operational breakdowns, resulting e inereased costs 1 operation and

imadeguately filtered water.
SUMMARY

{0009 The exemplary system for determining filter status can be used by plant operators
to improve their system performance. The system can analyze past performance to identity
past cleaning-tn-place (CIP) events and the type of filtration module failure modes based on

the performance of the system 1n the wmiter and ntra-CIP periods. The system can be used for

nanofifiration andior reverse osniosis sysiems to identify fouling, scaling, andor membrane

failure modes. In some embodiments, the system can be used to predict when the next cleaning

should/will take place and to recommend the most suitable cleaning procedure.

{0010] Membrane fouling is a complicated 1ssue m nanofiftration and reverse osmosis

iems. As such, identifying the dominant fouling mechanism during the {iltration provess

can be of great significance for the prediction of the next cleaning cycle and for conirol of
fouling. The real-time (or substantially real-time) monitonng of the water treatment tacility to
detect and identify fouling types allows for earfy detection and reaction of the factlity operators
to prevent exeessive fouling and potentially negative effects on the rest of the system. The
system provides an accurate means for determining the type of fouling vecurring. and thereby
provides aceurate recommendations for the cleaning cycle to ensure steps are taken to properly
address the fouling eveni(s). In some embodiments, the system can be used to antcipsate

cyclical and/or seasonal fouling, such that fouling event(s) can be minimized and/or avoided.
f0111 In accordance with embodiments of the present disclosure, an exemplary method

for analyzing the performance of a teedwater filtration system is provided. The method

includes collecting performance data from said Qliration system, normalizing said dataset to

]
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conditions at stariup, removing physically meonsistent dafa points from said dataset, removing
statistical outhiers from said dataset, 1dentifying membrane cleaning events in the said dataset,
dividing said dataset info a plurality of data segments between said membrane cleaning events,
fitting mathematical functions to said data segments, analyzing the coefficient of determmation
of said mathematical functions, caleulating derivatives of said mathematical funciions with
respect to time, and determining a type of fouling based on said derivatives and said coeftictent

of determination.
[0012] The filiration system includes at least one filtration module. The filtration module
mehides one or more of a reverse osmosis element, ananofilivation eleraent, or a hypertiltmtion

element. The collection of performance data can be performed by sensors installed in said

filtration sysiern. Normalization of smd dataset can be performed to account for variation of

said feedwater temperature, said feedwater composition, or feed pressure. Removal of outliers
i said dataset can be performed by a statistical mieans including the steps of caleulating a

percentage change of a data point (v} from the previous datapoint (yi.(), caleulating a

percentage change of the next data point (yi+1) from said datapoint {y,), comparing the previous

percentage changes with a drop haut value, and identifying the datapoint (yi) as an outhier 1f

the percentage changes exceed smid drop lmnt value.

{0013] Removal of physically inconsistent data points in saxd dataset can be performed by
application of a set of eniteria including one or more of the following: feed flow mustbe greater
than concentrate low, feed {low must be greater than permeate {low, feed pressure must be
greater than concentrate pressuee, feed pressure must be greater than permeate pressure, foed
pressure must be greater than pressure drop across the filtration module, permeate conductivity
must be Jess than feed conductivity, pressure drop across the fittrasion module must be less or
equal to the difference between the feed pressure and concentrate pressure, and/or the osmotic

pressure of the feed stream must be less than the feed pressure.

{0014] The dataset can include normalized pressuse drop across a filiration module (dP),
normalized permeate flow from the fltration module (P), and nonmalized salt passage through
the fltration module (Sp).  The membrane cleaning events can be identified using a
ditferencimg series method of dP and Pt, where sard differencing senes method can inchude the

steps of caleulating the difference between a datapoint {ye) and the previous datapoint (vii) to
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generate said differencing sevies for dP and P caleulating the aversge and standard deviations
of said ditferencing senes for dP and Pi, comparing each value in the differencing series for
dP or Pf to the sum of the corresponding ditferencing series and the product of a Differencing

Constant and the corresponding standard deviation of the differencing series, checking if there

a gap in the dataset, and checking if the gap ts wider than a CIP Reference Time. The
Dnfferencing Constant 1s a positive whole number, preferably a number from | to 10, inclusive;
more preferably a number from 3 to 7. mclusive; and  still more preferably 5. The CIP
Reference time 1s 2 time interval defined by the user as indicative of a typical duration of a CHP
for the system of interest and can range from minutes to days. An exemplary vafue for the CIP
Reference tinte can be, ¢.¢., 120 minutes, 1 day, or the like. Preferred CIP Reference times ave

from S minufes to two weeks, and 1 day is a more preferred CIP Reference time.

fo015] In determining the fype of fosling vecurring in the filiration element(s), the system
analyzes data from the Gltiration element(s) to determine whether a variety of parameters are
met. As discussed herein, some parameters are constdered “primary” parameters and some
parameters are considered “secondary™ (e.g., optional) parameters depending on the fouling
type mnvolved. For each fouling type, there may be one or more prnimary parameters and one
or more secondary parameters. In some instances, the data can meet the cntena for, e.2., only
one primary parameter, more than one pumary parsmeter, only one or more secondary
paramelers, or the like. The system can therefore initially review the data to determine whether
one or more of the primary parameters are met. [f so, the system can estimate the fouling type
based on the primary parameter(s) met. In some emboduments, the system <an estimate the
fouling type based on only one primary parameter that has been met. In some embodiments,
the system can rely on additional primary parameters and/or secondary parameters that have
been met to solidify, reinforce or support the original estimaie of the fouling type ocewring

tern can therefore ininally

based on the original primary parameter that has been met. The s
determne if 2 primary parsmeter has been met to estimate the fouling type. If no primary
parameters have been mef, the system can review the secondary parsmeters to estimate the

fouling fype based on the secondary paramcter(s) that have been met. In some embodiments,

overlap exists between the possible fouling 1ypes based on the primary and/or secondary
parameter(s) met, the system can perform a ranking operation to determine the hikelthood of

the type of foulinig type oceurring, e.¢., based on historical data, or the like. Alhough sorne

wn
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saramefers are discussed as being based on 17 or 2% order polynomial functions, in some
I g )
ermbodiments, the parameters can be identified based on, e.g., exponential functions. higher

order polynomial funetions, linear functions, nou-linear functions, or the hke.

[0016) Fitting of a set of curves to said data segments can be performed using a8 statistical
means. In some embodments, the mode of hiltration module failure in & data segment can be
identified as scaling if at least one of the following conditions is met: (a) the coefficient of
determination of dP to a 1% order polynomial is greater than 0.7, (b) the coefficient of
determination of dP to a 2 order polynomial is greater than (.7, (¢) the difference between
the coetficient of determination values for 2°¢ order and [™ order polynomials fitted to dP is
less than 0.3, (d) the coefficient of determination of Sp to a 1 order polynomial is greater than

M order polynomial s greater than €.7, (£

0.7, (e} the coefficient of determination of Sptoa 2
the difference between the coefficient of determination values for 2% order and 1% order
polynomials fitted to Sp is less than (.3, () the coetficient of determination of Pf'to a 1Y order
polynomial is greater than 0.7, (h) the coefficieni of determination of Pf to a 2 order

polynomial is greater than 0.7, (1) the difference between the coefficient of determination

values tor 2% order and 1% order polynonals fitted to Pfis less than 0.3, () dP increases with
tirne i said data segment, (k) Pt decreases with time in smid data segment, andior (1) Sp
increases with time in said dats segment.

[0017] In some embodiments, the mode of filtrahon miodule fnlure i a data segment can

be dentified as particulate fouding i at least one of the following conditions is met. (a) the

coefficient of determination of dP 1o a [¥ order polynomial 1s greater than 0.7, (b) the
coefficient of determination of dP to a 2" order polynomial is greater than 0.7, (¢) the

difference between the coefficient of determination values for 29¢ order and 1* order

polynomials fitted to dP is less than 0.3, (d) the coefficient of determination of Pt to a 1¥ order
polynomial is greater than 0.7, (e) the coefficient of determination of Pt to a 2 order
polynonual is greater than 0.7, (f) the difference between the coetiicient of determination
values for 2% order and 1¥ order polynomials fitied to P£is less than 0.3, (g) the coefficient of
determination of Sp to a P order polynomial is greater than 0.7, (h) the coefficient of
determination of Sp to 2 2" order polynomial is greater than 0.7, (i) the difference between the

B

coefficient of detenmination values for 2 order and 1* order polynomials fitted to Sp is less
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than 0.3, (j) dP increases over time in saxd data segment, (k) Pf decreases over time i said data

segment, and/or (1) Sp increases with time n said data segment.

{0018) In some embodiments, the mode of filteation modele failure in a data segment can
be identified as biofouling if at least one of the following conditzons 1s met: () the coefficient
of determination of dP to a 1Y order poiynomial is greater than (.4, (by the coefficient of
determination of dP to a 2™ order polynomial is greater than 0.7, (¢) the difference between
the coefficient of determination values for 2% order and 1¥ order polynomials is greater than
0.3. (1) the coefficient of determination of P to a 1¥ order polynomial is greater than 0.4. (¢)
the coefficient of determination of Pf to a 2% order polynomial is greater than 0.7, (£} the

of

difference between the coefficient of determination vafues for 2% order and 1% order

pelynoniials fitted to P{is greater than (L3, (g) the coefficient of determination of Sp to a 1
order polynomial is greater than (.4, () the coefficient of determination of Sp to a 2 arder
polynomial 18 greater than 0.7, (i) the difference between the coefficient of determination
values for 2" order and 1" order polynomials titted to Sp is greater than 0.3, (j} dP increases
over time n said data segment, (k) Pt decrcases over time in said data segment, and’or (1 Sp

increases over time n said data segment.

[0019] In some embodiments, the mode of filtration module failure 11 a data segment can
be identified as menibrane integnty failure (¢.g., due o oxidation or rnembrane damage, or the
tike) 1f at least one of the following conditions is miet: (4} the coefhcient of determmaation of
Pf o a 1 order polynomial is greater than (.7, (b) the coefficient of determination of Pfto a
2% order polynonual is greater than 0.7, (¢} the difference between the coeificient of
determination values for the 2% order and 1% order polynomials fitted to Pf is less than 0.3, (d)
the coeflicient of determination of Sp to 2 1™ order polynomial is greater than 0.7, (e) the
coefficient of determination of Sp to a 2™ order polynomial is preater than 0.7, (1) the
difference between the coefficient of determination valies for 2°¢ order and 1% order
polynonuals fitted to fitted to Sp is less than 0.3, (2) the coefficient of determination of dP to
a 1™ order polynomial is greater than 0.7, (h) the coeflicient of determination of d to & 2%
order polynomnat is greater than 6.7, (1) the difference between the coefficient of determination
vatues for 2" order and 1™ order polynomials fitted to dP is less than 0.3, ¢j) dP remains
constau! with tinie in said data segment, (k) P{mereases over tane in said data segment, and/or

(1} Sp inereases over time in said data segment.

~
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{0020 In some embodiments, the mode of filraton module Buture in a data segment can
be identified as organic fonling if at least one of the folowng conditions is met: (@) the
coefficient of defermination of Pt to a 1** order polynomiat is greater than 0.4, (b) the
coetficient of determination of P to a 2" order palynomial is greater than 0.7, (¢) the difference
hetween the coefficient of determination values for the 2% order and 1 order polynomials
fitted to Pf is greater than 0.3, (d) the coctficient of determination of Sp to a 1 order
polynonual 18 greater than 6.4, (¢) the coefficient of determination of Sp to a 29 opder
polynomial is greater than 0.7, (£) the difference between the coeflicient of deternination
values for 2 oxder and ¥ order polynomials fitted to fitted to Sp is greater than 0.3, (g) the
coefticient of determination of dP to a |I* order polynomial is greater than 0.7, (h) the
coefficient of determination of P to a 2* order polynomial is greater than 0.7, (i) the difference
between the coefticient of determination vatues for 28% order and 1% order polynomials fitted
gment, (X) Pt deercases

to dP 1s fess than 0.3, (§) AP remains constant with time i said data se

over thue m said data segment, and/or (1) Sp decreases over fime.

fo021 In some embodiments, said drop limit can be greater than 0 and less than {0%. In
some embodiments, said Differencing Constant can be greater than 0 and less than 10, In some
embodiments, said CIP Reference Time can be greater than 0 and less than (0 days. The
exemplary method can include the steps of companng performance parameters before and afier
clesning to ensure proper CIP snd/or fouling identification. As such, the exemplary system
and method can be used to identify filtration module fatfure modes and provide guidance for

optimal cleaning to ensure efficient operation of the water filtration system.

f0022 In accordance with embodiments of the present disclosure, an exemplary system
for determining 8 filter status is provided. The system includes a database configured to
electronically store data, the data including past performance data of one or more water
filwation clements. The system inchides a processing device in commumealion with the
database. The processing device s configured to receive as put the past performance data,
and identify one or more data points within the past performance data indicative of a cleaning
event for the water filtration elements. The processing device s configured to divide the past
performance data 1nfe mdividual data segments, each of the individual data segments
representing data of the past perfornance data in-between respective identified cleaning
events. The processing device is configured to {it a mathematical function to each of the

g
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wdwidual data segments. The processing device is configured to identify a fype of fouling
oceuring during each of the individual data segments based on the mathematical function

fitted to the respective individual data segment.

[0023) In some cmbodiments, the processing device can be configured to normahze the
past performance data to conditions at startup of the one or more water filtration elemenis
before identifying the cleaning events. In some embodiments, the processing deviee can

account for a variation of at least one of a feedwater temperature, & feedwater composition, or

a feed pressure, when nomalizing the past performanee data.

f00243 In some embodiments, the processing device can be confipured to identify and
remove physically inconsistent data points from the past performance data before identifving
the cleaning events. In some embodiments, the physically inconsistent data pownt 1s removed
from the past performance data if at least one of the following conditions is not true: feed flow
is greater than concentrate {low, the feed flow is greater than pemmeate flow, feed pressure is
greater than concentrate pressure, and/or the feed pressure 1s greater than permeate pressure.
In some embodiments, the physically inconsistent daia poini is removed from the past
performance data if at least one of the following conditions is not true: feed flow is greater than
concentrate flow, the feed tlow is preater than permeate flow, feed pressure is preater than
concentrate pressure, the feed pressure is greater than permeate pressure, the feed pressure is
greater than pressure drop across the ome or more water filtration elements, permente
conductivity 1s less than feed conductivity, the pressure drop across the one or more water
filtration clements is fess than or equal to a difference between the feed pressute and the

coneentrate pressure, andfor osmotic pressure of a feed stream is less than the feed pressure.

[0025] In some embodiments, the processing device can be configured to idenizfy and
remove statistical outher data points from the past performance data before identifving the
cleaning events. In such embodiments, identifving and removing the statistical outlier data
points from the past performance data includes caleulating a percentage change of a data point
(vy) from a previous data point {yi.1), calculating a percentage change of a next data point (v}
from the data point (y1), comparing & previous percentage changes with a drop Hmit value, and

wentitying the data point (ye) as an outlier if the percentage changes exceed the drop limit.
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{0026 In some ewmbodiments, identifying the cleaning events can inchude applying a
differencing series method to normalized pressure drop (dP) and normalized pemmeate flow
(Pf) from the past performanee data. Applying the differencing series method can include the
steps of (i) calculating a difference between the data point (yy) and the previous data point (yi.1)
to generate a differencing series for the nommalized pressure drop ¢dP) and the nommalized
permeate flow (P, (ii) calculating an average and standard deviations for the differencing
series for the normahzed pressare drop (dP) and the normalized permente flow (P1),
(211} comparing each value in the ditferencing series for the normalized pressute drop (dP) and
the normatlized permeante flow {Pi) to a sum of corresponding differencing series and a product
of a differencing constant and a corresponding standard deviation of the differencing series,
(iv) determining if a gap exists in the dataset, and {v) determining if the gap is wider than a
CIP reference time.

{0027] In some embodments, the processing device can be configured to analyze a
coefficient of determination of the mathematical function and caleulate derivatives of the

mathematical function with respect to time. In such embodiments, the processing device can

be configured to wdentify the type of fouling based on the derivatives of the coetficient of

determination. In some embodiments, the one or more water filtration elements can be at least
one of a reverse osmoss clement, a nanofiltration element. or & hyperfiltration element. Llie
system can include one or more sensors configured to deteet and fransmit data for pressure
drop, salt passage, and permeate flow associated with each of the one or more water filtration

elements for storage in the database as the past perfonmance data.

00281 In some embodiments, the past performance data can melude pressure drop, salt
passage, and permeate flow for each of the one or more water filtration elements. 1 no change
in the pressure drop, salt passage, and permeate flow is detected, the processing device can
identify a no fouling condition. Ifan increase in the pressure drop fits a 2nd order polynomial

tunction, the processing device can identify the type of fouling as bicfouling. In some

instances of bioforling, the sall passage may increase and the permeate flow may decrease. If

a decrease of the salt passage fits a Znd order polynomial function, the processing device can
identify the type of fouling as organie fouling. In some instances of organie fouling, the
pressure drop may not change and the salt passape may decrease. If a steep herease in the
pressure drop of first position elements {e.g ., lead end filtration elements per FIG. 19) fits a Ist

10
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order polynomial funcion, the processing device can identify the type of fouling as pariculate
fouling. In some instances of pacticulate fouling, the salt passage may increase and the
permeate flow may decrease. In some instances, such effects can be found primarily in the
lead elements. If a gradual increase in the pressure drop of tail position clements (e.g., tail end
filtration elements per FIG. 19) fits a Ist order polynomial function, the processing device can
identify the tvpe of fouling as scaling. In some instanices of scahng, the sali passage may
merease and the permeate flow may deerease. In some instances, such effects can be found
primandy in the tail claments. I an mercase in the permeate flow fits a Lst order polynonual

function and an increase i the salt p re fits a 1st order polynomial function, the processing

device can identifv the type of fouling as an integrity membrane damage event. [n some

mstanees of an oxidation or membrane damage event, the pressure drop may not change.

{0029 In some embodiments. the processing device can be confipured to receive as input
cwrrent performance data of the one or more water filtration elemenis as received from one or
more sensors (e.g., multiple sensors can be installed in the same filtration element(s) and/or
the sensors can be installed in mubtiple filtration elements within the tnstallation to provide a
more comprehensive fouling diagnostic), analyze the current performance data based on the
previous analysis of the past performance data and the identification of the type of fouling
occursing during each of the individual data segments, estimate a current type of fouling
oceurring at the water filiration elements, andior outpul a recommendation {or a cleaning
procedure specific to the current type of fouling occurring at the water filtration clements. The
collected data from the sensors can be filtration element specific to identify if certain conditions
are occurring at the lead end or the tail end of the pressure vessel to assist in estimating the
fouling type occurring. In some embodiments, the current performance data and/or the past
performance data can be used to predict petential fouling occurring in the future (e.g., based
oni a repeating cyele of fouling during specific times of vear andior based on environmenisl

conditions).

[0030] In sccordance with embodiments of the present disclosure, an exemplary method
for determnuing a filter status 1s provided. The method meludes receiving as input to a system
for determining a filter status past performance data of one or more water filtration elements.
The system {or determining the filter status includes 2 database configured to electronically
store the past pertormance data, and a processing device in communication with the database.

11
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The method includes deatifying one or more data pointe within the past performance data
wdiweative of a cleaning event for the one or more water filtration elements. The method
meludes dividing the past performance data into individual data segments, each of the
individual data segments representing data of the past performance data in-between respective
identified cleaning events. The method includes fitting 2 mathematical function to each of the
individual data segments. The method includes wdentifying a type of fouling eccurring during
each of the individual data segments based on the mathematical function fiited o the respective

individual data segment.

{0031} In accordance with embodiments of the present disclosure, an exemplary non-
transitory computer-readable medium storing instruetions for detenmining a filter status that
are executuble by a processing device is provided. Execution of the instructions by the
processing device causes the processing device to receive as input to a system for determining
3 filter status past performance data of one or more water filtration elements. The system for
determining the filter status meludes a database configured to electronically store the past
performance data, and the processing device in communication with the database. Execution
of the instructions by the processing device causes the processing device to identify one or
more data pomnts within the past performance data indicative of a cleaning event for the one or
more water filtration elements. This can be wsed to divide the past performance data into
mdividual date segments, each of the individual data segments representing data ol the past
performance date in-between respective wdentified cleaning events.  Execustion of the
instructions by the processing device causes the processing device to fit a mathematical
function to each of the individual data segments.  Execution of the instructions by the
processing device causes the processing device to identify a type of fouling occuiring during
cach of the mdividual data segments based on the mathematical function fitied to the respective

wdividual dats segment.

{0032} Any combination and/or permutation of embodiments 1s cnvisioned. Other objects
and festures will become apparent from the following detailed deseription cousidered 1n
conjunction with the accompanying drawings. It is to be understood, bowever. that the
drawings are designed as an illustration only and oot as a definttion of the limits of the present

disclosure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] To assist those of skill in the art in making and using the system for determining
filter status, reference s made to the sccompanying figures. wherein:

[0034] FIG. 1 is a disgrammatic view of a traditional spiral wound fiftration element;
[0033] FIG. 2 1s 4 diggrammatic view of a portion of a feed spacer sheet of a filtiration
clement showing strand thinning and several geometric relationships:

[0036] FIG. 3 is a diagrammatic view of & separation occurting i a spiral wound reverse
osmasis or navofiitiation element;

{0037] FIG. 4 is a block diagram of an exemplary system for determining filter sintus
aecordance with the present disclosure;

{0038] PIG. S is a block diagram of an exemplary computing device for implementing the
exemplary system for determining filter stafus in accordance with the present disciosure;
{0039 FIG. 6 is a block diagram of an excmplary system for detenmining filter status
environment i accordance with the present disclosure;

0040] FIGS. 7A and 7B are praphs of outlier identification performed by an exemplary
system for determining filter status, with FIG. 7A including outliers and FIG. 7B excluding
outhers;

{0041] FIGS. 8A-8C are graphs llustrating ideal (FIG. 8A), expected (FIG. 8B), and
observed (FIG. 8C) pressure drop (JP) profife chunges with time for an operating reverse

osmosts or panoiiitration element |

[0042] FIG. 9 is a graph ilustrating CIP events of a dataset;

{0043 ] FIG. 10 is a graph illustrating viwecovered dP vs. startup dP for a dataset;

{00443 FIG. 11 is a graph illustrating cleanability vs. initial eleanability for a dataset;
[0045] FICGr 12 is a chart of fouling type and key factors based on normalized pressuce

drop, normalized permeate flow, and normalized salt passage;

[0046] FIGS. 13A-13F are graphs illustrating datazsel analysis for pressure drop, permeate

flow, and salt passage, with specific results indicative of specifie fouling types, including no
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fouting (FIG. 13AY, brofouling (FIG. 13B), organie fouling (FIG. 130), particulate fouling

(FI1G. 13Dy, scaling (FIG. 13E), and oxidation or integrity damage (FIG. 13F);

{0047) FIG. 1415 a graph illustrating identified biofouling based os a dataset;
{00487 FIG. 15 is a graph illustrating identified organie fouhng based on a dataset;
00497 FIG. 16 is 2 greph illustrating identified organie fouling and biefouling over

organic fouling;

{0050] FIG. 17 is a praph illustrating identified organic fouling and biofouling over

organic fouling:

fonst) FIG. 18 15 a graph illustrating dentified organic fouling, particulate fouling,

biofouling, and CIP events; and

{0052] FIG. 19 s a diagramimatic view of filtration elements disposed in series with water

flow passing through the filtration elements from a lead end to a tail end.

DETAILED DESCRIPTION

[0053] The exemplary system for determining filter status disenssed herein provides an
accurate mouitoring, analysis and tdentification of the fouling/scaling type occurring
filtration elements of & water treatment faeility. The system can be used to determine the type
of fouling/sealing oceurring and can provide recommendations to the opemior for when
cleaning of the system should take place to ensure opizmal operation. By deterruming the type
of fouling/scahing occurring, the system can provide recommendations for the type of cleaning
to be performed and chemicals to be used, resulting in accurate guidance for effective cleaning
that will ensure mmproved operation of the water treatment facility after cleaning.

{00154 FIG. 218 a diagrammmaiic view of a portion of a feed spacer shect 4 of a filiration
element showing strand thinning and several geometric refationships. The feed spacer sheet 4

is 3 non-woven, polvmer net formed by crossing a first set of substantially paralte] filaments

34 with a second set of's

filaments 34, 36 are affixed to cach other at the intersection points 42. The two crossed seis

of substantially mutually parallel filaments 34, 36 form a two-dimensional array of similar

parallelograms 44 (shown by dotted lines n FIG. 2), the length of their sides detining & mesh
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bhatantially parsilel filaments 36 at an angle 38, 40. The two sets of
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size 46, 48 Except when the two sets of filaments 34, 36 are perpendicular to each other,
parallelograms have both acute 38 and obtuse 40 angles. The acute angle 38 is bisected by a
line 50 drawn substantially parallet fo the flow direction 30. The angle at which filsments 34,
36 cross the flow direction 30 is referred to as their traversing angle 52, 54. The strands have

a spacing 46, 48, and each strand has a filament width 62, 64

[0055]

1 3 is a disgrammatic view of a separation occurring in a spiral wound reverss
osmosis of nanofiltration element 70. The concentrated feed solution 72 can be passed between
two or more membranes 74 such that the concentrate {(including waste or byproduct 78) is
auided in one direction, and the dilute solution 76 (e.g., permeate flow of product) passes
through the membrane 74 and ovt of the Gliration system. The semi-permeable membrane 74
therefore allows water and a small amount of dissotved salt through. Operational goals of the
water filfration system inclide maximizing permeate flow (Pf), minimizing salf passage (Sp),
and minimizing pressure drop (dP). Feed pressure, feed tempersture. and feed water qualiiy

{dissolved solids content) can affect the operation of the system.

f0056) The exemplary system ean be used to identify the type of filtration module {silure
maode(s) (e.g., fouling, scaling, membrane falure, combinations thereof, or the like) mn a
nanefiltration and/or reverse osmosis system. The system can assist operators in improving
the water treatment system performance through a more detatled analysis of past performance
In some embodiments, the system can be used to predict when the next cleaning should take

place and recommends the most suitable cleaning procedure.

[0057] The sysiem advantageously does not necessitate installation of an additional,
extemal device dedicated to identifying the type of fouling. Instead, the systen relies on the
past performance and cleaning-in-place {CIP) events of the system to detenmine the type of
fouling which has occurreddis occurring and the optimal cleaning for addressing the fouling.
The system can be used for any water type, and does not require 8 special water treatment
application. The system can be used to identify the periods between cleanings (e ., between
CIP ecvents), and analyzes these periods to assess the type of fouling and cleaning
recommendations. Based on this data, the system can help predict when the next cleaning
should happen, and what will be the most adequate cleaning type. The system can therefore

operate 1 a substantially awtonated and ndependent manner, allowing for 3 sumilar tvpe of
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operation of the water treatiment facility. As discossed heren, the systern can use the first and
second order slopes of the evohution of the pressure drop, permeate flow {net driving pressure),

and water quality (conductivity), with this data evoelution being normmalized by tempersture.

[0058) The exemplary system can therefore be used to identify the fouling type occuring
in a filfralion system and/or element without requirtng any additional sensors or deviees to be
added to the filtration system. simplifying the overall use and reducing costs of operating the
system. The system initislly collects performance data associated with the filtration system,
including, ¢.g., differential pressure, permeate flow, salt passage. or the like. The system
normalizes the data to startep conditions such that normahized pressure drop, normalized
penmeste flow, and normalized sall passage are available and electromeally stored in the
system. Normalization of the data can be performed by mdustry procedures. {See, 2.,
FilmTec™ Reverse Osmosis Membranes Technical Manual, Water Solutions, PuPont, Table
27. Design equations {or projecting RO system performance: Individual elemient performance.,
Fonn No. 45-DO1504-en, Rev. 13, p. 110 (October 2022)). Temperature can be sensed and
recorded to normalize the data. The system automatically removes inconsistent data, ¢.g., feed

flow fess than concentrate flow, or the like, and remaoves statistical outliers.

[0059] Once the data has been normalized and inconsistencies have been removed, the
systen can ideniify niembrane cleaning events (CIPs). CIP identitication can be performed by
generating @ differencing series of dP and flow (ditfercnce between datapoints at times t and
t-1}, identifywng the averages and standard deviations of the differencing series, looking for
datapoints where the differencing valpe of dP or flow lie below or above a K¥standard
deviation threshold, and confirming if there is a gap in the data greater than a given threshold
{e.g.. 1 day). As used herein, the term “differencing sevies” implies the creation of a series, and
can be generally deseribed by taking differences between successive occurrences of the time
seres AX = Xe— Xet, such that Axq have constant mean and varfance and hence can be treated
as a stattonpary series. {See, e.g., Pal, Al et al., Practical Time Serics Analysis: Master Time

Series Data Processing,

Visualization, and Modeling Using Python, United Kingdom: Packt

Pubhishing (2017)). This approach can also wdentify plant shotdowns and restarts. i some

instaniees, the system can be used to distinguish between a C1P and a plant shutdown-restart.
In some embodiments, a lack of change in dP, flow and/or salt passage before vs. afier can be

used by the system to indicate a plant shutdown without a CIP effect. In some embodiments,
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detection by the system of a change in temperatare, pH and/or flowrate can be associated with

a CIP mode as compared to a plant shutdown/restart.

{0060 The system can segment the data between CIPs and analyze each dataset between
cleanings independently. Once mside a cleaning cycle, and once fonling type is identified, the
fitted equations programmed info the system can be used to predict when the next cleaning will
oceur. After this next cleaning s identified, the most suitable type of cleaning is suggested.
For biofouling, organic fouling and particulate fouling, a conventional caustic cleaning can be
recommended. For scaling, an acid cleaning can be recommended. Specifically for biofouling,
the second derivative of the slopes obtained on previous penods and the present one can be
used to estimate the aceeleration of biotouling (e.g., by analyzing how quickly the next CIP is

needed). This can be caleulated th more accurately predict when the next cleaning because of

biofouting will eceur, as once binfouling 1s present, periods between cleanings become shorter
If a combination of fouling types 1s defected and identified by the system, a comprehensive
cleaning can be recommended, consisting of a caustic cleaning followed by an acid cleaning.
The system 1s able to run autonomously, and advise on any fouling issue being identified, such
that the systern can provide gndance to the user regarding the comrective actions to be
performed, and the vser can decide whether the system should impleiment these comective

aciions uulonom(msly

{0061] The system therefore performs data coflection and analysis of past performance of
the water treatment system, performs normalization of the data, cleans the data from outliers
and cheeks for consistency of the data, identifies CIPs, performs 1 and 2% order polynomial
regression analysis and their coefficient of determination, applies a programmed logic to
identify fouling/faihure types, uses previous information to predict the next fouling type, and
builds an adaptive system that includes fonling considerations. The system can include
artificial intelligence and/or machine kearmng capabilities to improve identification of fouling
types and/or predictability of fouling events. The inputs of the artificial intelhigence and
machine learning capabilities may he and preferably are based on feedback from operators.

{00624 FIG. 4 1s a block diagram of an exemplary system 100 for determining a filter
status (hercinafier “system 1007y, The system 100 geunerally includes one or more water

treatment faciliies 102 that mclode one or more Bltration elements 104, The filtsation
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clements 104 can be disposed back-to-back in series within a pressure vessel, e.g | filtration
elements 400-410 of FIG. 19, such that water can flow 1nto an inlet at the filtvaton clement
400 st the lead end. flow sequentially theough each of the filtration elements 400-410, and flow
out of the filtration element 410 at the tail end. In general, particulate, biofouling, and/or
integrity failure typically occurs in filtration elements at or near the lead end, sealing and/or
integrity failure occurs in filtratton elements at or near the tail end, and organic fouling can
oceur at any of the filtration clements. In some embodiments, a pressure vessel can receive 6
to § filtration clements m series. The feed water can be mjected o the pressure vessel at the
lead end with the filtration element at the lead end exposed 1o the feed water first (e, a first
position filtration ¢lement). The filtration element furthest from the pressure vessel inlet
defines the tail position filtration element. Data captured for the filiration elements within the
presswre vessel can be filtration element specific and can identify and ditferentiate between
data at the lead and tail ends of the pressure vessel to allow for accurate esimation of the
fouling type.

0063 The system 100 includes sensors 106 installed within the water treatment facility
102 to detect conditions associated with the filivation process that can be used by the systemn
100 to identify the fouling type. In some embodmments, the sensors 106 can be used to detect.
e.g., pressure drop across each respective filiration element 104, permeate flow (the net dnving
pressure) through csch respective filteation element 104, water quality (conductivity) with
respect fo each fiitration element 104, and temperatwe of the water passing through the
filtration elements 104, In some embodiments, the collected data can be for each of the
filtration clements {04 (e.g., with at least one sensor 106 associated with each filtration element
104) to provide for a more detailed diagnosis of the system 100, As an example. smatt sensors
106 can be mcorporated into the system 100 to determine if dP increase is more predominant
for lead efements (indicating particulate fouling) or tail elements {indicating scafing). In some
embodiments, the collected data can be for the eptire iltrabon system (e.g., with one or more
sensors 106 mstalled at specific location{s) of the system 100). The sensors 106 are in
electronic communication with a central computing system {22 and/or a processing device §24
of the system 100 fo allow the collected data to be used for determination of & touling type and
supgested cleaning.

[0064] The system 100 inclides one or more datzbases 108 electronically storing data
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associated with operation of the facility 102 and the system (00, Data can be electronically
transmitted {o and/or from the database 108 through a communication interface 110 of the
systermn 100, The database 108 can include past performance data 112 (e.g , historical data)
that includes information relating to, e.g., measured or detected conditions received from the
sensors 106, cleaning schedules and activities, facility shutdown events, filtration element
replacement(s), change of teed water source, or the like. The database 108 can include current
performance data 114 that meludes, ¢.g., measured or detected conditions recerved from the

sensors 106 in real-time or substantially real-tume, or the fike.

{0065] The system 100 can nclude one or more users andéor user deviees 116
communication with the sysiem 100 through the communication interface 110, The users
anddor user devices 116 can be, e.g., operators {or the facility 102, individuals responsible for
scheduling cleaning events, or the like. The users 116 can electronically transmit or receive
data to/from the sysiem via a pser mierface 1R which. in some embodunents. can have a
graphical user interface (GUI) 120. The GUI 120 can be a display incorporated into the user
device 116 to allow for users 116 to communicate with each other andfor the system 100 via
the communication interface 110.

[0066] The system 100 can include a3 central computing system 122 that is in
conmmunication with each ol the users 16 (e.g., via their user devices) and the one or more
databases 108 associated with the system 100 through the communication mterface 110, The
communication interface 110 s configured to provide for a communication network between
components of the system 108, thereby allowing data to be electromcally transmitted and/or
received by the compoenents of the system 100, The system 100 con include st least one
processing device 124 with a processor 126 for receiving and processing the data stored in the

system 100,

[0067] In operation, the system 100 can initially receive as input at a normalization
maodule 128 the past performance data §12. and the normalization module 128 can be executed
by the system 100 to output normalized data 130 based on temperature.  Next, the system
executes a processig module 132 to detect and remove outhiers of the normahzed data 130,
and outputs cleaned data 134 for further processing. The cleaning-in-place (CIP) module 136

can be executed by the system 100 to analyze the clesned data 134 to identiy and mark
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cleaning-in-place events 138, This can be achieved by generating & differencing series of dP
and permeate ow (difference between datapoints at times tand t-1), identifving the averages
and standard deviations of the differencing series, looking for datapoints where the
differencing value of dP or flow lic below or above a K*standard deviation threshold, and
confirming if there 1s a gap in the data greater than a given threshold €e.g., | day). Ifthereisa
gap in the data greater than a given threshold, the system 100 can identity this point as a CIP

event [38,

[O06R] The system 100 segments the data between each of the identificd CIP events 138
to analyze each dataset between cleammngs independently.  In padticnlar, it is understood that
the baseline associated with the facifity 102 and/or filtvation element 104 operation can vary
as the filtration efements 104 are used for extended perods of time.  For example, a new
filtration element 104 would have a different baseline of performance as compared to a
filteation element that has been in operation for 6 months and has been cleaned multiple fimey
As such, the system [00 segments the data and analyzes the database between each of the

cleanings independently to ensure accurate tdentification and prediction of fouling types.

[0069] The system 100 executes a fouling tdentification module 140 for cach of the
datasets associated with operation between the respective CIP events 138 to determine the type
of forling that occurred during each dataset operation. The systerm 100 fits cach data segment
to mathamatical functions, preferably to st and 2nd order polynomials. The system 100
analyzes the fust and second order siopes of the normalized pressure drop, normalized
pemieate flow, and normahze salt passage.  1f all slopes are close to zero, the system 100
determines that normal operation of the facility 102 should continue (e g., either no action is
taken or the system 100 issues a notification via a graphical user interface 120 indicating that
no fouling types have been detected and no cleaning is needed). For example, when reviewing
past perfonmance daia 112, the system 100 can determine that the facility 102 should have
continued operating normally without any fouling detected and no cleaning needed. When

reviewing the current performance data 114, the system 100 can determiue that the facility 102

should operate normally becasse no fouling is occurrimg, and no cleaning is needed.

{00704 If pressure drop increase over time fits well to a 2nd order polynomnal equation,

the systern 190 can conclude that brofouhog was likely occwiring. Biofouling alone (without
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other type of fouling interference) is typically characterized by an initial flat novmalized
pressure drop (dP), foflowed by a 2 order polynomial increase on pressure drop as biofouling
starts fo develop on the membrane. Biofouling is rypicslly more pronounced on the lead

elements. Typically, normalized permeate flow decreases over time (2™

order polynomial
alse), as net driving pressure decreases amid the increase of dP. Salt rejection can stay stable
or detertorate (thus resulfing i an increase of salt passage) as a result of concentration
polarization mduced by the biofilm. For exarnple, when reviewing past performance data 112,
the system 100 can determine that the biofouling was occurring during tlis datasel and
corresponding  clesning should have been performed.  When reviewing the current
performance data 114, the system 100 can determine that biofouling is ocewring and
appropriate cleaning is needed.

fO071] In some embodiments, the mode of filtration module faitore in a data segment can
be identified by the svstem 100 as biofouling if st [2ast one of the following conditions ts met:
() the coefticient of determination of dP to a 1% order polynomial 1s greater than 0.4, (b) the
coefficient of determination of dP to a 2™ order polynomial is greater than 0.7, (¢) the
difference between the coeflicient of determination values for 2% order and ¥ order
polynomials is greater than 0.3, (d) the coeificient of determinaiion of Pt to a 19 order
polynomial 1 greater than 0.4, (¢) the coefficient of detenmination of Pt to a 2% order
polynomial is greater than 0.7, () the difference between the coeflicient of determination
values for 2 order and 1¥ order polynomials is greater than 0.3, (g) the coeffivient of

st

determination of Sp to a order polynomial is greater than 0.4, (h) the coefficient of
determination of 8p to a 2™ order polynomial is greater than 0.7, (i) the difference between the
coeffivient of determination values for 2 order and 1" order polynorsials is greater than 0.3,
(j) dP increases over e m said data segmient, (k) P decieases over tirne in said data segment,
andior (1) Sp increases over time i said data segmient. In some embodments, biofouling can
be sdentified if at least one of the dP conditions is met, with Pf and Sp providing sccondary

{optional) support for the identification.

{0072) [f normalized permente Jow decrease over time fits well to 8 2nd order polvnomial
eguation, the system 100 can conchude that organie fouling ts likely occurring, Organte fouling
alone (without other type of fouling interference) is typically cliaracterized by a decrease of
the normalized permeate flow, as organics are quickly deposited on the virgin membrane, but
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afier some time of operation 1t plateaus, as the amount of organics being deposifed on the
membrane equals the amount of organics being wiped away as 8 result of the cross-flow
filtration mechamism. Typieally, normalized pressue drop stays flat as in a pure organic
fouling mechanism, and there will be no bacteria growing and blocking the feed-concentrate
membrane channel. Salt passage typically decreases, as the organics being deposited on the
membrane create an “addifional” thickness and resistance on the membrane, that typically

Hnproves s sali passage over time. For example, when reviewing past perfornmnce data 112,

the system 100 can determine that the organic fouling was ocewring dunng tns dataset and
corresponding  clesning should have been performed.  When reviewing the current
performance data 114, the system 100 can determine that organic fouling i oceurring, and

appropriate cleaning is needed.

{0073 In some embodiments, the mode of filtration module faitore in a data segment can
be identified by the svstem 100 as organie fouling if at least one of the following conditions 1s

met: (a) the coefficient of detenmination of Pf to 2 1¥ order polynomial is greater than 0.4, (b)

the coeflicient of determination of Pf to a 2% order polynomial is greater than 0.7, (¢} the

difference between the coefficient of determination values for the 2™ order and 1Y order

polynomials fitted to Pf is greater than 0.3, (d) the coefficient of determination of Sp to a 1Y
order polynomial is greater than (.4, () the coefficient of detennination of Sp to a 2™ order
polynomial is greater than 0.7, () the difference between the coeflicient of determination
values for 2% order and 1% order polynomials fitted to fitted to Sp is greater than 0.3, () the
coefficient of determination of dP to a [* order polynomial is greater than 0.7, (h) the
coefficient of detenmination of dP to a 2 order polynomial is greater than 0.7, (i) the difference
between the coefficient of determination values for 2°% order and 1™ order polynomials fitied
to fitted to dP is less than 0.3, (7) dP remmns constant with time 1n sawd data segment. (k) P
decreases over time in said data segment, and/or (I} Sp decreases over time.  In some
embodiments, organic fouling can be identified if at least ong of the P{conditions is met, with

dP and Sp providing secondary (optional) support for the identification.

[0074) I pormatized pressure drop inerease fus better to a Ist order polynomial, the
system 100 can conclude that etther scahng or particulate fouling is oceurring. Scaling is
typically associated by a lower rate of pressure drop nerease compared to partivustate fouling,
as it typically takes up a bit more time for the scaling precipitate to erystalize and form. On the
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other hand, particnlate fouling 1s typically a faster process, for example when ulirafifiration 1s
fouled and 8 trans-membrane pressure increase is observed between backwash eyeles. Scaling
typically occurs together or in eombination with an increase of sait passage over tine, as
scaling precipitated on the membrane increases concentration pelarization on ihe boundary

yer of the membrane. This can go associated with a decrease of normalized permeate flow
over hime as osmotic pressure increnses accordingly. Particulate fouling occours when
particulate matter clogs the membrane, and this can lead to a decrease tn nonmahized permeaie
flow as net diiving pressure decreases over thme. For example, when reviewing past
performance data 112, the system 108 can determine that the sealing or particulate fouling was
ocowrring during this dataset and corresponding cleaning should have been performed. When
reviewing the cumrent performance dsta 114, the system 100 can determine that sealing or

patticulate fouling is occurring and appropriate cleaning is needed.

{0075 In some embodiments, the mode of filtration module failure in a data segment can
be identiticd by the system 100 as scaling if at least one of the following conditions is met:
(@) the coefticient of determination of dP to a 1¥ order polynomial is greater than 0.7, {b) the
coetficient of determination of dP to a 2™ order polynomial is greater than 0.7, (c¢) the
difference between the coeflicient of determination values for 2% order and 1™ order
polynomials fitted to dP is less than 0.3, (d) the coefficient of determination of Sp 1o a 1% order

polynomial is greater than 0.7, (¢) the coeificient of determination of Sp w0 8 2™ order

polvnomial is greater than 0.7, (D) the difference between the coefficient of determination

~nd

values for 2™ order and 1Y

order polynomials fitted to Sp is less than .3, () the coefficient of
determination of P to a 1™ order polynomial is greater than 0.7, (h) the coefficient of
determination of Pf to a 243 order polynomial is greater than 0.7, (i) the difference between the
coetficient of determination values for 2% order and 1Y order polynomiais fitted to Pf is less
than 0.3, (3) dP increases with time in said dats segment, preferentially in tail elements, (k) Pf
decreases with time 1n said data segrient, and/or (1) Sp increases with tume in said data segment.
ln some embodiments. scaling can be identitied if at least one of the dP conditions is met and
the dP condition distribution 1 the system (preferentislly dP increases i tail elements), with

Pfand Sp providing secondary (optional) support for the identification.
[0076] {n some embodiments, the mode of filtration module failure in 3 dats segment can
be identified by the system 100 as particulate fouling if at least one of the following conditions
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1s met: {a) the coefficient of determination of dP 1o & 1™ order polynomial is greater than 0.7,
(b} the cocfficient of determination of dP to a 2 order polynomial is greater than 0.7, (<) the
difference between the coefficient of determination values for 2%¢ order and 1 order
polynomials fitted to dP is less than 0.3, (d) the coefficient of determination of Pfto a 1% order
polynomial is greater than 0.7, () the coefficient of determination of Pf to a 2" order
polvnomial is greater than 0.7, () the difference between the coefficient of determination
values for 2 order and 1¥ order polynomials fitted to P is less than 0.3, (g) the coefficient of
detenmination of Sp to a 1™ order polynomial is greater than 0.7, (h) the coctficient of
detenmination of Sp to a 2% order polynomial is greater than 0.7, (1) the difference between the
coefficient of determination vahues for 2% order and 1% order polynomials fitted to Sp is less
than 0.3, (3) dP mereases over ime i said data segment, preferentially in lead elements, (k) Pf
decreases over time in said data segment, andfor (1) Sp increases with time in said data segment,
preferentiafly in tml clements. In some embodiments, particutate fouling can be identified if
at least one of the dP conditions is met and the dP condition distribution i the system
{preferentiafly dP increases in fead elements), with Pt and Sp providing secondary (optional)

support for the identification.

{0077 If normalhized permeste flow increase fits & Ist order polynomisl, the system (00
can conclude that potentzal problems with the membrane integrity (such as chenncal
degradation of the membrane or halogenation, or physical integrily problems of the mesmbrane
elements) may be occurring. Membrane integrity failure typically causes an increase of salt
passage over fime. For example, when reviewing past perfonmance data 112, the system 100
can determine that potential problems with the membrane integrity were occwrring and
appropriate action should have been taken. When reviewmg the current performance data 114,
the systern 100 can determme that membranc 1ntegnty wsues may be occurring and appropriate
action should be taken.

[0078] In some embodiments, the mode of filtration modele failure in a data scgment can
be identified by the sysiem 100 as membrane integrity failure it at feast one of the following

conditions 18 met: (a) the coefficient of determination of P{to a 1% order polynoniial is greater

than 0.7, (by the coefficient of determination of P o a 2 order polynemial is greater than 0.7,

(¢) the difference between the coefficient of determination values for the 2*¢ order and 1 order
polynomials fitted to Pfis less than 0.3, (d) the coefticient of determination of Sp to a % order
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polynomial is greater than 0.7, () the coefficient of determination of Sp fo a 2™ order
polynonial is greater than 0.7, () the difference between the coefficient of determination
values for 2% order and ¥ order polynomials fitted to fitted to Sp is less than 0.3, (g) the
coefficient of determination of dP i a I¥ order polynomial is greater than 0.7, (h) the
coefficient of determination of dP to a 2% order polynomial is greater than (.7, (1) the difference

between the coefficient of determination values for 2™ order and 1% order polynomials fitted

to fitled to dP 16 less than 0.3 () dP remains constant with time in said data segment, (k) Pf

increases over time m said data segnient, andfor (1) Sp increases over tinxe o said data segment.
In some embodwnents, membrane integrity failure can be identified based on an increase m
permeate flow with simulfancons increase in salt passage, with dP providing secondary

(optional} suppoert for the identification.

{00791 I the system 100 concludes that the data 15 indicative of a specific type of fosling
event, the system 100 can oulput a notification via a praphical user interface 120 with the
fouling event detected, supporting data, and a recommendation for a cleaning strategy to
address the fouling. If multiple fouling types are detected as accurring simultancously from
the previous analysis, such as organic fouling and then biofouling within the same period or
dataset, a combmed cleamng strategy is needed and the system 100 can provide a
recommendation on how the combmed cleaning sirategy should take place.  “Lhe past
performance date van therefore be used to identify different types of fouling andior
combination of fouling that may be ocewring based on performance of the facility 102, and

elactronteally stores the correlations of such fouling determinations as fouling type data {42.

JO080] In some embodiments, the fouling type data 142 and the past performance data
112 can be used to evaluate the current performance data 114 to defect one or more fouling
types cccurring at the facility 102 and provide recomimendations for cleaning operations. In
some embodiments, the fouling type data 142 and the past performance data 112 can be used
to evaluate the carrent performance data 114 and predict potential fouling which may oceur.
For example, the system 100 can execute 3 prediction module 144 to receive as input the
carrent performance data 114 and predict the operational trajectory of the faafity 102 with an
estimate of the type of fouling which may occur 1n the near future. In some embodiments, the
system 100 can exccute the prediction modile 144 to receive as input the past performance
data 112 and estimate when specific types of fouling may oceur at the facility 102, e g, a
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repeated pattern of a specific fouling fvpe af the beginning of cach summer or a specific month,
or the hke. In such instances, the system 100 can provide notifications to the user 116
regarding a potential fouling fype that may occur within a specific window of time to aliow the
user 116 to plan in advance for a cleaning operation. The system 100 can therefore provide
accurate identification of fouling type(s) and reconmmend fouling type speeific cleaning
procedures that are focused on addressing the actual ssues oceurring with the facility 102,
ensuring that the filtration elements 104 arc properly cleaned and extending the overall hife of

said clements 104

{0081]  FIG. 518 a block diagram of'a computing device 200 in accordance with exemplary
embodiments of the present disclosure. The computing device 200 includes one or more non-
transitory computer-readable media for storing otie or more computer-executable instructions
or suftware for implementing exemplary embodiments. The non-transitory computer-readable
media may melude, but are not lmited to, one or more types of havdware nemory, non-
fransitory tangible media (for example, one or more magnetic storage disks, ong or more
optical disks, one or more flash drives), and the like. For example, memory 206 included in
the computing device 200 may store computer-readable and computer-executable wnstructions
or software for implementing exemplary embodiments of the present discloswre (e.2.
instructions {or operatimg the nomalization module, instructions for operating the cleaning
module, instructions for operating the CIP module, instrsctions for opersting the {ouling
identification module, instructions for operating the prediction module, mstructions for
operating the processing device, instructions for operating the communication interface.
instructions for operating the user mterface, mstructions for operating the central computing
systeny, combinations thereof, or the like).  The computing device 200 also includes
configurable andfor programmable processor 202 and assoaiated core 204, and optionally, one
or more addiBonal configurable andior programmable processor{s) 202" and associated core(s)
2047 (for example, w the case of computer systems having multiple processorsicores), for
executing computer-readable and computer-sxecutable Instructions of sofiware stored in the
memory 206 and other programs for controlling system hardware.  Processor 202 and
processor(s) 202° may each be a single core processor or multiple core (204 and 2047)

Processor.
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{00821 Virtualizafion may be emploved in the compufing device 200 so that infrastructire
and resources in the computing device 200 may be shared dynamically. A viriwal machine 214
may be provided to handle 3 process running on multiple processors so that the process appears
to be using only one computing resource rather than multiple computing resources. Multiple
virtual machines may also be used with one processor. Memory 206 may include a computer
system memory o fandom access memory, such as DRAM, SRAM, EDO RAM, and the like

Memory 206 may include other types of memory as well, or combinations thereof.

[0083] A user may interact with the computing device 200 through a visual display device
218 (e.g., a personal computer, @ mobile smait device, or the [ikey, such as a computer monitor,
which may display at least one user interface 220 {e.g., a graphical yser interface) that may be
provided in accordance with exemplary erubodiments. The computing device 200 may include
other VO devices for receiving input {rom a user, for example, a camera, a keyboard,
microphone. or any suitable multi-peint touch interface 208, a potnting device 210 {e.g., a
mouse). The keyboard 208 and the pointing device 210 may be coupled to the visual display
device 218, The computing device 200 may mclude other swtable conventional TO

peripherals.

[0084] The computing device 200 may also include at least one storage device 224, such
as a hard-dive, CD-ROM, eMMC (MultiMediaCard), SD (secure digital) card, flash drive,
non-volatile storage media. or other computer readable media, for storing data and computer-
readable instructions andfor software that unplement exeraplary embodiments of the system
deseribed herein. Exemplary storage device 224 may also store i feast one daiabase 226 for
storing any suitable mformation required to implement exemplary embodiments. For example,
exemplary storage device 224 can store at Jeast one database 226 for storing information. such
as data relating to the past performance data, cusrent performance dats, nommalized data,
cleaned data, CIP events, fouling type data, combinations thercof, or the like, and computer-
readable mstructions and/or software that implement cxemplary cmbodiments desertbed
hierein. The databases 226 may be updated manually or avtomatically at any suitable time to

add, delete, and/or update one or more items n the databases.

{0085 The computing device 200 can include a network interface 212 configured to

mierface via at least one network device 222 with one or more networks, for example, a Local

=2
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Area Network (LAN), a Wide Aren Network (WAN) or the Internet throngh a variety of
connections including, but not limited {o, standard telephone lines, LAN or WAN links (for

example, 802.11, T1, T3, 56kb, X.235), broadband connections {for example, ISDN. Frame

Relay, ATM), wireless connections, costroller arca network (CAN), or some combination of

any or all of the above. The network interface 212 may include a built-in network adapter, a
network interface card, 3 POMCIA network card, Pa CI/PCle network adapter, an 8D adapier,

a Bluetooth adapter, a card bus network adapter, a wireless networ adapter, a USB network

adapter, a modem or any other device suitable for interfaeg the computing device 200 to any
type of network capable of commumcation and performing the operations deseribed herein.
Moreover, the computing device 200 may be any computer system, such as a workstation,
desktop computer, server, laptop, handheld computer, tablet computer (e.g., the tablet
computer), mobile computing or communication device (e.g., the smart phone communication
deviee), an embedded computing plaiform, or other form of computing or icleccommunications
device that 1s capable of communication and that has suthcient processor power and memory

capacity to perform the operations described herein.

f0086] The computing device 200 may run any operating system 216, such as any of the
versions of the Microsoft™ Windows® operating systems, the different releases of the Unix and
Linux opersting systems, any version of the MacQS* for Macintosh compuaters, any embedded
operating system, any real-time opersting syslem, any open source operaiing systew, any
proprietary operating system, or any other operating system capable of running on the
computing device and performing the operations deseribed herein.  In exemplary
embodiments, the operating systern 216 may be run in native mode or emulated mode. In an
exemplary embodiment, the operating systern 216 may be run on one or more cloud machine

msiances.

[0087] FIG. 6 is a block diagram of an exemplary system environment 304 for deiermining

a hilter status in accordance with exemplary embodiments of the present discloswre. The

environment 300 can include servers 302, 304 configured to be in communication with af least
one water treatment factlity 306, at feast one sensor 308, at least one system 310, at least one
proeessing device 312, at least one user witerface 314, and a central computing system 318 via
a conuunication platform 324, which can be any network over which information csn be
transmitted between devices communicatively coupled to the network. For example, the
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commanication platform 324 can be the Internet, Intranet, virtual private network (VPN), wide
area network (WAN), local area network (LAN), and the hike. In some embodiments, the

communteation plattorm 324 can be part of a cloud environment.

[008%) The environment 300 can inefude repositories or databases 320, 322, which can be
in communication with the servers 302, 304, as well as the water treatment facility 306, sensor
308, system 310, at least one processing deviee 312, at least one user interface 314, and the
central computing system 318, via the commupteations platform 324, In exemplary
embodiments, the servers 302, 304. the water treatment facility 306, sensor 308, system 310,
at feast one processing device 312, at least one user witertace 314, and the central computing
system 318 can be mplemented as computing devices {(e.g., computing device 200). Those
skilled 1 the art will recognize that the databases 320, 322 can be meorporated 1nto 8t least
one of the servers 302, 304, In some embodiments, the databases 320, 322 can store data
relating to past performance dsta, current performance data, normalized data. cleaned daia,
CIP cvents, fouling type dala, combinations thereof, or the like, and such data can be

distributed over multiple databases 320, 322,

[0089] As discussed above, the exemplary system collects past performance data,
normalizes the data, cleans the data to remove outliers and for consistency of the data, identifies
CIPs, performs {* order and 2™ order polynomial regression and & coefficient of determination,
apphes fogic to identifv fouling/failere types, and uses previous miormation to predict the next
fouling type, with an (optionalfy) adaptive system that wichudes fouling considerations. In

somme embodiments, smoothing of the data can be performad after the data cleaning siep. In

some embodiments, three different methods can be used for outlier removal, e.g., removal of

data points with sudden change. manually and Kernel smoothing, combinations thereof, or the
like. In some embodiments, the system can perform a cleanability caleulation to determine

when & cleamng procedure should take place based on current performance data the

cwrve/direction of the data.

[0090] With respect to the cleaning or outlier removal step, the system can implement
Wenyu's method, precewtse Kernel smoothing, or combinations thereof.  The consistency
check can include the following properiies: feed pressure is greater than concentrate pressuse,

feed pressure is greater than permeate pressure, feed low 1s greater than concentrate flow, feed
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flow is greater than penmeate flow, and fead pressiwe is greater than a change in pressure (dP)
FIGS. 7A and 7B are graphs of outlier identification performed by the system using the
discussed methods, with FIG. 7A inehuding outliers and FIG. 7B exclnding outliers. For this
method, data outliers general ocour due to proacess upsets, measurement errors, or the iike.
Outlters  can  result  in excessive  “false  positve™  CIP and  process  stop

identafications/indications. Wenyu’s method is performed based on Equation 1 below,

The system initally caleulates the percentage change of s data pomt {y¢) from a previous data
point {vu1);, denoted by A%, w1 Equation |. The system then calculates the percentage change
of the next data point { from a previous data pomt {y.). denoted by A%y, If Ay is greater

1 DL, or A%

equal to -DL and A%y.; is greater than or equal to DL, the point yi is identified an outlier. The

process 1s repeated until all outliers have been tdentified and removed from the dataset. In
FIG. 7A, the circled pomts indicaie examples of some outliers that should be removed from
the dataset (removed in FIG. 7B). The method is used by the system to Took for sudden drop-
increase or sudden inerease-drop combinations. v refers to any key performance indicator
(KPD). It was found that a DL of 1% was sufficient. but the DL could potentially be changed
by the user. Identifying oulliers is vseful for detecting process anomalies and ensuring sl

further process data does not have “false positive™ CIP or process stop indications.

[6091] In some embodiments, outlier identification can be performed by the system based
on piecewise Kernel smoothing. In such embodiments, the entire data 1s divided into different
segmients, c.g., picces. I the time gap between two pieces is greater than one (1) day, for cach
piece, a kernel smoother (e.g., a locally weighted scatterplot smoother or LOWESS) is
developed. The Kermnel smoother produces @ curve formed by repeatedly finding a locally
weighted fit of a simple curve at sampled points in the domsin.  The default seiting in the
system is hinear (Lambda), tri-cube (Weight Function), 0.5 (Alpha), and 0 {Sampling Delia).
Depending on the data, the systemn can automatically identify the optimal alpha value. In some

embodiments, IMP™ Kermnel smoothing can be nsed.

[0092]  Afl

r the datasets bave been cleanced, the cm [0 can revicw and analyze the

data to dentify CIP events. The system 100 can identify when a CIP event starts and ends io

less than or .
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segment the data around the CIP events for further processing to fdentify the fouling type
oceurning dunng between CIP events. In general, a CIP event is an effort to “reset” or improve
the water treatment process. A CIP event also represents lost production time and chemical
cost expenditures. The system 100 can rely on a number of factors as indicative of a CIP event,
e.g., missing data for over one day, before and afler change in KPIs (permeate flow (Pf), salt
passage (Sp), and element pressure drop (dP), combnations thercof, or the hke. Some
potential challenges to dentitymg CiPs can include, e.g., outliers in the data (if not properly
removed), inconsistent time aterval between CTPs, the KPIs do not always change much due
to a CIP, a3 process stop was used as a “low cost” CIP, combinations thereof, or the hke. In
general, the process discussed with respect to FIGS. 7A and 7B identifies and removes ontliers
in the data. It KPls do not change significantly, such data can be indicative of a process stop
(not a CIP), which can be usetn! for the svstem to identify. If & process stop acts as a “low
cost™ CIP, the system can consider such “low cost™ CIP as a CIP event.

[0093] The CIP identification process can be performed by creating a differencing series

of a data point (yq from a previous data point (v ) (denoted by Vyi Vye= vi - yia). The average

and standard deviaons are calealsted for the differencing senes of each KPL For the
differencing series of KPls, the system determines whether the differencing value of dP lies
below the K¥ standard deviation arouad the average, or if the differencing value of flow lie
above the K* standard deviation around the average. If the answer is ves to cither question,
the system determines whether there was a gap of greater than 1 day in the data. I yes, the
data pomnt (yr) is dentified as a restart value after a CIP. The method is based on Fxtreme
Values 1in Differencing Series of dP and Flow (EVDS). The method checks whether the change
in the data point is far outside the expected vanation.  dP and P may be the best KPIs to
identify CIP peints. The default value for k is 5 but can be changed by the user. The CIP

dentification process can be represented by Equaiion 2 below:
if (V:!Pi < Cotumn Mean (VdP) — K -
Columa Standurd Deviation (VUP)) or (VFlow, = Column Meun (VFlow) +
K - Column Standard Deviation (VFIow))cmd (VDate, > 1) (2)

then the eurrent observation corresponds to the restart time after CIP. The corresponding time

for the previous observation indieates the C'IP fune.
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{0094 FIGS. 8A-8C are graphe illusirating ideal (FIG. 8A), expected (FIG. §&B), and

observed (FIG. BCY pressure drop {dP). The objective of a CIP is 1o restore the performance

of the system fo (ideatly) its initial state. In the tdeat scenario of FIG. §A, dP retums to the
initial value after cleaning. In the expected scenario of TG, 8B, dP is reduced after every
cleaning but sieadily increases. In the observed scenario of FIG. 8C, dP changes
inconsistently. dP is generally used to check cleaning effectiveness (other KPIs may be used
i other embodiments).  Indices were developed over the years to measure cleaning
effectiveness, e.g.. statie indices compared to dP alter conunissioning (uncovered dP,

cleanability, or the hke), dynasmic indices compared to dP after previous CIP (dynamic

cleanability), or the like

{00951 i some embodiments, the system can identify the CIP start and end points,
caleulate the average of three (3) dP values each af the start and end of each CIP, and caleulate
the relevant Cleaning Effective Index for each CIP. A similar process can be used n addition
to or instead of the dP using other KPIs. Other cleaning indices can be calenlated. The numnber
of data points used for caleulating the average can be changed by the user or operator of the
system. For example, in some embodments, the average can be taken over a period of at least
two hours to ensure a stable reading. However, in sorne embodiments, an average taken over
more or fess than two hours can be used. FIGL 9 is a graph iHustrating CHP events of a dataset,
FIG. 10 is » graph illustrating unrecovered dP vs. initial for a dstaset, and FIG. 11 is @ graph
iustrating cleanability vs. inttial for a dataset. FIG. 10 illustrates the difference between the
dP measured after a CIP and the 1mtial dP (e.g., dP measured at startup before even the first
CIP was performed). In a perfect system, as described m FIG. 8A, FIG. 10 would be a straight
horizontal fine at ¢ (i.e., no unrecovered dP). The “to Initial” referenced at the top of FIG. 10
mdicates the plot is for the imtial dP as measured at starbup before the first CIP 1s performed,
as compared {o other dP values alter the first, second, third, ete. CIP events. Simnlarly, for
FIG. 11, the cleanability captures how much of the dP increase was removed by a CIP vs. an
ideal case where all the dP increase since startup is removed by a CIP. In a perfect system, as
described in FIG. 8A, FIG. 11 would be a straight horizoatal line st 100% (i.¢., the elements
are cleaned to startup conditions every time). In FIG. 9, a, represents the dP value after the i
CIP. and b, represents the dP value before the i CIP. These values are compared fo the initial

value (dPiiai) using Equations 3 and 4 below:

ts
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NI i=Pinitie 2
Unrecovered dP(Y){i] = et 5 150 (3)

APininat

Cleanability(%)]i] = % x 100 (4)
iYW nitind

These values can further be compared to the previous after CIP value (ai 1) using Equations §

and 6 helow:

Dynamic Unrecovered dP{%)[i] = (&3]
Dynamic Cleanability(%){(} {6)
{60961 In some instatees, CIP cleanings can be 1dentified by detecting lower pressure drop,

normatized flux increases or sali passage restored to the starting point. When the system
starls/staps, permeate flow and salt passage oscillate natil they are stabilized. Once the CIP
events ave been identificd, the systemr can analyze the data in-between the CIP events to
detenmine the type of fouling occurring based on the operational values of the system. FIG. 12
is a chart of the fouling type and the indicators/parameters based on normalized pressure drop,
normalized permeate flow, and nommalized salt passage. The information i FIG. 12 can be
used by the system i combination with the information in FIG. 13 to idennty the specific
fouling type(s) ocemring. For some fouling types. the wdicators/parameters are reviewed
based on the position of the filtration element, e.g.. lead end, tail end, both lead and tail ends,
or the like. Some fouling types can ocow at any f{iltrabion element and, therefore, the
mdicators/parameters are reviewed in any position of the filiration ekements. Normalized
pressure drop can act as a primary indicator for no fouling, biofouling, particulate fouling, and
sealing. Normalized permeate flow can act as a primary indicator for no fouling, organmce
fouling, particulate fouling, and element damage (¢.g.. mieprity tailure). Normalized salt
passage can act as a primary indicator for sealing and element damage. These key factors can
thereloie be reviewed by the system [or each dataset coiresponding (o periods in-between CIP

events to determine the type of fouling ocenrring.

{00971 As discussed herein, the system can initially determine if there is a match based on
at least ong primary indicator/parameter to identify the fouling type. Such identification can
be reinforced by addittonal primary and/or secondary indicator/parameters that muateh the data

set. However, only a single primary indicator/parameter mateh is needed by the system for

PCT/US2024/028632



WO 2024/238283

estimation of the fouling fype. In sonte mstances, more than one fouling type can be oceurring
and the system can idenfify such scenarios based on, e.g., two or more different primacy
parameters being mef.  In some nstanees, i1 8 primary indicator/parameter match is not
identified, the system con determine the fouling type based on a match of secondary

parameter(s).

[0098] n some embodiments, the “decision tree” performed by the system can involve the
following steps: (i) identity the slope of the primary parameter(s), (i1} identify a fitting trend
of the primary parameter(s), and (iil) determine the filter element position for the identific
performance change. Based on a mateh of st least one primary parameter with the slope vs.
time {or slope vs. time and daia fitting; or slope vs, time, data fitting and flier element
position), the foulmg type can be ideniified. If @ mateh of at least one primary parameter is
not found, the “decision tree™ of the system can identify the slope and fitting trend of secondary
parameter(s) to identify the fouling type based on the secondary parameter(s) match. I the
match of the primary parameter(s} andsor secondary parameter(s) wdentifies more than one
potential fouling type, the system can provide the potential matches to the user and the user
can review the data to determine which of the potenial matches is the actual fouling type
oceurring.  In some wnstances, more than one type of fouling type can occur in the filter
elemients and the system can dentify mutiiple fouling types based on the pumary andior
secondary parameter matches. The identitied fouling can be used W identify snalyze corrent
performance data (e.g., in real-time or substantially real-time) to estimate the type of fouling
that may be occurring and/or may soon occur, and recommend more speeific and accurate
cleaning procedures to address the fouling. The wdentified fouling can also be used to predict
when fouling may ocewr based on detection of repeated fouling trends oceurring during spectfic
weeks, months, and/or in view of specific water conditions (e.g., temperature, or the like).
[0099] With specific focus on FIG. 12, for no fouling, data from any filiration element
position can be used, and cach of dP, P and Sp are considered primary indicators/parameters.
For no fouling to be identified, either the dP. Pf and/or Sp eurve it a hnear function with a
slope vs. time of about zero {e.g., a change of less than 5% over the entire operational pertod

of time for the data set).
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{00100]  sufl with reference to FIGL 12, for biofouling, data 1s reviewed wath respect 1o the
lead filtration element(s), which can include the first filtration element only (or in some
embodiments can include the fivst and second {iliration elements at the lead end of the pressure
vessel). dP is the primary parameter for biofouling, with the data fitting a non-linear function
and the slope vs. time being pasitive (both of which must occur to meet the primary parameter)
Pf 14 one sccondary parameter for bofouhng, with the data fitting a8 non-linear function and
the slope vs. ime being negative (both of which must occur to meet the secondary parameter).
Sp s another secondary parameter for biofouhng, with the data fitting a non-linear function
and the slope vs. time being positive (both of which must occur to meet the secondary
parameter). Thus. inall instances disenssed herein, both the function fit and the slope vs. time
must be met m order to meet the primary or secondary parameter. If the primary parameter
conditions are met, the system can identify the fouling type as biofouling even if the secondary
paramceters are not met,. Howcever, if once or more of the sceondary paramcters are met, the
system can use this data to reinforce the original identification based on the primary parameter.
f00101]  For organic fouling, data is reviewed with respect to any of the filtration elements
{e.g.. not limiied to lead or tail end filtration elements). Pfis the primary parameter for organic

ve. dPis

fouhng, with the data fitting a non-linear function and the slope vs. time being neg
one secondary parameter for organic fouhng, wuh the data biting a finear function and the
slupe vs. time being aboul zero. Sp ts another secondsry parameter for organic fouling, with
the data fitting a non-linear function and the slope vs. time being negative.  If the primary
parameter conditions are met, the system can idennity the fouling type as organic fouling even
if the secondary parameters are not met. However, if one or more of the secondary parameters
are met, ihe system can use this data to reinforce the onginal identification based on the

prouary parameter.

[00102]  For particplate fouling, data is reviewed with respect to the lead filiration
clement(s). dP is the primary parameter for particulate touling, with the data titting a lincar
function and the slope vs. ime being positive. P is one secondary pammeter for particulate
fouhng, with the data fithng a Iinear function and the slope vs. time being negative. Sp is
another secondary parameter for partiendate fouling, with the data fitting a linear function and
the slope vs. time being positive. [{ the primary parameter conditions are met, the system can
identify the fouling type as particulate fouling even if the secondary parameters are not met.
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However, if one ormore of the secondary parameters are met, the system can use this data to

reinforce the original identification based on the primary parameter.

f00103]  For scaling, data is reviewed with respect to the tail filivabion element(s), which can
include the last filtration element at the tail end of the pressure vessel (or in some embodiments
can include the last and nexi-fo-last filtration elements). dP is the primary parameter for
scaling, with the data fitting a linear function and the slope vs. time being positive. Pfis one
secondary parameter for scaling, with the data fitting a linear function and the slope vs. time
being negative. Sp is another secondary parameter for scaling, with the data fitting & lincar
function and the slope vs. fime being pesitive. If the primary parameter conditions are met,
the system can identify the fouling type as sealing even if the secondary parameters are not
met. However, if one or more of the secondary parameters are met, the system can use this

data to reinforce the original identification based on the primary parameter.

Formicgnty failure, data is reviewed with respect to both the lead and tail filtration
element(s), which can include only the first and last filtration elements at the lead and tail ends
of the pressure vessel (orin some embodiments can melude two filtration elenients at the lead
end and two filtration elements at the tail end). P{is one primary parameter for integrity failure,
with the data fitting a linear function and the slope vs. time being positive. Sp is another
promary parameter for integrity fatlure, with the data fithing a hmear function and the slope vs.
time being positive. dP is a secondary parameter for integrity failure, with the data fitting a
linear function and the slope vs. time being about zero. If the primary parameter conditions
ave met for just one primary parameter, the system can identify the fouling type as integrity
failure even if both primary parameters and/or the secondary parameter is not met. However,

if both primary parameters are met and/or the secondary parameter is met, the system can use

this data to reinforee the original identification based on the primary parameter.
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3A-13F are graphy illustiating dataset analysis for pressure
drop, permeate flow, and salt passage. with specific results indicative of specific fouling types,
including no fouling (FIG. 13A), biofouling (FIG. 13B), organic (FIG. [3C), particulate (FIG.

13D), sealing (FIG. 13E), and integrity (FIG. 13F). As used heremn with respect to FIGS. 13A-

13F, as well as throughout the disclosure, the term 'step” or “stepped” change refers

to a change of at least 3% 1 8 given parameter in less than a 24 hour operational period:

term “steep” refers to a change of at least 5% in a given parameter in a

24 hour or greater operational pertod, and the ferm “zero” or “no change” refers to a change of
fess than 5% over the entire operational period of time for the data set.

FEERREES No foulin

g, as iustrated in FEG. 13A, Is generally represented by no
change in all factors. No cleaning would be needed with these results. Biofouling, as
illustrated in FIG. 13B, is generally represented by an increase in pressure drop that fits a 2%
order polynonnal (with optional drop of permeste flow and increase 1n salt passage). A
cleaning would be recornmended with a specific chemical combination for biofouling. Organic

fouhng, as ilustrated in FIG. 13C, is generally represented by a drop of permieate flow that fits

w2
~J
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2 2™ order polynemial (with optional decrease wn salt passage and steady pressure drop). A

cleaning would be recommended with a specific chemical combimation for organie fouling.

Particulate fouling. as thhustrated in FIG. 13D, is generally represented

by a sieep increase in pressure drop (e.g., a siep change) that fits a 19 order polynomial (with
optional steep decrease of permeate flow (e.g., 8 step change) that fits a 1" order polynomial
and steep inerease salt passage (€ g., a step change)). A cleaning would be recommended with
a specific chemical combination for particulate fouling.  Troubleshooting of pretreatment
would be recommended. Although the increase may be linear, generally such increase would
be represented as a ramp. Scaling, as illustrated 10 FIG. 138, is generally represented by an
increase in pressure drop that fits a [™ order polynomial (with optional decrease in permente
flow, and increase in sali passage that fits a 1% order polynomial). A cleaning would be
recommended with a specific chemical combination for sealing.  Decreasing overall system
recovery wousld be recommended. Biofouling and scaling may have similar effecis, but dP
increase 1s more predominant for lead elements for biofouling while this effect is observed in
tat] elements for scaling. Oxidation or integrity damage, as tllustrated in FIG. 13, is generally
represented by an increase in the permeate flow that fits a 19 order polynomial and an increase
in salt passage that fits a 1% order polynomial (with optional steady pressure drop). Replacing

current filttation clements would be reeommended.

A UFIG 14 48 g geaph rtlustrating identified biotouling based on & dataset,

and FIG. 15 15 3 graph illustrating identibed oyganie fouling based on a different dataset. These
fouling identifications were performed by the system by reviewing and snalyzing the data to
determme the key factor conditions, and matehing the key factor conditions to the guidelines
discussed above. Based on these guidelines, the system developed specific functions for the
dataset and identified the specific type of fouling occusring. Organic fouling differentiation

was reproduced with excellent results based on expenimentation of ditferent datasets.

RENRTERS FIGS. 16 and 17 sre graphs illustrating identified organic touling and

biofouling over organic fouling. Excellent reproductbility of the identifications and results as
achtieved using the system during experimentation. FIG. 18 is a graph illustaiing identified

organic fouling, particulate fouling, biofouling, and CIP events, based on a different dataset.
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In some instances, the sysfer ean follow specific rules for anslyzing the
data and detecting the fouling type. The system can initally detect the cycles between CIP
events, and for each eyele perform a 1 order and 2% order polynomial regression for dP. salt

passage and permeate flow. The system can be used for detection of CIP events and fouling

types in hath RO (single pass) and CCRO (closed circuit mudtiple pass) systems.

While exemplary embodiments have been described herein, it is
expressly noted that these embodiments should not be construed as limiting, but rather that
additions and modifications to what is expressly described herein alse are included within the
scope of the wvention. Moreover, it 18 to be understood that the features of the various
embodiments described hercin are not mutuafly cxclusive and can exist in various
combinations and pesmutations, even i such combinations or penmutations are not made

express herem, without departing {rom the spirit and scope of the mvention.
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CLAIMS:
1. A system for deterrmning a filter status, comprising:

a database configured to electronically store data, the data mnchuding past
perfotmance data of one or more water filtraiton elemenis; and
a processing device in communication with the database, the processing device is
configured to:
receive as npui the past performance data;
identify one or more data points within the past performance data indicative of
a cleaning event for the one or more water filivation elements;
divide the past performance data into individual data segments, cach of the
ndividual data segments representing data of the past performance data in-
between respective identified cleaning events;
{it a mathemaiical function to cach of the ndivideal data segments; and
identify a type of fouling occurring during each of the individual data
segments based on the mathematical function fitted to the respective individual

data segment.

2. The system of claim |, wherein the processing device is further configured to
nonmaiize the past performance daia to conditions at startup of the one or more water

filtration elements before identifying the cleaning events.

Lo

The system of claim | or claim 2, wherein the processing device is further configured
to secount for a variation of at least one of a feedwater temperature, a feedwater

composition, or a feed pressure, when normalizing the past performance data

4. The system of any preceding claim, wherein the processing device is further
contigured to identify and remove physically inconsistent data points from the past

performance data before identifving the clesning events.

S. The system of claim 4, wherein the physically inconsistent data point 1s removed
from the past performance data if the following conditions are not met:

feed flow 1s greater than coneentrate flow;

the feed flow 1s greater than permeate flow;

49
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feed pressuye s greater than concenfrafe pressure; and

the feed pressure 1s greater than permeate pressure.

The system of any preceding claim, wherein the processing device is turther
contigured to identify and remove statistical outhier data points from the past

performance data before identifving the clesning events.

The system of claim 6, wherein identitving and removing the statistical owtlier data
powts from the past performance data comprises:
caleunlating a percentage change of a data point (v from a previous dain
point (yei):
calculating a percentage change of a next data pont (v 1) fron the data point (vi);
comparing a previous percentage change with a drop limit value; and
identifyving the data point (yi) as an outlier if the pereentage changes exceed the

drop fimit.

The system of any preceding claim, wherein identifying the cleaning evenis

COMPses:

applying a differencing series method to 3 normalized pressure drop (dPyand 3
normatized permeate {low (P£) from the past performance data, wherein applying the

differencing series method includes:

caleulating a difference between the data point {y:) and the previous data point
{vi1) {0 generate a differencing series for the nonmalized pressure dvop (dP) and

the norawalized permeate flow (P1);

calculating an average and a standard deviation for the differencing series for the

normalized pressure drop (dP) and the normalized permeate flow (Pt);

comparing each value in the differencing series for the nonmalized pressure drop
(dPy and the normalized permeate flow (P1) to a sum of correspondng values in
the differencing senes and a product of a ditferencing constart and a

corresponding standard devianon of the differencing series;
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determuning 1€ 3 gap exists in the dataset: and
determining 1f the gap is wider than a CIP reference time.

The system of any preceding claim, wherein the processing device 18 further
configured to analyze a cocfficient of detenmination of the matbematical function and
caleulate derivatives of the mathematical function with respect {o time, and wherein
the processing device is further configured to tdentify the type of fouling based on the

derivatives of the coefticient of determination.

The system of any preceding claim, wherein the one or more water filtration elements
include at least one element selected from the group consisting of a reverse osmosis

element, a nanofiltration element, and a hyperbiltration element.

The system of any preceding claim, further comprising one or more sensors
confrgured to detect and transmit data for pressure drop, salt passage, and permeate
flow associated with cach of the one or more water filtration elements for storage in

the database as the past performance data.

The system of any preceding claim, wherein:

the past performance data mcludes pressure drop, sali passage, and permeate flow
for each of the one or more water Oltration elements; and

if no change in the pressure drop, salt passage, and permeate flow is detected, the

processing deviee identifies a no fouling condition.

The system of any preceding claim, wheren:

the past performance data mcludes pressure drop, salt passage, and permeate flow
for each of the one or more water filtration elements; and

if am increase in the pressure drop fits a 2% order polynomial function, the

processing deviee identifies the type of fouling as biofouling.

The system of any preceding claim, wherein:
the past performance data meludes pressure drop, sall passage, and permeate flow

for each of the one or more water filtration elements; and
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if o decrease of the salt passage fits 1 2°% osder polynomial function, the

processing device ident fies the type of fouling as organic fouling.

The system of any preceding claim, wherein:

the past performance data includes pressure drop, salt passage, and permeate flow
for each of the one or more water filiratzon elements; and

if a steep increase in the pressure drop of first posttion elements fits a [ ordey
polytiomial funetion, the processing device defines the type of foulng as partieulate

fouling.

The system of any preceding elaim, wherein:

the past performance dafa includes pressure drop, salt passage, and permeste flow
for each of the one or more water filiratzon elements; and

it a gradual increase in the pressure drep of tail position elements fits a 1™ order

polynomial funetion, the processing device identifies the type of fouling as sealing.

The system of any preceding claim, wherein:
the past performance data includes pressure drop. salt passage. and pemmueste flow
for each of the one or more water filtration elements; and

if a0 incresse in the permeaie {fow fifs 3 1% order polynomial function and an

increase in the salt passage fits a 1% order polynemial function, the processing device

identifies the type of fouling as an integrity failure event.

The system of anpy preceding claim, wherein the processmng device is further
configured to:

recsive as input current performance data of the one or more water filtration
elements as received from one or more sensors;

analyze the current performance data based on the previous analysis of the past
perfonmance data and the identification of the type of fouling occurnng during each
of the individual data scgments;

estimate a current type of fouling occuring st the one or more water filtration

clements; and
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oufpui a recommiendation for a cleaning procedure speetfic to the current type of

fouling cccurring at the one or more water fiftration elements.

The system of any preceding claim, further comprising artificial intelligence, machine

fearning vapabilities, or both artificial intelligence, machine learning capabilities,
wherern the artifictal intelligence or machine learmug capabilities operate to improve
ideniification of fouling types, predictability of fouling events or both 1dentificaiion

of fouhing types and predictability of fouling events.

A method for determining a filter status, comprising:

receiving as input to a system for determining a filter status past performance data
of one or more water filtration elements, the system for defermining the filter status
including (1) a database configured to electronically store the pasi performance data,
and (11) a processing deviee n communication with the databasc;

idenitfytng one or more data points within the past performance data mdicative of
a cleaning event for the one or more water filtration elements;

dividing the past performance data into individual data segments, each of the
individual data segments representing data of the past perfonnance data in-bhetween
respective identified cleaning events;

fitting & mathematical function to cach of the individual data segments; and

wdentifying a type of fouling occtming during cach of the sndividual data
segrients based on the mathematical funchon fitted to the respechive wndividual data

segment.

A nor-transitory computer-readable medivm stormg instructions for determin
filter status that are executable by a processing device, wherein execution of the

mstructions by the processing device causes the processing deviee to:

receive as input to a system for determining 2 Glier status past performance data
of onie or more water filtration elements, the system for determining the filter status
mchuding (1) a database configured to electronically store the past performance data,

and (11) the processing deviee in communication with the database;
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wentify one or more data points within the past performance data indicative of a
cleanmg event for the one or more water filtration elements;
divide the past performance data info individual data segments, each of the
individual data segments representing data of the past performance data in-between
respective identified cleaning events;
fif @ mathematical function to each of the individual data segments; and
identify a type of fouling occurring during each of the individuaf data segments

bused on the mathematical function fitted to the respective individual data segment



