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ARTICLE INFO ABSTRACT

Keywords: One tool in efforts to tackle the ever growing problem of water scarcity is municipal wastewater reclamation
Potable reuse to produce drinking water. Microfiltration (MF) is a central technology for potable reuse because it is highly
Mathematical modeling effective in removing pathogenic protozoa, bacteria, and other colloids and for reverse osmosis pretreatment.

Optimal control

Hollow fiber

Fouling control
Wastewater reclamation

However, as microfiltered materials accumulate at the membrane surface, its productivity is reduced requiring
periodic removal of foulants. A mathematical model of MF is described in the context of hollow fiber filtration
that focused on optimizing constant flux operation with backwashing. Design curves were also proposed for
determining backwash timing. The model analysis is evaluated against real-world MF fouling for membranes
that range in age from a few weeks to three years, observed at the world’s largest water reuse facility operated
by the Orange County Water District. The presented model compares well with the full-scale operational data,
and model parameters accurately capture variations in fouling kinetics with membrane age, providing clues
to changes in optimal regeneration timing and frequency as membrane performance declines over long time

scales.
1. Introduction as a pretreatment to reverse osmosis or nanofiltration in potable reuse
applications [5,6]. MF/UF are also commonly used in bioseparations,
The global water scarcity has been well-documented, with approx- food and beverage processing, and other industrial applications [7-10].
imately 4 billion people experiencing severe shortage at least one Unsurprisingly, in all cases, removed materials accumulate at or near

month annually and over 500 million experiencing it throughout the
year [1]. This problem is only predicted to worsen with 700 million
people facing displacement due to intense water scarcity in the next
decade [2]. Given that a third of the world’s largest groundwater basins
are distressed [3] and excessive groundwater utilization causes ground
subsidence that worsens flooding and damages the built infrastruc-

the membrane surface and inside the pores reducing productivity and
hindering their wider implementation. In the case of Orange County
Water District (OCWD), MF was chosen for RO pretreatment and thus
this article focuses on MF fouling.

Periodic removal of the foulants is key to efficient membrane op-

ture [4], a logical approach to tackle water scarcity is to better utilize eration [6,11]. Maintaining tangential shear to scour away foulants is
surface water sources and to implement potable water reuse. one fouling control method [8,12,13], which in some extreme cases

It is imperative to treat impaired waters to ensure public health and does not effectively maintain productivity [14,15]. In contrast, dead-
safety before they can be distributed to the serving public, with mu- end operation with periodic backwashing dominates municipal wa-
nicipal wastewater reuse demanding much more extensive treatment. ter/wastewater treatment and water reuse applications because it is
Microfiltration (MF) and ultrafiltration (UF) effectively separate partic- capable of maintaining productivity and a high water recovery [6,16].

ulate contaminants including turbidity and pathogenic microorganisms
such as protozoa and bacteria from contaminated water sources [5].
MF and UF share numerous characteristics (except for nominal pore
size), typically discussed together as ‘“low-pressure membrane pro-
cesses”, and are both oft-employed for surface water treatment and

Backwashing interrupts forward filtration and uses MF permeate during
flow reversal to dislodge accumulated foulants. Hence, backwashing
too often will reduce water recovery while maintaining MF produc-
tivity, whereas reducing backwashing frequency can be expected to
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lower membrane permeability while increasing recovery indicating a
potential optimal mode of backwashing and recovery.

Outside-in, hollow fiber geometry provides a high packing density
while simultaneously facilitating backwashing and chemical cleaning;
therefore, it is currently the preferred geometry in nearly all micro-
filters employed for long-term environmental and industrial applica-
tions [17,18]. To date, optimization of backwash timing for hollow
fiber membranes has largely focused on empirical investigations e.g. [6,
19-21]. Importantly, the fluid mechanics depends strongly on mem-
brane geometry, apparently disallowing direct extension of results from
one geometry to the other [22-24]; however, mathematically rigorous
and tractable models that neglect the geometrical details can still be
used to understand the role of membrane age and other characteristics
in the context of backwash timing and MF operation. Relatively simple,
mathematically tractable models have been shown to be able to capture
the relevant filtration information e.g. [25]. To develop any analytic
method, optimal control approaches typically require simplified mod-
els [26,27]. This framework has been developed to address MF in
increasingly complex situations, from weakly interacting and easily re-
movable foulants, to biologically active foulants that cause irreversible
fouling, etc. [26,28]. The current study is aimed at three extensions that
provide useful insights into MF as well as the flexibility of the model
structure. First, the model is formulated in constant flux operation by
focusing on the increasing pressure required to obtain a constant flux
of fluid as the filter fouls dynamically. The second task is to consider
whether this class of spatially homogeneous models can be used to
address other geometries. The applicability of this model to the perfor-
mance of hollow fiber microfilters from the world’s largest water reuse
facility at the OCWD Advanced Water Purification Facility (AWPF) is
then evaluated. In other words, it is determined whether neglecting the
microfilter geometry (specifically, models that do not depend explicitly
on spatial dimensions) has a profound effect on model parameters
and fouling predictions by comparing an ordinary differential equation
model that neglects spatial geometry to data obtained from hollow
fiber filters. In previous studies, results were compared directly with
data obtained from flat-sheet filtration where a spatially homogeneous
model is a less stringent assumption. A model that neglects details
including treatment of the multidimensional fluid dynamics, detailed
modeling of the physical mechanisms of pore fouling are not needed
to capture the dominant time scales and dynamics of the fouling and
regeneration process. This is very important since along with the goals
of demonstrating that the current spatially homogeneous model can
be parameterized using full-scale data, it is of interest to determine
how the membrane aging alters the predictions in terms of optimal
reversal timing and frequency which is substantially more complicated
and uncertain for more complicated models.

Finally, analyzing the model from the perspective of optimal control
provides a way to relate optimization to membrane age by pursuing
deteriorations in water productivity over a long timeframe. Multiple
days of observations, spaced by several months are used to provide
average behavior over three years. Polymeric membranes are known to
lose productivity over long time-scales due to hydraulically and chem-
ically irreversible fouling coupled to polymer degradation associated
with attack by disinfectants used for chemical cleaning and/or biofilm
control during regular operation [29-32].

Prolonged exposure to strongly interacting foulants and harsh ox-
idants, typically over a few years, has been documented to change
membrane morphology and surface chemistry thereby negatively im-
pacting performance e.g. [33,34]. Given the inherent complexities in
modeling large-scale membrane plants, only empirical data are avail-
able to date on aging of low-pressure membranes [33]. Hence, relating
membrane age even qualitatively to model parameters constitutes a
useful contribution to membrane operation and design engineers.

The main goal of this manuscript is the mathematically rigorous
optimization of backwashing time courses and durations to minimize
the pressure increases and maximize productivity, i.e. permeability.

A closely related and important technological aspect of the work is
implementing the model to assess differences in parameters as the
filter ages. The variation in parameter estimates over time are then
determined. This leads to insights into the aging processes as well as
indications for how to adjust the cleaning regime as the membrane
ages. In the next section, our recent model of constant pressure MF
with backwashing [26] is reviewed and reformulated in terms of the
permeability for constant flux mode. A discussion of the parameteriza-
tion of the model using data provided by the OCWD for two MF cells
from their AWPF follows. Finally, the optimal control methodology is
described and insights gained from the model analysis and how this
method connects with practical implementation are discussed.

2. Model development

Microfiltration operation occurs in multiple steps. First, during the
forward operation, the contaminated water is forced or drawn through
the membrane. During forward operation, foulants accumulate on the
surface, which hinders the transport of water across the membrane.
Following the development in earlier publications [26,28], the accu-
mulation of foulant, B, on the surface of a membrane during forward
filtration is assumed to be proportional to the flux, J, across the
membrane. We further assume full retention of the foulant.

A portion of the foulants deposited during forward filtration is
removed from the filter by reversing the flow. In real-world systems,
when the pressure required to achieve the target flux reaches opera-
tional constraint (1 psi or 6894.76 Pa in the case of OCWD), the flow
is reversed by reversing the pressure drop. The flow reversal is referred
to as backwashing or regeneration and is a technique often employed
for MF regeneration. During regeneration, the foulant is assumed to
be removed at a rate proportional to the product of the flux and the
amount of foulant that has accumulated on the membrane. This rate
may depend on other aspects of the operation, for example, irreversible
fouling [28], where the rate of removal decreases depending on the
timing of the forward operation through the formation of a difficult to
detach layer, e.g. biofilm.

The complexity of the system depends on the application/
experiments that provide the data to parameterize the model. Similarly,
there may be a pause between forward operation and regeneration. The
membrane may be further treated using air scouring, or chemical treat-
ment to overcome irreversible attachment and long-term fouling. Here,
OCWD specifically backwashes frequently in an effort to minimize
irreversible fouling. Irreversible attachment, air-scouring and short
pauses between forward operation and regeneration will be neglected
hereafter. This simplifies the model and allows us to analyze the
optimal control problem directly, although this may restrict the validity
of long-term analysis. It is not at all abnormal to close a model and
include some quantities that vary (e.g. water quality) in parameters.
Especially given the lack of first principles hypotheses for which to
derive a model for the evolution of water quality (see Table 1). .

Forward operation and regeneration are distinguished using a piece-
wise constant function, u(r) that takes the value 1 during forward
filtration and —1 during regeneration. The equation governing the
dynamics of the density of foulant on the surface of the membrane,
B’

a8 _ (14w, U-Wg;p €Y}
dt 2 2

where K and K describe the foulant accumulation and removal, respec-
tively. This is the model developed in [26,28]. Note that when u = 1,
the right-hand-side of Eq. (1) becomes the constant rate KJ indicating
an increase in foulant proportional to the flux through the filter. When
u = —1, the right-hand-side becomes —KJ B indicating a decrease in
accumulated foulant at a rate proportional to the flux. This neglects
some details of the fouling including irreversible fouling since K varies
over the time-scale of membrane aging and not on the time-scale of
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fouling and regeneration (e.g. K is held constant over the duration
of each panel in Fig. 1). In contrast to previous studies [26,28], the
focus here is on constant flux operation but still considering iterating
between forward and backwards operation. In this notation, the flux is
the same; however, the different scaling parameters, K and K, could
be interpreted as different flux values for filtration or regeneration.

There is feedback between foulant accumulation and the flux that
describes the effect of fouling on the filter operation since the dominant
source of fouling considered is due to material accumulation on or near
the membrane. It is typical to use a resistance in series relationship
between the pressure and flux when modeling MF,

AP

SRRy ”

where R,, denotes the fixed membrane resistance which is the product
of the absolute viscosity and the typical membrane resistance and
Ry which is resistance that increases as the foulant accumulates. The
coupling between the foulant and the flux/pressure is through Rz =
v, B where y, is interpreted as the product of the absolute viscosity
and resistance due to membrane foulant. This model has been used in
several previous studies and has been shown to accurately capture data
from multiple sources [26,28,35,36]. Additionally, although the details
of the formulation allow for analytic solutions, the general framework
described here is quite generic. Given the variety of data fits that
are demonstrated, it appears that these assumptions are not overly
restrictive.

Since J is constant, the differential equation in Eq. (1) is solved an-
alytically by separating forward and backwards operation. The details
are given in the Appendix. Accumulation during cycles of forward and
backwards operations is obtained by composing the solutions for each
phase. Variables, parameters and units are given in ??.

3. Materials and methods

During the time of the study (the years 2017-2020), the AWPF MF
system was designed to produce 4.38 m3/s of filtrate as feed to the RO
system at a designed flux of 34 L/m?/h. It consisted of 36 Memcor CS
Evoqua Continuous Submerged MF system cells [37]. The Memcor CS
system is an induced flow process where water is drawn through the
membrane module using the pressure differential (pressure between the
feed side and filtrate side of the membrane module) developed from
the suction side of the filtrate pump. The modules are submerged in
a process feedwater tank, which is open to the atmosphere. Each cell
holds up to 684 polypropylene hollow fiber membrane modules with
a nominal pore size of 0.2 pm and operates at a water recovery rate
between 88% and 90%. Per the operational requirements of OCWD,
every 22 min the membranes are backwashed (to remove solids build-
up by a combination of air scouring the surface of the fibers, reverse
liquid flow from the inside to the outside of the fibers and draining
the membrane tank to remove the solids). The Memcor CS system
treats secondary effluent that receives up stream chloramination of 3—
5 mg/L through addition of 12.5% sodium hypochlorite. The feedwater
contains sufficient ammonia ( 2.5 mg/L as NH;-N) to form chloramines
when hypochlorite is added. Only trace amounts of ammonia remain
and the chloramine (disinfectant) residual remains through the entire
MF, RO, and ultraviolet — advanced oxidation process (UV-AOP).
The MF system produces a low turbidity product water with a silt
density index (SDI) below 3 necessary for successful RO operation
downstream. Operational data from a unit over the course of three
years of observation is considered for modeling purposes. The dataset
comes from repeated observations of each unit. Rather than observe
an arbitrary set of cycles, daily snapshots of observations (i.e. flow and
transmembrane pressure measured every 5 s) at the same timeframe for
each week are used. By treating each snapshot as an observation, means
and standard deviations for the data are established. Note that this
process leads to approximately 10,000 data points for each membrane

Table 1
Average MF feed and permeate water quality during the course of this study with
standard deviations.

Characteristics MF feed MF effluent
Ave. Std. dev. Ave. Std. dev.

Electrical Conductivity (umho/cm) 1670 94.7 1680 100
Total Dissolved Solids (m g/L) 987 63.7 1010 51.5
Turbidity (NTU) 1.6 0.60 0.11 0.25

pH 7.3 0.1 7.1 0.1
Total Organic Carbon (m g/L) 9.6 1 7.8 0.5
Total coliform (MPN/100 ml) 32100 53900 <1 NA
Silica (m g/L) 20.6 2.6 20.9 2.8

age. Backwash cycles with flow and transmembrane pressure (4P) were
measured every 5 s using real-time sensors.

Table 1 depicts important water quality parameters in the MF feed
and permeate waters. The secondary-treated municipal wastewater was
saline and contained relatively high concentrations of suspended solids,
organic matter, bacteria, and silica. In other words, colloidal, organic,
bacterial, and inorganic fouling would have simultaneously contributed
to fouling necessitating an approach that combines all foulants into
a single variable, B, as outlined in Section 2. Note that as expected,
MF pretreatment successfully removed the vast majority of particulate
matter (including turbidity, and coliform bacteria) and 25% of the
total organic carbon consequently reducing fouling of downstream
desalination membranes.

Note that physicochemical influent water quality parameters were
relatively stable with coefficients of variation ranging between 1% (pH)
and 19% (turbidity). In contrast, coliform bacteria varied significantly,
as can be expected for microbiological parameters. These data sug-
gest that changes in the influent water characteristics at the full-scale
facility over the course of the 3-year span of monitoring membrane
productivity could have influenced the results in addition to membrane

aging.
4. Parameter estimation

Microfiltration membranes age predominantly due to irreversible
fouling and/or physicochemical alterations arising from repeated ex-
posure to aggressive chemicals used for regeneration [29-31,33,34,38,
39]. Hence, it is necessary to consider hydraulically and chemically
irreversible fouling in aging. In the model, foulant removal is described
by the parameter K that provides a measure of backwashing efficiency.
Changes to the membrane morphology arising from exposure to strong
chemicals and foulant accumulation are captured by the parameter
R,,. The parameter y, captures the efficiency of fouling induced by
accumulated material (see Eq. (3)). For example, this parameter is high
for smaller colloids that tend to form less permeable cakes or materials
that accumulate within the pores and restrict water permeation to a
greater extent compared with surface deposition.

Importantly, although these model parameters broadly capture rel-
evant engineering phenomena and it is benchmarked with data from
a full-scale plant, there are other confounding factors, including varia-
tions in feed water quality that impact the results. Currently, no causal
relationships to parameter variations are posited; however, the model is
able to characterize the interaction between fouling, backwashing and
filtration.

There are four key parameters that need to be estimated. The foulant
accumulation rate, K (gm?/L?) that provides some measure of the
feed water quality. Large K occurs for water with high concentrations
of foulants (e.g. organic matter and turbidity). The foulant removal
is described by K (m?/L) that provides a measure of backwashing
efficiency. The specific parameter that describes the resistance due to
foulant accumulation (or the fouling efficiency) is denoted y, (L/(gm))
and depends on the foulant (e.g. particle size distribution). In other
studies, resistance due to the build-up of dense, irreversibly attached
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foulant (e.g. cake resistance) was included [28]; however, as discussed
above, data were collected from units operating in conditions designed
to minimize the build-up of any irreversible aggregates. The membrane
resistance, denoted R,, (1/m), is originally determined by the nominal
pore size, tortuosity, and membrane thickness. However, over the
course of long-term operation, irreversible fouling, exposure to cleaning
chemicals, and other factors change R,,, which is also an adjustable
parameter herein [39,40].

A common method to analyze fouling with changing flux and/or
pressure is to normalize the flux by the pressure and interpret the
specific flux, which is similar to permeability with omitting the water
viscosity. Comparisons using this are given throughout the remainder
of the manuscript, since this is well-accepted in the membrane com-
munity. The local permeability of the membrane provides a means of
comparison between constant flux and constant pressure operation.

m»

o 1
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The parameter set that minimizes the discrepancy between obser-
vations and the model can be estimated from the analytic solutions.
Recall that our observations were taken over 10 backwashing cycles.
Specifically the parameters that minimize the sum of squares error
between the calculated specific flux, Jj, 4. and the observed specific
flux, J;, 4., are determined. There are many methods available to
determine the parameters. Note that the goal of any parameterization is
to identify parameter values that minimize the discrepancy between the
model predictions and observations. With a perfect model and perfect
data there would be no discrepancy — differences between model pre-
dictions and observations are due to errors in data collection, variations
in processes that are not fully accounted for, and other sources of
uncertainty. The method described in [41] is applied here. This is a
differential evolutionary method similar to simulated annealing. The
basic concept is to search over parameter space, seeking parameters
that minimize the error. Genetic algorithms take multiple random start-
ing positions, estimate the error and then combine the best parameter
sets (mimicking a mutation), to generate new parameter sets. Note that
estimates using Nelder-Mead methods in Matlab (via fminsearch) and
simulated annealing were essentially the same parameter sets — with
genetic algorithms being much faster. In Fig. 1, the best fit predictions
for the behavior of membrane units in increasing age of operation
— up to 3 years are shown. Note that at OCWD, MF membranes
are replaced every 5-7 years [42]. Hence, we captured about half
their useful life in this manuscript and determined observable changes
within that time-frame. In this time period, we see a decline of 52%
in specific flux. This parameterization is a crucial step. Once estimates
for the parameters are established that describe the state of the filter,
optimization can be estimated while understanding that the optimal
control problem is tuned to the state of the filter. Note that these units
were not operated with the goal of optimization. The ratio of forward to
regeneration time is essentially the same for each of the units (22 min
filtration followed by ~ 3 min backwashing). The optimal control
analysis described below indicates that this ratio does not optimize
the water production. The parameters obtained are shown in Fig. 2.
Since the fitting uses a stochastic method, the 100 fits were obtained
and standard deviations are also shown in Fig. 2. Uncertainty was
reduced by considering multiple observations and repeated parameter
estimates, providing quantified confidence intervals.

To further explore this, the values of the parameters as functions
of time are compared in Fig. 2. Considering the variation in param-
eters by comparing to longitudinal data provides insight into how
processes change over time just as they would show insight if oper-
ational conditions are changed. There is an increase in the estimate
of R, after month 18, which is of lower magnitude than the changes
seen in the other parameters. Notably, there is a sharp change in
¥, and K after month 21. An increase in K and a decrease in K is
consistent with the hypothesis that maintaining constant flux is more

difficult as membranes age. This has often been attributed to exposure
to disinfectants and other “aggressive” chemicals over an extended
duration although this model merely reflects this behavior through
the parameter estimates [10,18,30,33,34,38,43]. It is possible that the
decrease in y, may be explained by mechanisms associated with the
surface accumulation to compensate for the increased accumulation
while maintaining constant flux. Some of the parameter variability
could also be attributed to influent water quality fluctuations that are
unavoidable in any full-scale facility. More rigorous interpretations
of the model parameters and their relationships to water quality and
membrane operation is beyond the scope of this manuscript as herein
we are primarily interested in how variations in estimated parameters
affects optimal control predictions. This is determined by comparing
optimal regeneration cycling for different parameter values that are
consistent with different membrane ages. Specifically, we note in the
next section that the optimal solutions depend directly on the param-
eters of the model. These changes are attributed to dynamic changes
in the membrane composition that occurs over time since the typical
water quality is closely monitored.

The observation is that continued, long-term operation contributes
to irreversible fouling that eventually critically affects the fibers. The
model does not address the specific mechanisms but does introduce
the effect of aging on the microfilter productivity. Based on the age-
dependent parameterization, it appears that there are abrupt changes
after around 21 months of operation. In this three-year period, the
average specific flux declined by 52%.

Recall that one of the main goals was to explore optimization,
not just diagnosis. Using the estimated parameters, the optimization is
explored in the next section.

5. Optimal control analysis

One of the fundamental goals of this manuscript is to find the
optimal timing and duration of backwashing. This problem is viewed
through the lens of classical, geometric, optimal control where the
optimization (in this case maximizing) of a Lagrangian is defined via
Pontryagin’s principle [44]. In general, this is an extension of opti-
mization of a function subject to a constraint as taught in a standard
calculus sequences. The constraint in this case is a system of differential
equations, and the goal is to maximize the Lagrangian functional. The
piecewise constant control function, u(f), which maximizes the volume
of water filtered (defined in the Lagrangian), subject to the constraint
imposed by the fouling process (defined by the model ODEs) remains
to be determined.

There are a large number of methods used to approach optimal
control [44,45] with different strengths. Since the control, u(?), is a
piecewise function, the optimal control problem is often referred to as
a ‘bang-bang’ control problem [26]. It has been shown in several pre-
vious manuscripts that this approach leads to tractable and physically
meaningful predictions [26,35,46,47].

One difficulty arises because u is piecewise defined and enters the
Lagrangian linearly. Both of these require some care when defining
the optimal control problem. This is handled by analyzing the problem
temporarily assuming that u is a continuous variable and can take any
value in the interval [—1, 1], then standard ‘bang-bang’ methods handle
the linearity of the control in the Lagrangian. Namely, u must take on
the maximum or minimum values except for a curve, referred to as the
switching curve, in the state/adjoint space where the control value is
not defined. As shown in the Appendix, this curve can be determined
based on the geometric properties.

This switching curve is a geometric curve that establishes the mixed
trajectory that optimizes the problem. It is relatively straightforward
to determine the value of the control function, u*, so that the solution
remains on the switching curve. Beginning with a clean membrane and
filtering the water, the trajectory either never crosses the switching
curve (in which case the optimal solution is to continuously filter) or
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Fig. 1. Comparison between data and model for the best fit parameters. All figures share the same axis which has been normalized by the maximum observed specific flux. The
newest unit is top left and units age left to right, top to bottom with the oldest unit in the bottom center. The relative errors are: 0.0098, 0.0089, .0115, .0118, .0122, .0054,
.0099, .0054, .0050, .0035, .0031 and .0179, .0132. For each year (minimum, maximum and average specific flux) indicate the decline in production: (4.7, 7.4, 5.9), (5.0, 5.9,
5.1), (3.7, 5.4, 4.5), (4.0, 5.7, 4.3), (4.0, 5.7, 4.8), (4.0, 5.8, 4.9), (2.5, 5.5, 2.8), (3.5, 5.0, 3.8), (3.5, 5.4, 3.9), (2.5, 5.9, 3.2), (2.5, 5.9, 3.5), (2.5, 5.9, 3.2), (3.1, 5.1, 3.1).
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Fig. 2. Parameter estimates as the membrane unit ages. Fits were done 100 times with random initial seeds leading to some variation in parameter estimates shown using standard
deviations as error bars. Notice that R,, increases about mid-way through the time period. There are dramatic changes in y, and K after months 21 and 24. The parameter
governing the removal efficiency, K, decays as the membrane ages.
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Fig. 3. This shows u* as a function of membrane age. Initially it is more efficient to
spend the majority of the time in forward operation. As the membrane ages, it requires
more frequent reversals to maintain the optimal behavior. More frequent reversals
eventually lead to more time in regeneration than filtration, hence u* becomes negative.

intersects at a specific value of B, the dashed trajectories). Once the
trajectory intersects the switching curve, a u* that maintains the specific
density of B associated with the crossing is determined.

Values of u* between —1 and 1 have no physical meaning for the
model since it implies both forward and reversal operation. This is
handled by treating the optimal value of u* to be the average of forward
and backwards operation over the course of one cycle, defined to be a
forward operation followed by a backwards operation. Thus, if u* = 0,
an equal time is spent in forward and backwards operation. It is easy
to translate u* into a percentage of time spent in forwards operation:
L 100%. By increasing the frequency of cycling while keeping
the average the same, approximating the optimal operation [26,28].
This method is consistent with the specific application where filtration
alternates between forward and backwards operation in an essentially
discontinuous manner on the time-scale of the observations.

The details of this implementation have been described previously
for constant pressure operation and can be found in earlier stud-
ies [26,28]. In the Appendix, the method for constant flux operation is
described, and the specific flux formulation is described in more detail.

It is straightforward to determine the optimal switching value. With
an initially clean filter (B(0) = 0), the filter is operated in forward
filtration (e.g. u = 1). Following the trajectory in the (B, A) plane, the
trajectory either hits the switching curve or does not. If not, there is
no reason to reverse the flow — forward filtration is optimal. If the
trajectory does hit the switching curve, the optimal strategy is to remain
on that curve. This implies that B is at steady-state so Eq. (1) is used
to determine the appropriate value of u*:

. BK - K
BR+K

Notice that the specific geometry of the trajectories depend on the
parameter values, hence the motivation for determining the parameter
values in the previous sections.

Just as the parameters vary as the membrane ages, so does the
optimal value of u*. In Fig. 3, shows how u* evolves as the membrane
ages. For the first 21 months of operation, the model analysis suggests
that u* ~ 0.8 is optimal. This corresponds to approximately 93.5%
of the time in forward operation. There is a rapid decline until at 36
months the prediction is that only 43% of the time should be spent in
forward operation. This is consistent with the hypothesis that the aging
of the membrane affects the operational behavior which is reflected in
changing model parameter estimates. Therefore, the optimal timing and
duration of backwashing is not a fixed estimate as is often currently
practiced, but one that varies with the age of the membrane.

10 { s=eee- 2 Cycles (new)

— 10 Cycles (new)
084 .euene 2 Cycles (36 months)

—— 10 Cycles (36 months) | .-
0.6

Total Volume (Normalized)

0.0 02 04 06 08 10
Time (Normalized)

Fig. 4. Value of /OT””“' J,,(Du(t)dt as a function of time (both normalized) for different
filters and frequencies. The solid (dotted) lines are simulations for ten (two) full cycles.
Black lines indicate parameters associated with new filters, while the red curves are
those for units that have been in operation for 36 months. Note that higher frequency
and newer filters provide more volume for the entire process.

Now consider the differences in both filter age as well as how
to approximate the optimal solution using piecewise filtering, which
is in-line with practical implementation where the flow direction is
periodically reversed. During a filtration for T units of time, perform N
forward/backward cycles, where the percentage of time spent during a
complete forward/backward cycle determined by wu*. Fig. 4 shows the
value of fOTf nal J,(Ou(t)dt as a function of time for either two or ten
complete cycles and for both the newest and the oldest units — those
that have been operated for 36 months. This is a measure of membrane
performance since higher values relate to more water produced. Notice
that as the number of cycles, N, increases so does the integral since it
is getting closer to the theoretical optimal estimates. As expected, the
more cycles that are used (e.g. the more times the flow is reversed),
the higher the efficiency since this is closer to the theoretical optimal.
However, even when using the optimal switching, the oldest units (36
months) are less efficient than the newer units, reflecting the effect of
membrane age on the expected performance.

6. Conclusions

In previous studies [26,28], the focus was on constant pressure
filtration where the optimization goal was to maximize the total fil-
tered volume in a fixed period of time. In this manuscript, constant
flux operation is considered, which is typical of real-world MF for
environmental separations. In contrast with previous work, the forward
and backward filtration problems are solved analytically and use these
solutions for the optimal control problem. By parameterizing the model
using data provided by OCWD, differences in key parameters for new
and aged filtration units can be identified. Interestingly, even without
considering the geometric aspects of the hollow fiber filters, reasonable
estimates indicating clear differences in several key parameters with
membrane age are obtained. The efficiency of regeneration declines as
the filters age which is reflected in decreased K. Analysis of the model
indicates that hydraulic regeneration should be performed more often
and for longer duration as the filter ages to more aggressively counter
irreversible fouling. It is also shown that neglecting geometry does not
appear to preclude the application of the model to other filtration meth-
ods. Thus this more tractable model can be used to probe interesting,
operational aspects of membrane filtration. This does not argue that
geometry can be neglected in every aspect of the problem, but this
does provide strong motivation to continue developing models that do
not require detailed geometric considerations. This demonstrates that
irreversible fouling reduces microfiltration efficiency as is intuitively
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apparent. This analysis provides insight into how to counter the effects
of membrane aging, while still aiming for optimal water production
efficiency. It is emphasized that because data were collected from
an operational full-scale facility, inherent variations in the feedwater
characteristics would have also impacted productivity in addition to
aging, which are impossible to separate in real-world situations. Spe-
cific hypotheses suitable for developing models for the evolution of
specific parameters were not developed in this manuscript. Instead, the
goal was interpreting the parameters obtained via parameterization and
the understanding the subsequent effects of these parameter estimates
on the predictions from the optimal control analysis. Other differences
that may impact the model predictions for geometrically extended,
spatial models include operational differences such as inside-out versus
outside-in because the flow patterns may be substantially different.
Those differences have not been addressed in the current study.

Note that there are multiple directions that will be explored in
the near future. Primarily, assuming a linear relationship between the
regeneration and the pressure may not address permanently irreversible
attachment. Additionally, investigating the role of varying pressure
drops during regeneration may provide more efficient foulant removal.
Finally, it is necessary to investigate the scheduling of chemical and
hydrodynamic removal in combination — which will allow for direct
comparison to plant-scale data.
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Appendix

A.1. Nomenclature
See Table 2.
A.2. Differential equation analysis

During the forward filtration problem (e.g. while u = 1), with an
initially clean membrane the accumulation of foulant during the period
t =1, to t =, the solution of the foulant is given by,

B orwara®) = KJ1. @
Consider regeneration, where u = —1 during the period between ¢,
and 1, is given by,

aB =-KJB
dt

B(1,) = KJt,
The solution is,

Bbuckwurds(t) = KJlle_K.”' (5)

Table 2
Description of variables and parameters used in this study.

Model variable

Description (units)

t Time (h)

t; Time at the beginning/end of switching (h)
Js Specific flux (L/(m? h Pa))

AP Pressure drop (Pa)

B Foulant density (g/L)

Biorard Foulant density during forward operation (g/L)
Byciward Foulant density during regeneration (g/L)
Ry Foulant resistance (1/m)

u Flow direction, control (dimensionless)

A Adjoint variable (g/L)

C Constant of integration (g/L)

¢ Constant of integration (g2/L?)

Parameter Description (units)

J Flux (L/(mZ2h))

R, Membrane resistance (1/m)

7 Fouling efficiency (L/(g m)))

K Foulant accumulation (g m?2/L2)

K Foulant removal (m?2/L)

One full cycle of accumulation and regeneration from ¢ = 0 to 7, is then
defined by

B(t) = Bforward(t) Tf 0<t<ty
Bbackwards(t) if 11 <t< 12.

The solutions in the accumulation and regeneration times given in
Egs. (4) and (5) are used to build the solution for multiple cycles. The
value of B at the end of the first regeneration cycle is used, when t = t,
to find,

B(ty) = KJt;e KD

This provides the initial condition to generate the particular solution
of the differential equation for second accumulation,

Boriwara(®) = KJ (@t —1,) + KJTle_KJ(’Z_’l)

Then the amount of foulant that has accumulated on the membrane
after the second accumulation phase, that ends at 7 = 15, is the initial
condition for the second regeneration phase, that is:

Bbackwam’s(t3) = KJ(IS - IZ) + K'It] eik‘](tzitﬁ

Using this as the initial condition, the solution of the equation
during the second regeneration phase is,

Bbackwards(t) = <KJ(I3 - t2) + KJtle_kJ(tz_tl)> e_kj(t_t3)'

Clearly this can be generalized to an arbitrary number of cycles.
In Fig. 5, examples of the dynamics of the membrane accumulation
for eight cycles are shown. The two cases are distinguished by the
ratio of the forward-to-backwards timing — panel (a) shows the ac-
cumulation/regeneration for longer time while panel (b) has a shorter
regeneration cycle (i.e. more frequent backwashing). These figures
show a few relevant behaviors. Note that for long backwashing, the
foulant is completely removed — that is there is no irreversible fouling
(left pane). However, if the backwashing is not sufficiently long, the
membrane is never fully cleaned, even in the absence of irreversible
attachment (right panel).

A.3. Optimal control analysis

The optimal control problem is defined as,
Tfinal Tfinal u(t)
max/ JopDu(t)dt = max/ —dt 6)
u() Jo u(t) Jo R, +7,B
subject to the constraint,

dB _ (1+u) (1 —=u) ,
a_ KJj-~"YRyB,
dt 2 2

B(0)=0
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Fig. 5. Example of the dynamics of the accumulation and removal of the membrane foulant for eight cycles of forward/backwards operation. For demonstration purposes, the
time and the total foulant accumulated are normalized. Note that B increases during forward operation, followed by a decrease during regeneration. The panel (a) shows the
behavior when regeneration is performed for longer relative to forwards operation leading to clearance of the foulant. Panel (b) shows the behavior when the regeneration was
relatively short. For short regeneration times the foulant is never fully removed even though an apparent periodic solution is obtained. This is not due to irreversible attachment,

but merely the time-scale of fouling/regeneration.

Maximizing the specific flux, is directly related to maximizing the total
volume of water that is filtered while minimizing the pressure used.
By considering the previously filtered water used for backwashing, it
is intuitively reasonable that maximizing the total water filtered must
balance clearing the filter (regeneration that uses permeate water) and
forward operation (that provides clean water, but causes the fouling).
The goal here is to calculate this balance, and consider the effects of
aging on the timing of backwashing.

Following Lenhart and Workman [44], the Hamiltonian functional
is,

_ U+w  (=w,
H(t,B(l),u(l)J(t))—Rm+be+A< VTR 1<ua>, @
(M s ) )as Mk &
—<Rm+be+ 2(K+BK)>u+ 2(K KB), (8)
=Qu+%J(K—I€B). (©)]
Where
(1 -
—<Rm+be+ > (K+BK)>,

defines the curve in the state/adjoint domain that determines the
separation between forward filtration and regeneration. Notice that
the Hamiltonian is a linear function of control variable u. Pontryagin’s
principle tells us that maximizing the functional for the optimal control
problem is identical to maximize the Hamiltonian. Therefore at u =
u*, the partial derivative of Hamiltonian with respect to the control
variable u is equal to zero:

Q:E:< 1

AJ s
—— + —(K+BK)| =0
du R, +v,B * 2 K+ ))

Since the Hamiltonian is linear in u this partial derivative does not
yield any information about the control variable. Instead, the maximum
and minimum values of the control function are examined and require
that

H(@u) < Hw"),

if u* is optimal. Therefore,

1 ifQ2>0
u*=4-1 if Q<0
unknown if Q=0

Since J >0,

=2

J(R, +7,B)’
=2

J(R, +7,B)’
-2

J(K + BK)(R,, + 7,B)

2>0= AK + BK) >

2<0= AK + BK) <

Q=0=> 1A=

-2
o {(K+Bl€)(Rm+be) ) .
the switching times between forwards and backwards for this optimal

control problem. The geometry of the solution curves in (4, B) plane
provides the dynamics of the optimal filtration. The system of equations
that define the state variable, B and adjoint variable A need to be
examined. These dynamics define the flux through Eq. (3)

The curve A = is the switching curve which determines

d_B:MKJ_uKJ
dt 2 2
di oH Yol AJK

B,

di =" 9B "~ R, +nB? 2
subject to the initial condition B(0) = 0 and the transversality condition
A0)=0

The trajectories during forward and backwards operation are solved
separately. During forward operation, « = 1, and,

dB
— =KJ
dt

di___n
dt (R, +7,B?’
By dividing these equations, a differential equation defined in the B/
plane is found,
di___n
dB  KJ(R, +y,B)?’
This has solution,
-1

MB)= ———— +C
*® KJ(Ry +7,B)

10

The integration constant, C, is determined by applying initial condi-
tions.

During the backward operation, u = —1, and the equations become

dB =—-KJB
dt
dAi —7p AJK

4t~ (R, +7,B? 2
Which can be written,

di____ 0 n A
dB  RJB(R, +7,B? 2B
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Fig. 6. Switching curve and trajectories in the B, A plane.

The solution allows us to write the adjoint in terms of the foulant is,

A(B)

" RJIB(R, +y,B) B

—1 C

Where C and C are integral constants for forward and backward curves
and depend on the initial state. The switching curve and the forward
filtration curves are hyperbolas, while the curves corresponding to the
backward operation are logarithmic curves (see Fig. 6).
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