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Abstract

This study presents the design and evaluation of a multistage membrane filtration system to produce ultrapure quality make-up water
for thermal power plants using the Danube River as the feedwater source. Laboratory-scale filtration experiments were performed
using a flat-sheet test cell to determine the hydraulic resistances of ultrafiltration, nanofiltration, and reverse osmosis membranes
under varying transmembrane pressures. The experimental results confirm a linear correlation between the applied pressure and the
permeate flow rate for all three membrane types under the tested conditions and establish a resistance-in-series model that provides
the basis for upscaling calculations. The flow rate requirement for a single block of Paks power plant is 26.1 m3/h of ultrapure water,
using 90% recovery per membrane stage. Two-stage microfiltration was applied to sufficiently remove the suspended solid content
from raw water. The proposed system comprises ultrafiltration, nanofiltration, two-stage reverse osmosis, and electrodeionization,
achieving a cumulative recovery of 53.14% and requiring a raw water feed of 49.11 m3/h. To drive the process, 5 centrifugal pumps
were selected across different pressure zones (3, 9, 20, 31, 35 bar), with a total shaft power of 132.6 kW, corresponding to a specific
energy consumption of 5.079 kWh/m?3. This research provides a viable framework for scaling laboratory membrane setup to industrial
pure water production, underscoring the necessity of an abundant feedwater source to compensate for the tradeoffs in multi-stage
recovery.
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1 Introduction

In spite of having an increased amount of renewable
energy, thermal power plants still have a significant role
in energy generation, exhibiting the need for ultrapure
water using environmentally benign methods [1]. A pre-
vious study proposed and evaluated a multistage mem-
brane filtration system designed to produce pure water
from the Danube River at laboratory-scale. The proposed
technology comprises a pretreatment stage and a desali-
nation stage, which is supplemented by a post-treatment
stage to achieve ultrapure water, the working fluid of ther-
mal power plants. The pre-treatment step includes a par-
ticle filtration membrane that protects the 0.45 pm pore-
size microfilter, followed by an ultrafilter for total organic
matter removal, and a nanofilter for partial desalination.
The desalination stage consists of two steps of reverse
osmosis (RO), which can provide purified water with a
conductivity of 2 uS/cm [2]. Further experiments were

conducted to observe recovery rates of this sequential
configuration. It was proposed to use electrodeionization
(EDI) in the post-treatment stage to produce ultrapure
water for the power industry as make-up water.

1.1 Driving force of membrane filtration

The driving force of membrane filtration is called trans-
membrane pressure (TMP), but it is defined differently
when using microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis [3].

1.1.1 Microfiltration and utrafiltration
In microfiltration and ultrafiltration, TMP equals the
applied pressure across the membrane (p):

TMP:Ap:(p/—pp), (1)
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where P, represents the pressure on the feed side, and
p, represents the pressure on the permeate side, given in
the same unit [Pa].

In ultrafiltration, the effect of osmotic pressure is usu-
ally negligible, even if the concentrations of larger mole-
cules, such as proteins and sugars, are different in the feed
and permeate [4, 5].

The influence of osmotic pressure can be signifi-
cant when the concentration of low-molecular-mass
solutes, such as salts, is different on each side of the
membrane [4, 6].

1.1.2 Nanofiltration and reverse osmosis

When considering nanofiltration and reverse osmosis, salt
solutions are treated, which possess osmotic pressure [7];
therefore, higher pressure is required to overcome it.
In this manner, the TMP is the difference between the
applied pressure difference (4p) and the osmotic pressure
difference (4n):

TMP =Ap-Az =(p, - p,)~(n,-x,), 2

where T, is the osmotic pressure on the feed side, and P,
is the osmotic pressure on the permeate side, given in the
same measurement unit [Pa] [6].

At a higher TMP, the driving force is increased
towards the membrane, leading to a higher permeate flux
(J,» [m*/(m?s)]) [8]. In general, the Darcy equation describes
the filtration phenomena [9], and it is valid for the hydro-
dynamic process of separating solid particles from liquids,

as in microfiltration:

CLav

=— 2 —4-Ap, 3
0 dr \p (©)

Vv
where A is the membrane permeability [m/(s-bar)], V' is the
volume of the filtrate [m’], # is the filtration time [s], 4, is
the area of the membrane [m?], and Ap is the pressure dif-
ference across the membrane [bar]. When suspended sol-
ids are filtered in dead-end mode, an additional layer, the
cake, forms, increasing resistance and lowering flux [10].

1.2 Limiting flux

In case of ultrafiltration, Eqgs. (1) and (3) are still valid, taking
into consideration that when the membrane retains organic
materials, they are concentrated on the feed side of the
membrane. Fig. 1 shows that at very low pressure, the flux
is close to the pure water flux at the same pressure. As the
pressure increases, fouling begins to indicate that the crit-
ical flux has been exceeded, indicating a critical pressure
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Fig. 1 Permeate flux as a function of transmembrane pressure (TMP)
adapted from Aguirre-Montesdeoca et al. [10]

(region A). As the applied pressure increases towards,
flux increases; as a consequence of higher flux, concen-
tration polarization takes place, and gel layer formation of
the retained material at the membrane surface begins [8].
As the gel layer grows along the membrane, partially cov-
ering it, a nonlinear dependence of the flux on pressure
occurs (region B — Transition region). Once a gel layer has
formed, further increases, so applied pressure does not
result in a corresponding increase in permeate flux. Finally,
when the gel layer has covered the entire membrane length,
the limiting flux is reached, and the flux becomes indepen-
dent of the pressure (region C) [11]. Considering the work of
Aguirre-Montesdeoca et al., the limiting flux was reached
in the range of 5-10 bar, which is the maximum steady-state
permeate flux (between 0.555—0.833 L/(m*h)) is achievable
by increasing the TMP in the system [10].

In this manner, the optimal operating parameters, such
as pressure, operation time, recovery, efc., must be care-
fully set.

1.3 Role of osmotic pressure

As one proceeds towards suspended solid and organ-
ic-content-free solutions, dissolved ions play a role in
nanofiltration and reverse osmosis. Due the presence of
ions, the transport of water through the membrane is deter-
mined, so permeate flux can be observed only when apply-
ing a pressure difference higher than the osmotic pressure
difference. Increasing the applied pressure influences the
permeate flux proportionally, as illustrated in Fig. 2 [12].

1.4 Resistance in membrane filters

The blocked membrane and the foulants can be modeled
as resistances in series, (including: all resistances origi-
nating from the exposure of the membrane to a solution
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Fig. 2 The relation between permeate flow rate and the pressure drop
through the membrane adapted from Wijmans et al. [12]

containing foulants, due to concentration polarization,
adsorption, gel layer formation, internal pore fouling,
external deposition, or cake formation) derived from
Darcy's law. All of the resistances can be summed up as a
total resistance.

Within this model, the UF flux rate is related to the total
resistance and transmembrane pressure [13—16]:

TMP
= @
u-(R,+R,)

where u is the dynamic viscosity of the filtrate [Pa-s],
R [1/m] represents the membrane resistance and R ’ [1/m]
represents the fouling resistance which includes all the
kinds of resistances listed above [4]. Membrane fouling
leads to a significant increase in total resistance (R,), which
is observed as a gradual decline in permeate flux during
constant-pressure operation, or in constant-flux operation,
a requirement to increase TMP to maintain constant flux,
as seen in Eq (5) [8]:

_ TMP

J, ,
MRy

v

®)

where R_is the total resistance [1/m] to permeation through
the membrane. This comprises R and R,

The rapid initial drop in permeate flux can be attributed
to the rapid blocking of membrane pores. The maximum
permeate flux occurs at the beginning of filtration because
the membrane pores are clean and open. Flux declines as
membrane pores are blocked by retained particles. Further
flux decline after pore blockage is due to the formation
and growth of a cake/gel/foulant layer on the membrane
surface. This layer forms on the membrane surface as the
amount of retained particles increases, adds additional
resistance to permeate flow, and its resistance increases
with its thickness. Consequently, the permeate flux con-
tinues to decrease over time [8].
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The intrinsic membrane resistance R is derived from
the slope of the flux-pressure curve obtained with pure
water as the reference feed and permeate, to establish the
absence of particle-induced resistance and the formation
of a concentration polarization layer and any kind of foul-
ing [6]. During filtration of real feed water, however, par-
ticles interact with the membrane and increase the overall
resistance through several fouling mechanisms, including
complete blocking, standard blocking, intermediate block-
ing, and cake formation — as illustrated in Fig. 3.

Membrane resistance can be determined from measure-
ments of pure water volumetric flux. When pure water,
with no dissolved content, is fed to all types of mem-
branes, the driving force is exclusively the applied pres-
sure, i.e., the pressure difference between the feed and
permeate sides. Moreover, no concentration on the feed
side can be observed, so that no concentration polarization
could be detected, nor fouling on the membrane surface.

The relation between the volumetric flux and driving
force is linear; the proportionality is determined by the
multiplication of membrane resistance, and viscosity of
the pure water on the permeate side, see Eq. (6).

J =2
u-R,

©)

Tanninen and coworkers evaluated the flux profile of
two RO and one NF membranes for the filtration of deion-
ized water and the bioreactor effluent with high-ionic con-
tent [17]. The flux—pressure profiles showed a linear trend
with increasing pressure during the filtration of deionized
water within the pressure range studied. However, during
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Fig. 3 Mechanism of pore blocking adapted from Iritani [13]
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the filtration of bioreactor effluent, after a critical pressure
was reached, the rate of increase in flux decreased with
increasing pressure for the two RO membranes tested.
The flux—pressure profiles observed indicated that the mem-
brane resistance is pressure-dependent and is not linearly
correlated with transmembrane pressure for filtration of con-
centrated solutions and high transmembrane pressures [17].

1.5 Pump flow rate

In an industrial-scale membrane filtration system, feed
flow is supplied by pumps whose operating pressures
are selected to match the TMP required at each stage.
To ensure stable operation, the pump must operate within
the linear zone of the pressure drop—flow rate curve related
to the membrane. When dealing with laminar flow, the
relationship between flow rate and pump pressure drop is
linear; in turbulent flow, it is quadratic, meaning the pump
has to deliver the fluid according to that relation.

From a hydraulic perspective, two types of equations
can be used depending on the flow. In laminar flow, the
volumetric flow rate (Q) is low and shows a linear relation-
ship with the pressure drop across the pump. In turbulent
flow, the pressure drop shows a quadratic relationship with
the volumetric flow rate Q* delivered by the pump.

Fig. 4 illustrates the relationship between the pres-
sure drop and the flow rate of the pump, as the flow rate
increases, the pressure drop increases linearly in the lam-
inar range. A shift is visible in the case of the transition
region between the boundaries of the laminar and turbu-
lent flow [18]. As the flow rate represents a turbulent flow,

A

turbulent flow

laminar flow

Ap ~ Q7

Pressure drop, Ap [bar]

Flow rate, Q [L/h]

Fig. 4 The relation between the pressure drop of the pump and the flow
rate adapted from Maczyszyn [18]

the pressure drop of the pump follows a quadratic relation
with the pump flow rate. This study aims to highlight the
relationship between flux (i.e. flow rate through 1 m? size
membrane) and applied pressure across selected ultrafil-
tration, nanofiltration, and reverse osmosis membranes to
verify their linearity. Additionally, it seeks to examine the
correlation between applied pressure and the total resis-
tance for these membranes to determine the optimal pres-
sure for higher fluxes. The total resistances derived from
experiments are treated as hydraulic resistances which
must be come over by the pumps. A linear relationship
between hydraulic resistances and applied pressures can
lead to design a proper pure-water-producing membrane
filtration system at industrial scale for the Danube water.
Hydraulic calculations and pump selections are provided.

2 Materials and methods

As avery first step, a qualitative filter paper (Grade No. 413,
particle retention of 5-13 pm) was used as the microfiltra-
tion membrane to remove the major part of particles [19].
This initial experimental step was conducted in a dead-end
configuration with an effective filtration area of 38.5 cm?.
A vacuum was applied to the permeate side of the mem-
brane at 0.59 bar, and the feed side was maintained at
atmospheric pressure (=1.01325 bar). Following this dead-
end pretreatment, a sequence of membrane filtration
experiments (MF-1I, UF, NF, RO-I and RO-II) were car-
ried out on a test membrane unit (CM-CELFA AG P 28,
Membrantrenntechnik AG, Switzerland) in crossflow
mode, with liquid circulation on the feed side via a circula-
tion pump. According to the manual, the circulation pump
delivers 1.81 L/min at 8 bar. The active area of each mem-
brane was 28 cm?. Membranes were conditioned prior to
first use by soaking in distilled water for 1 day. To remove
suspended solids from the Danube water, samples were
treated with a first Pall Lab SuporTM-450 microfiltration
membrane (Pall Corporation, USA, designed for labora-
tory applications only). Then a series of batch filtrations:
ultrafiltration, followed by nanofiltration and reverse osmo-
sis, were tested to determine the hydraulic resistance of the
membranes. The series of consecutive steps was repeated
three times, and 500 mL of Danube water was used in each
experiment series. After pouring the feed into the tank,
overpressure was set using a nitrogen gas reducer. During
the experiment, permeate continuously left the equipment,
and the measuring time was recorded for each 10 mL of
permeate to calculate the permeate flux through the mem-
brane. Recovery — defined as the volume of permeate



divided by the initial feed volume — was set at 90%, 90%,
and 85% for UF, NF, and RO, respectively. The characteris-
tics of the selected membranes (Sterlitech Company, USA)
used in the filtration stages are shown in Table 1 [20].
Water samples were taken on 23" February 2024 at
Miiegyetem rakpart, Budapest, and stored at room tempera-
ture (~25 °C) before use. The specific electric conductivity
(later on conductivity or K) of Danube water 400 puS/cm
was measured with a 3401 type WTW combined pH/con-
ductivity meter (pH/Cond 340i, WTW GmbH, Germany).
The total suspended solid content (TSS) was measured
with a Secomam Pastel UV analyser (Secomam SA,
France), in the wavelength range of 200-320 nm.
Regarding permeate viscosity, the data were obtained
from the international formulation for H,O viscosity based
on permeate temperature and operating pressure [21].
Another series of experiments using Danube water
(collected on 6™ November 2023) aimed to provide oper-
ational parameters for an industrial-scale-designed sys-
tem, based on lab-scale experiments to produce pure
water. lon concentrations in Danube water and permeate
samples after each filtration step carried out at the high-
est applied pressure (using a conservative approach, that
highest ion concentrations could be observed at higher
pressures) were measured in mg/L using ion chromatog-
raphy (Metrohm 861 Advanced Compact IC equipped
with Metrohm 837 IC Combi Degasser and Metrohm
838 Advanced Sample Processer provided by Metrohm
Company, Switzerland). Based on the measured concen-
trations, rejection values were calculated to determine
efficiency and published in previous work [22].
All experiments in the pretreatment stage (MF-I,
MF-II, UF, and NF) and the first desalination stage
(RO-I) were carried out and repeated three times. During
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MF-II, UF, NF and RO experiments, constant tempera-
ture of 25 °C was maintained by a SC100 A10 type ther-
mostat (Thermo Fisher Scientific, Hungary).

Our approach is to prove a continuous treatment of
surface water, and protect and eclongate the lifetime of
the reverse osmosis membranes in the desalination stage.
As more pretreatment stages are inserted, the fractional
removal of original components can be achieved, which
reflects a lighter load for each membrane compared to a
single stage pretreatment. A typically used single stage UF
as pretreatment can lead to fouling of the UF membrane
requiring more frequent cleaning, moreover, it would rep-
resent a denser feed (i.e. higher ion containing feed) for
the reverse osmosis membrane [23], making the desali-
nation stage more complex and longer. Therefore, a rela-
tively high number of steps were used to pretreat the sur-
face water. The scheme of the tested cascade membrane
treatment system is shown in Fig. 5.

3 Results and discussion

Table 2 shows a summary of the average values of conduc-
tivity and TSS measured after each treatment step. The
improvement of ion removal is verified by the continu-
ously decreasing values of the conductivity reaching the
detection limit of our equipment after RO-II. TSS was also
continuously decreasing along the treatment steps, and the
detection limit was reached in the permeate of the nano-
filtration step. This verifies the successful removal of the
fouling components which protects the membranes from
fouling during the next treatment stage. Considering the
salt removal from raw Danube water conductivity val-
ues were used for the calculation; by the end of the RO-II
99.54% of the ions were removed, which verifies the suffi-
cient operation of the cascade membrane system.

Table 1 Membranes used in hydraulic resistance experiments under different applied pressures

Membrane Type Polymer Applied pressure [bar] MMCO* [g/mol] Salt rejection%
UF GH EDI 4,6,8,10 2500 -

NF DL Polyamide-TFC 14, 16, 18, 20 150-300 96 MgSO,
RO AG Polyamide-TFC 25,28, 31,35 - 99.5 NaCl

*Molecular mass cut-off.
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Fig. 5 Lab scale membrane filtration for pure water production followed by an EDI unit to achieve ultrapure water; MF: microfiltration,

UF: ultrafiltration, NF: nanofiltration, RO: reverse osmosis, EDI: electrodeionization, P: permeate, R: retentate, and W: waste
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Table 2 Stage-by-stage water quality progression

Stage Conductivity (uS/cm) TSS (mg/L) Cumulative K removal (%)
Raw Danube 438 53.60 +2.51 —

After MF-1 436 32.40+3.78 0.46

After MF-II 392 13.40+1.82 10.50

After UF 383.5+3.7 11.45+1.73 12.44+0.84

After NF 137+ 16.2 <10* 68.72 +3.70

After RO 28+6.7 <10* 93.61 + 1.53

After RO-1I 2%% <10* 99.54 £ 0.00

After EDI*** <0.1 (target) — >99.97

*TSS for NF and RO permeate was below the detection limit (< 10 mg/L).

Uncertainties are 1o standard deviations propagated through removal calculations.

**2 uS/cm is the detection limit of the conductivity meter.

***EDI permeate quality reflects the manufacturer rating (Ionpure VNX50-3, Evoqua Water Technologies LLC, USA); not directly measured.

3.1 Hydraulic resistance
In general, the sum of R and R can be treated as a hydrau-
lic resistance R,, from a mechanical engineering view-
point for pump selection.

Considering the driving force of the filtration steps
TMP can be replaced by Ap. Based on the ion chromato-
graphic analysis ion concentrations are extremely low at
the RO stages, so Az can be neglected, from Eq. (5) thenJ|
can be simplified as follows:
J = ™

MR,
where R, is the hydraulic resistance. By rearranging
Eq. (7), and using the definition for J in Eq. (3) and intro-
ducing Q as dV/dt the pressure drop can be calculated as
follows:

:.U'Rh_
A

m

Ap

0.. ®)

Viscosity rather depends on the temperature than
salt concentration when considering the composition of
Danube water and the permeate of each stage [24].

Treating the term permeate viscosity multiplied by the
membrane resistance, divided by the membrane surface
area, as a single factor yields a linear correlation between the
applied pressure and the flow rate. Eq. (7) can be written as:

Ap=a-Q, ©

where a is the hydraulic resistance factor [Pa-s/m?].

To identify factor @, a set of Danube water filtration
experiments was performed at different applied pressures
for each membrane filtration step; the flow rate as a func-
tion of pressure. Pure water viscosity values were consid-
ered based at laboratory temperatures (21-23 °C) because
after the permeate left the equipment, it was conditioned

to the lab temperature. Different flow rates were observed
for the different types of membranes at different applied
pressures.

The linear correlation (shown in Fig. 6) observed between
the flow rate and the applied pressure across all tested mem-
branes confirms there is no significant fouling resistances.
The flux is primarily governed by hydraulic resistance, as
expected, which validates the linearity of Eq. (7).

The applied pressures were 4, 6, 8, and 10 bar for the UF
membrane. Then, 14, 16, 18, and 20 bar for the NF mem-
brane, and finally, 25, 28, 31, and 35 bar for the RO mem-
brane. Based on Eq. (7), hydraulic resistance was calcu-
lated for each membrane step, showing a tendency while
working under different pressures, see Fig. 7.

3.2 Lab-scale membrane filtration experiments
Pretreatment and desalination lab-scale experiments were
conducted using several steps of membrane filtration tech-
niques for pure water production, as displayed in Fig. 5.
A circulation pump was used during each filtration step
to maintain the cross-flow mode filtration. An EDI unit is
theoretically added to achieve ultrapure water.
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Fig. 6 Applied pressure drop versus flow rate for three types of
membrane filtration (UF, NF, and RO) with an area of 28 ¢cm? for
Danube water at 25 °C
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Fig. 7 Hydraulic resistance versus applied pressure for three types of
membranes (UF, NF, and RO) with an area of 28 cm? for Danube water
at 25 °C

Since the recovery of MF-I was 100%, 500 mL out of
500 mL of feed water was fed to MF-II stage. Further
stages worked with 90%, 90%, 90%, 85% and 80% recov-
eries for MF-II, UF, NF, RO-I and RO-II, respectively
when the permeate of a step was fed to the following step
as feed. Therefore, 50% overall recovery (expressed as
pure water) was obtained at the lab scale.

Fig. 8 presents the permeate flux of UF, NF, RO-I, and
RO-II as a function of cumulative operating time for the
batch filtration sequence, merging the four consecutive
experiments into a single continuous plot. At the beginning

of each filtration step, an initial high flux is observed,
followed by a steady operation. When the initial tran-
sient period (the first 20% of recovery) is excluded, the
remaining data show a linear decline throughout the treat-
ment cascade treatment, as indicated by the fitted black
line. This suggests that, under steady-state conditions, the
flux decline across all membranes can be approximated
by a single linear relationship with time, supporting the
assumption that intrinsic membrane resistance governs
the filtration process.
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Fig. 8 Permeate flux as a function of cumulative operation time for the

sequential batch filtration of Danube River water
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Based on the lab-scale experiments, flow rate values
were calculated for each step. These values were used to
select the suitable pumps for the proposed industrial-scale
filtration system.

The water produced as a permeate of RO-II has a con-
ductivity of 2 uS/cm. Therefore, a further electrodeioniza-
tion step is needed in the post-refining stage, to produce
ultrapure water. When selecting an Ionpure VNX50-3
electrodeionization unit [25], the manufacturer specifies
an operational recovery of 90—-95% under a required inlet
pressure of 1.4-7 bar.

3.3 Upscaling

Because of the pretreatment and desalination stages exe-
cuted at a laboratory scale, upscaling calculations were
needed and performed. Based on the make-up water
requirements of one block of Paks power plant,, which
needs 724.4 kg/s of superheated steam, we estimated
the make-up water requirements [26] as 1% steam loss
assumed in the energy conversion cycle. This amount
should be compensated by make-up water. The estimation
resulted in a make-up water requirement for this block as
26.1 m*h of ultrapure water. So, 26.1 m*/h flow rate was
used as a target flow rate as the permeate of the EDI unit,
which was the first step of designing an industrial-scale
ultrapure water production system.

3.3.1 Flow cascade and mass balance
Estimating the pure-water production requirements and
the recovery of each step, the retentate and feed flow rate
(marked with Q, and Q, ., in Table 3) of each step was
calculated for the pump selection stage; in the case of EDI
the permeate flow rate (marked with Q, in Table 3) was
assumed to be 26.1 m*h as mentioned before, and using
90% as a recovery, the feed flow rate of EDI — which rep-
resents the permeate of RO-II — was calculated accord-
ingly (29 m’/h). Using 90% recovery for the RO-I stage,
a feed rate of 32.2 m%h was obtained, which also cor-
responds to the NF permeate flow rate. These calcula-
tions were continued, so feed flow rates of NF, UF, and
MF-II were determined using 90% recovery for each step.
Consequently, Table 3 summarizes the resulting flow cas-
cade. The overall system recovery is 53.14%, yielding a
raw Danube water feed of 49.11 m%h and a total reject
stream of 23.01 m*¥/h.

This low cumulative recovery is an inherent trade-off
in multi-stage sequential membrane systems. While this
ensures that the final permeate meets the strict target
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Table 3 Flow cascade for the proposed industrial-scale ultrapure water system

Stage Recovery (-) Oy..q (m*/h) 0, (m*/h) 0, (m*/h) Cumulated reject (m*/h) Pump ID
MF-I 1.00 49.11 49.11 0.00 0.00 —
MF-II 0.90 49.11 44.20 4.91 4.91 P1
UF 0.90 44.20 39.78 4.42 9.33 P1
NF 0.90 39.78 35.80 3.98 13.31 P2
RO-I 0.90 35.80 32.22 3.58 16.89 P3
RO-IT 0.90 32.22 29.00 3.22 20.11 P4
EDI 0.90 29.00 26.10 2.90 23.01 PS5

conductivity of 2 uS/cm prior to electrodialysis, it under-
scores the need for an abundant feedwater source, such
as the Danube River, to make this configuration feasible.
Other techniques can also be used to recycle the rejected
feed into other filtration systems to reduce waste streams.

3.3.2 System process flow

The complete filtration sequence is presented; five pumps
provide the hydraulic driving force, each assigned to
a distinct pressure zone. The required membrane area

for each stage (4 . ) was calculated from the laborato-

ry-scale permeate flux at the selected operating pressure,
as 4, .. = O,/ . A safety factor SF = 1.3 was applied to
account for concentration polarization development along
the element channel. Under steady-state conditions the
fouling resistance was negligible in the laboratory cell but
it in spite of that it can be significant at industrial scale,
therefore the hydraulic resistances combined with safety
factor were used. Commercial spiral-wound membrane
elements were then selected. The number of elements
n and pressure vessels is determined from the element
area and the manufacturer maximum elements-per-ves-
sel (EPV) constraint. Table 4 summarizes the resulting
configuration. Element models were selected as follows:
GK4040F30 (SUEZ, France); NF270-4040 (DuPont, Water
Solutions Company, USA); BW30 PRO-400/34i (DuPont,
Water Solutions Company, USA); BW30 PRO-400/34i
(DuPont, Water Solutions Company, USA) for UF, NF,
RO-I and RO-II, respectively. During the iteration the
maximum flow rate for each membrane was also another
constraint, which resulted in a higher membrane area than
the aimed one.

Table 4 Membrane element selection and area sizing (SF = 1.30 applied to 4
membrane area, calculated as a product of n total and 4

m,aim

Regarding the post-treatment stage for EDI, three
IonPure VNX50-3 modules in parallel, each rated at 5.7-
17.0 m%h were selected. The total feed of 29.00 m*/h is dis-
tributed as 9.67 m3/h per EDI module [27], which is within
the operating range suggested by the manufacturer.

3.3.3 Pump selection

Five centrifugal pumps were selected, one per pres-
sure zone, using the Grundfos Product Selector [28].
Shaft power was calculated using Eq. (10), where 7 is the
pump efficiency [-] from the manufacturer's sizing soft-
ware and P . is the shaft power [W]. The International
Electrotechnical Commission (IEC) motor frame standard
was selected as the next standard size above P, . x 1.10.
Pumps P3 and P4 (Grundfos BMS HS series, Grundfos
Hungary Ltd, Hungary) are complete high-pressure pump-
and-motor packages designed for flooded inlet operation.
Table 5 summarizes the selected pumps for each stage; for
convenience, operating pressures are reported in bar and
shaft powers in kW.

Py =Ap-0/n (10)

The total installed motor power for the whole process
is 157 kW, and the total shaft power required is 132.57
kW. Pumps P3 and P4 are equipped with variable-fre-
quency drives (VFDs) as required by the FilmTec BW30
PRO (Filmtech Company, now member of DuPont Water
Solutions, USA) membrane start-up specification. Based
on the water flow rate produced and the total motor power,
the specific electric energy consumption for the whole sys-
tem was determined to be 5.079 kWh/m? pure water.

stands for the element area and 4 stands for the real

m.elem m,real

), where 4

m,elem

Stage Ap [bar] 4, i @) Vessels EPV n total A, o (M) 4, . @)
UF 8 268 15 3 45 79 355.5
NF 20 270 12 4 48 7.6 364.8
RO-I 35 256 5 2 10 37.0 370
RO-II 31 246 3 3 9 37.0 330




Table 5 Selected pumps for the industrial-scale ultrapure water system (P,
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stands for the shaft power and Motor represents the electric power need

of each pump. Model types are selected from Grundfos pump supplier, Gundfos Hungary Ltd., Hungary)

ID Duty QO (m’/h) Ap [bar] n () P, (kW) Motor (kW) Model

P1 MF-II + UF feed 49.11 9 0.757 16.22 18.5 CRN 45-5
P2 NF feed 39.78 20 0.772 28.63 37 CRN 45-10-2
P3 RO-I feed 35.80 35 0.757 47.04 52 BMS 18-14 HS
P4 RO-II feed 32.22 31 0.773 36.51 44 BMS 18-11 HS
P5 EDI booster 29.00 3 0.580 4.17 5.5 CRN 20-4

4 Conclusion

This study proposed, designed, and evaluated a multistage
membrane filtration system to produce 26.1 m*h of ultra-
pure water from Danube River water, suitable as make-up
water for thermal power plants. Laboratory-scale exper-
iments were conducted on various membranes (UF, NF,
and RO) to assess the total resistances of the membranes
at different operating pressures which were identified as
hydraulic resistances. The experimental results confirmed
alinear correlation between permeate flow rate and applied
pressure for all three types of membranes and in the steady
state cascade operation validating that the hydraulic resis-
tance governs the filtration process, with negligible foul-
ing and concentration polarization resistances.

Industrial-scale sizing was based on experimen-
tal results, and the flow cascade was modeled to meet
the 26.1 m*/h ultrapure water requirements for one block
of Paks power plant. The proposed configuration con-
sists of pretreatment, a desalination sequence, and EDI as
post-treatment to achieve ultrapure water.

The overall cumulative recovery of the system
is 53.14%, requiring a raw water intake of 49.11 m%h to
achieve the target ultrapure water production. While this
recovery is necessary to achieve the 0.08 pS/cm conduc-
tivity target, it underscores the need for an abundant water
source, such as the Danube River. Five centrifugal pumps
were chosen to provide the necessary hydraulic driving
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