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ABSTRACT

Batch reverse osmosis (RO) is a recent emerging configuration for membrane desalination, which
has the potential to reduce specific energy consumption (SEC) compared to continuous RO. In
our study, we seek to explore the impact of different pressure profiles and process parameters
on the batch RO behavior, and optimize the pressure profile to minimize SEC. The modeling and
optimization were conducted based on our previously developed model implemented with dif-
ferential evolution optimization code on Python. Three pressure different pressure profiles were
considered to investigate batch RO behavior. For each pressure profile, the impact of feed salinity,
feed volume, energy recovery device efficiency and pump efficiency on the batch RO energetic
performance was examined. Results show that the process energetics and behavior depend directly
on the applied pressure profile, which can be optimized for minimal energy use. Consequently, the
batch RO under time-dependent flux also holds promising energy-saving potential. Interestingly,
it was revealed that process parameters also affect the batch RO process energetics differently

depending on the applied pressure profile.
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1. Introduction

Desalination has become a necessary alternative to
provide clean water in the 21st century. This is because
of global warming, irresponsible use of water, pollution
and expanding economy. Desalination technologies have
improved considerably in the last 50 years, and today,
reverse osmosis membrane desalination is the most ener-
gy-efficient technology for desalination [1].

Reverse osmosis desalination operates, in most cases,
in continuous configuration in one, two, or three stages.
Depending on the recovery ratio, clean water is produced
continuously and proportionally to feed flow rate. However,
a new generation of discontinuous configurations called

* Corresponding author.

batch and semi-batch, have emerged in the last decade
[2-5]. The batch innovative configuration has been proved
to reduce specific energy consumption [3,4] and to reach
high recoveries with less potential of scaling [6] compared to
continuous reverse osmosis (RO).

In the batch RO process (Fig. 1), feed water, which is
stored in a tank, is pushed through the RO membrane by
means of a pump. In our study, feed water flow rate is fixed
while pump pressure it variable. The pump is adjusted
to deliver the adequate pressure so that the net driving
pressure (NDP) is constant in order to have a constant
permeate flux or any desired NDP. Permeate is retrieved
while brine is recirculated to feed storage. Pump pressure
increases with time as feed osmotic pressure increases to
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Fig. 1. Batch RO process scheme using energy recovery device to recover energy from recirculated brine. A variable pressure pump
delivers time-dependent pressure, as feed osmotic pressure increases.

insure a positive permeate flux. An energy recovery device
(ERD) is installed to recover energy from recirculated brine.
The process continues until a stop condition is reached,
such as feed osmotic pressure or pump pressure, which
marks the end of a cycle. The feed tank is then emptied,
refilled, and a new cycle starts again.

In our previous work [7], we have shown the ener-
gy-saving advantage of the batch RO configuration com-
pared to the continuous RO configuration, as illustrated in
Fig. 2. Salinities and fluxes were respectively 35 and 5 g/L,
15 LMH and 25 LMH for seawater and brackish water.
The comparison showed that for seawater, batch RO can
save energy for recovery ratios higher than 50% and that
it's more energy efficient than continuous for all recovery
ratios for brackish water. For seawater, it can save up to
31% energy for seawater at a recovery ratio of 60% and up
to 34% for brackish water at a recovery ratio of 80%.

Different batch RO configuration models have been
introduced in the literature [2,3,8,9], in order to describe the
process and estimate its energetic performance compared
to continuous RO configuration. They have highlighted
that promising energy savings can be achieved for both
seawater and brackish water, especially at high recoveries.

However, these works have only focused on batch RO
operating under constant flux, that is, pump pressure was
set so that the NDP is constant. None of the models con-
sidered a pressure profile that delivers a time variable flux.
This idea was never explored to the best knowledge of
the authors.

In this study, we used our previously introduced model
[7], to investigate the batch RO configuration behavior under
different pressure profiles with different time-dependent
NDP. To that end, three different pressure profiles were
introduced: one delivering constant flux and two producing
time-dependent flux. The batch RO behavior, including
specific energy consumption (SEC), concentration polar-
ization and process time to reach a specific recovery ratio
were investigated and shown to be unique to the applied
pressure profile.

In order to explore the full energy-saving potential of
the batch RO, optimization of pressure profile by differen-
tial evolution algorithm was considered. The purpose was
to find the optimal pressure profile that could deliver the

lowest possible SEC for a specific recovery ratio. Moreover,
the impact of process parameters on process behavior,
such as initial feed salinity, initial volume, ERD efficiency
and pump efficiency, were examined under different pres-
sure profiles.

2. Methods
2.1. Reference to the batch RO model

The model used to study the batch process behavior
[7] was previously established in our modeling paper of
the batch RO. It was validated experimentally and by com-
parison with another model [9]. It allowed the estimation
of the SEC as a function of the recovery ratio while taking
into consideration key parameters: feed initial salinity,
feed water volume in the storage tank, membrane surface,
pump pressure profile, concentration polarization, ERD
efficiency and pump efficiency. A python algorithm code
was developed to solve the batch process differential equa-
tions. We reintroduce the batch process scheme in Fig. 3
and the major equations which describe the batch RO
variables in Table 1.

2.2. Pressure profiles and case study parameters

The established model [7] allowed to monitor all the
process variables and the SEC at all recovery ratios. The SEC
equation is composed of three parts, which express in order:
specific energy to produce permeate, specific energy to
pressure brine and specific energy recuperated from pres-
surized brine. The model also allowed the application of
different pressure profiles AP(t), whether to deliver con-
stant NDP or time-dependent NDP. This feature allowed
to explore the impact of pressure profiles on the batch RO
behavior and its energetic performance. The parameters
used for the behavior comparison are depicted in Table 1.

The following pressure profiles were considered:

* Pressure profile 1: pressure is constant (54 bar) during the
entire process;

* Pressure profile 2: pressure is set so that the NDP is con-
stant to produce 10 LMH;
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Fig. 2. SEC of batch RO and continuous RO vs. recovery ratio for seawater (a) and brackish water (b) [7].
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Fig. 3. Schematic diagram of the batch RO process [7].

® Pressure profile 3: pressure is a linear function:

32 bar + 35 bar/h;

2.3. Optimization strategy

After analyzing the impact of pressure profiles on the
batch RO, differential evolution was adopted in order to
find the optimal pressure profile to minimize SEC for a
fixed recovery ratio. The differential evolution optimi-
zation method is widely used and approved in the opti-
mization community [10]. It is based on natural selection
and uses mutation and recombination to find the global
optimal solution. The pressure profile was considered
to have a polynomial form, the goal was then to find the

Permeate flowrate
0,0

Permeate Tank
Con®) 7,0

coefficients of the polynomial for the case study depicted
in Table 2. Instead of looking for analytical expression
using the nonlinear differential system equation, we
considered a polynomial expression for the optimal pres-
sure profile, as stated by the Weierstrass approximation.

3. Results and discussion
3.1. Effect of pressure profile on batch RO

The purpose of this part is to investigate the impact of
pressure profile on the batch RO behavior under the three
mentioned pressure profiles. To that end, we took interest in
the following variables: pressure profiles with corresponding
osmotic pressures, permeate fluxes, feed tank concentrations,
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Table 1

Batch RO model equations from [7] used in the present study

Computed variable or
parameter

Equation

Osmotic pressure

Pressure delivered

NDP

Permeate concentration

Global system concentration
equations

Concentration polarization (CP)
equation

Permeate flowrate

Permeate volume

Brine recirculated volume

Recovery ratio

SEC

A, (t) = W(Cm (t) ~Cer (t))

AL
AP(t)= AP, (t)- >

NDP = AP(t) - An, (t)

(AwAé(t) B Awwém (t) . 1]2

| 4ANC, (t) ( AAP(t) ANC, (1) N 1)

B, B, B, B 5
C, ()= =
o

ACpue-ce (t) Q v (t)

V) )Gl
dcC, (t) Q ) (t)

f-cp\') _ v )

dt (Vio=V, (1)) (Crr()-Cpce(2)

Qn,CP (t) = ]uuCP (t).S
Vp,cP (t) = .[;QLCP (x)dx

Vo alt)= I;(Q Qe (x))dx

1% t
o)=Yl

J;APPU[HP (x)QhCP (x)dx + ;APPump (x)(Q - QLCP (x))dx -

SEC(t)= ———~ t
Moo Vo () nERDjo(APpump (x)- AZLJ(Q ~Q, o (%))dx

concentration polarization factors (CPF), recovery ratios

and SECs (Fig. 4).

Pressure profiles 1 and 3 had a tendency to act as an
asymptote for their corresponding osmotic pressures. Pressure
profile 2 kept a constant difference with its osmotic pressure
(Fig. 4a). Permeate flux varied proportionally to NDP for
each case. It started at a high value of flux at the beginning
of the process for pressure profile 1 then decreased consid-
erably. For pressure profile 2, it was constant as intended.
For the third case, it increased for the first 15 min of the
process then decreased, according to the difference between
pressure profile 3 and its corresponding osmotic pressure.

(Fig. 4b).

Feed tank salt concentration increased rapidly for pres-
sure profile 1 compared to pressure profiles 2 and 3 (Fig. 4c).
This is due to the amount of permeate volume produced.
The more permeate volume is higher, the more feed tank
concentration increases, since salt will be trapped in the
tank. Which explains why recovery ratios (Fig. 5e) and
feed concentrations evolutions have similar trends.

Permeate tank concentration varied depending on pres-
sure profile. In the first 30 min of process time, it was less
than 500 mg/L for all pressure profiles (Fig. 4d), where the
recovery ratio of all three cases was around 50%. Permeate
tank concentration behavior depended on the feed concen-
tration and the applied NDP for each case.
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Fig. 4. Seawater batch RO process behavior is inspected under three different pressure profiles: 1, 2 and 3 against time, with or
without CP. Salinity is 35 g/L, feed volume is 8 m®?, and water permeability is 1.5 LMH/bar. (a) Pressure profiles and correspondent
osmotic pressures, (b) permeate flux, (c) feed concentration, and (d) permeate tank concentration.

Recovery ratio behavior (Fig. 5e) is attributed to flux
behavior. Since permeate production is constant for pressure
profile 2, its corresponding recovery ratio is linear. Under
constant pressure profile, recovery ratio increased rapidly
before 25 min and then rose slowly, which is due to flux
decreasing considerably after that moment.

CPF variation was also unique for each pressure pro-
file (Fig. 5g). It exhibited similar behavior as flux permeate
for all pressure profiles: the higher the NDP, the higher the

CPF. Concentration polarization (CP) affected recovery ratio
as it caused it to slow down compared to when CP was not
taken into consideration, for pressure profiles 1 and 3, as
shown in Fig. 5e. CP didn't affect recovery ratio for pressure
profile 2, because even if osmotic pressure increased due to
CP, pump pressure was set to keep a constant NDP along the
process. However, it did affect its SEC (Fig. 5f) compared to
when CP was not taken into consideration because the deliv-
ered pump pressure was higher.
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Fig. 5. Seawater batch RO process behavior is inspected under three different pressure profiles: 1, 2 and 3 against time, with or
without CP. Salinity is 35 g/L, feed volume is 8 m? and water permeability is 1.5 LMH/bar. (e) Recovery ratios with and without
CP, (f) SEC with and without CP, against recovery ratio, and (g) CPF.

SEC depended directly on the applied pressure profile
and CP. For all recovery ratios, pressure profile 1 had the
highest SEC, followed by pressure profile 3 and pressure
profile 2. When CP was not taken into account, pressure
profile 1 had again the highest SEC while pressure profiles
2 and 3 had their rankings switched, because CP didn’t have
the same impact on the process energetics under the three
pressure profiles.

The time required to achieve the same recovery ratio
wasn’t the same for all the pressure profiles neither. While
it took less than half an hour for pressure profile 1 to reach
45%, it took over 1 h for pressure profiles 2 and 3. Reaching
rapidly recovery ratio of 45% under pressure profile 1 was
however at the price of a peak of CPF at the process begin-
ning compared to pressure profiles 2 and 3 because NDP was
higher at that moment.
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3.2. Impact of pressure profile on salinity and feed
volume variations

Initial feed salinity and feed volume have a high impact
on the batch RO energetics. In this part, feed salinity and
volume impact on batch RO SEC were investigated, under
different pressure profiles.

Under pressure profile 2 (Fig. 6b), SECs for different
salinities seemed to increase steadily with an average value
of 0.25 kWh/m?® for every increase of 5 g/L. For pressure pro-
files 1 and 3 (Fig. 6a and c), this pattern was not sustained.
The difference between SECs increased considerably at
high recoveries under constant pressure, while it increased
under linear pressure with no clear pattern.

Feed volume impact was also dependent on pressure
profile. Under profile 2 (Fig. 7b), feed volume affected SEC
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considerably when it was between 0.25 m® and 2 m® and only
marginally beyond that. The feed volume impact seemed to
manifest at recoveries below 30% and its effect was inverted
at recoveries higher than 50%. Between 30% and 50%, SEC
was interestingly independent of feed volume, where all
cases delivered equal SECs. Under pressure profile 1 (Fig. 7a),
the same behavior was observed, as between 30% and 45%,
SEC was independent of the initial feed volume, however,
the impact of feed volume was inverted outside this inter-
val. The average SEC, however, decreased slowly before
45%, and then soared rapidly. While under pressure pro-
file 2 it increased linearly after 10%. Under linear pressure
profile (Fig. 7c), SEC evolution differed from the cases of
pressure profiles 1 and 2. In fact, there was no intersection
between the curves, and a clear correlation between feed
volume increase and SEC decrease after 10% recovery was

4.0

= Feed salinity = 20 g/L
= Feed salinity = 25 g/L.
= Feed salinity = 30 g/L.
—— Feed salinity = 35 g/L.

c; 35 —— Feed salinity = 40 g/L

=

2

= 3.0

E g

=1

wn

(%]

ot

A~ 25 |

T

g

< 2.0

z -

2

w 1.5

1'0 il 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Recovery ratio

Feed salinity = 20 g/L
Feed salinity = 25 g/L
Feed salinity = 30 g/L
Feed salinity = 35 g/L
Feed salinity = 40 g/L

9
vl

=
(=]

e
o

SEC (kWh/m?) - Pressure profile 3
]
[=]

-
4]

c)

1.0

0.2 0.3 0.4 0.5
Recovery ratio

0.0 0.1 0.6

Fig. 6. Seawater batch RO energetic process behavior is inspected under various feed salinities, for pressure profiles 1 (a),
2 (b) and 3 (c) against recovery ratio, with CP taken into consideration. Feed volume is 8 m? and water permeability is 1.5 LMH/bar.
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observed. Moreover, SEC soared for lower feed volumes
while it increased slowly for higher feed volumes.

Batch RO energetic behavior due to feed volume vari-
ation under different pressure profiles was partially unex-
pected. Under pressure profiles 1 and 2, the reason SEC
varied considerably between 0.25 and 2 m® but varied less
beyond that, is most probably caused by the dilution effect
of brine recirculation. It is unclear, however, why there was
an intersection zone where feed volume had no impact on
energy use, and why there was an inversion of SEC plots
outside that zone. Under pressure profile 3, feed volume

seemed to affect more directly the SEC of batch RO, where
the lower the feed volume, the higher the SEC and the
higher the slope.

Batch RO response under different salinities and different
pressure profiles is mainly attributed to the unique permeate
productions, given that the SEC is the ratio of spent energy
to total permeate produced. Under pressure profile 2, even
though salinity increased, pump pressure increased as well
to keep constant flux, consequently, SEC increased steadily
when feed salinity increased. However, under pressure pro-
files 1 and 3, increasing salinity meant increasing osmotic
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Fig. 8. Seawater batch RO energetic process behavior is inspected under various ERD efficiencies, for pressure profiles 1 (a), 2 (b) and
3 (c) against recovery ratio, with CP. Feed volume is 8 m?, feed salinity is 35 g/L and water permeability is 1.5 LMH/bar.

pressure and thus reducing permeate flux, especially at the
end of the process. This decrease in permeate flux explains
energy use soaring the more the salinity increases and the
higher the recovery ratio is.

3.3. Impact of pressure profile on ERD and pump
efficiencies variations

ERD and pump efficiencies impacts on the batch RO
energetics under various pressure profiles were inves-
tigated in this section. ERD affected directly the SEC

response, the higher its efficiency was, the less the SEC
was. Under pressure 2 (Fig. 8b), SEC increased by about
an average value of 0.5 kWh/m? for every drop of 5% in
efficiency. SEC plots seemed to follow the same allure and
increased in parallel. Under pressure profile 3 (Fig. 8c),
the same average increase of 0.5 kWh/m? every 5% of effi-
ciency was observed, however, the less the ERD efficiency,
the more the energy tended to increase rapidly. Under
pressure profile 1 (Fig. 8a), the same allure was sustained,
with energy soaring after 40% for all ERDs, once per-
meate production decreased dramatically (Fig. 4b).
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Fig. 9. Seawater batch RO energetic process behavior is inspected under various pump efficiencies, for pressure profiles 1 (a), 2 (b) and
3 (c) against recovery ratio, with CP. Feed volume is 8 m?, feed salinity is 35 g/L, and water permeability is 1.5 LMH/bar.

A common pattern among all three pressure profiles was
observed: the loss in SEC, for every ERD efficiency drop
by 5%, wasn’t constant. It seemed to be around 0.5 kWh/m?®
on average and decreased when ERD efficiency declined.

Pump efficiency also affects directly the batch RO ener-
getics under various pressure profiles. For all cases (Fig. 9),
SEC trend of parallel curves was sustained. For the same
5% decrease in pump efficiency, under all pressure profiles,
energy increased gradually.

The described behaviors, while they show pump effi-
ciency impact on batch RO energetics, they can be explained
mainly by the SEC expression in Table 2. When pump effi-
ciency decreases, for a given pressure profile, the ratio (1/
pump_eff) increases, which explains why the SEC rises grad-
ually when pump efficiency drops every 5%.

ERD efficiency impact under different pressure pro-
files is also attributed to the SEC expression. The term

nERDJ.;(APPumP (x) - AL)(Q -Q, (x))dx is the one responsible
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Fig. 10. Seawater batch RO process behavior is inspected under pressure profiles 1 and optimal pressure profile against time, with
CP. Salinity is 35 g/L, feed volume is 8 m? and water permeability is 1.5 LMH/bar. (a) Pressure profiles and correspondent osmotic
pressures, (b) permeate flux, (c) feed tank concentration, and (d) permeate tank concentration.

for such behavior. The fact that each pressure profile is
unique and produces a distinct flow rate is what causes
the SEC patterns to be unique to each pressure profile.

3.4. Optimal pressure profile to deliver minimal
SEC at specific recovery rate

Following the previous sections, it was established that
pressure profile impacts many aspects of the performance of

the batch RO process. In this section, the optimal pressure
profile delivering the minimal SEC at a specific recovery ratio
is investigated.

It should be noted that the pressure profile, which is the
driving force behind the batch RO process, can be sorted
into two types. The first type, like pressure profile 2, which
depends on osmotic pressure, can deliver a permeate flux
depending on the evolution of osmotic pressure. The second
type of pressure profiles, like pressure profile 1 and 3, do not
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Fig. 11. Seawater batch RO process behavior is inspected under pressure profiles 1 and optimal pressure profile against time, with CP.
Salinity is 35 g/L, feed volume is 8 m? and water permeability is 1.5 LMH/bar. (e) Recovery ratios with and without CP, (f) SEC with

and without CP against recovery ratio, and (g) CPF.

depend on osmotic pressure. Instead, it is the osmotic pres-
sure that varies according to the profile pressure applied to
the process.

The optimization of the first type of pressure profiles
comprises reducing NDP to a minimum, approaching the
thermodynamic limit, although NDP isn't necessarily con-
stant in this case. However, it would take a long time to reach

the desired recovery ratio, and the pump working for a such
duration could increase energy use. Moreover, it is not prac-
tical to have longer times to reach the desired recovery ratio.
In our paper, we explore the optimization of the second type
of pressure profiles.

To that end, optimal pressure profile was considered as a
polynomial, which coefficients were subject to optimization.
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Table 2
Parameters used to compare the impact of pressure profiles on
batch RO for seawater

Parameter Value
Intake feed salinity for seawater, g NaCl/kg 35
Membrane element area, m? 37
Total elements in system 14

(1 element per pressure vessel)
Membrane water permeability, LMH/bar 15
High-pressure pump efficiency 0.8
ERD efficiency 0.95
Total pressure drop, bar 1
Salt permeability, m/s 2.21 x10®
Feed tank volume, m? 8
Mass transfer coefficient, m/s 8 x10°
Feed flow (constant), m®/h 324

Differential evolution optimization algorithm in Python was
conducted, to find the global minimum of energy use SEC
at recovery ratio 45%. The choice of polynomial order was
taken according to energy savings performance and com-
puter processing speed. We considered the fourth-order,
because using the fifth-order polynomial improved negligi-
bly the energy savings and caused the computing machine to
take non-practical time to run the algorithm.

We used the differential evolution algorithm because it
allows to find the global minimum of a multimodal search
independently of initial parameters values while converg-
ing rapidly with few control parameters. This algorithm is
adapted for numeric optimization problems given that it is
a population-based algorithm like genetic algorithm using
operations like crossover, mutation and selection.

The optimization algorithm for the case in the previous
section delivered the following optimal pressure profile:

AP, . (t)=3,787,951.04 +839.72¢ +0.267803¢" + 2,030,183
x107*# +1.2344 x 10 * 1)

[a,a,a,,a,] = [(0, 6000000), (0, 100000), (0, 1000), (0, 1000),
(0, 1000)]
where pressure is in Pa and time in s.

The optimal pressure profile was simulated on the Batch
RO process using the same parameters as in the previous sec-
tion, and was compared to pressure profile 2. SEC compari-
son between the three pressure profiles (Fig. 5f) showed that
pressure profile 2 delivered the best energetic performance
at a recovery ratio of 45%. Performance comparison of batch
RO under pressure profile 2 and optimal pressure is shown
in Figs. 10 and 11.

Indeed, the SEC of batch RO under the optimal pres-
sure was lower at recovery 45% (2.19 kWh/ m® compared
to 2.24 kWh/ m? delivered by profile 2 (Fig. 11f), and at all
recovery ratios. The process under optimal pressure pro-
file also took less time to reach a recovery ratio of 45% as
shown in Fig. 11e. The NDP for optimal pressure and per-
meate flux (Fig. 10b) were respectively time-dependent

and constant, consequently, the CPF had similar allure
(Fig.11g). Osmotic pressure (Fig. 10a) and feed concentration
(Fig. 10c) increased quickly under optimal pressure profile
compared to pressure profile 2, because permeate produc-
tion was higher due to higher permeate flux at the begin-
ning of the process.

Optimization allowed to reduce SEC and gain in pro-
cess time. Using an optimal pressure profile can draw the
full potential of the batch RO process. Although the ener-
getic gain wasn'’t significant, it proved that optimizing the
pressure profile can allow to further reduce energy use of
Batch RO.

4. Conclusion

Batch RO process behavior was investigated under
different pressure profiles and optimal pressure profile.
Findings of this study showed that pressure profiles can
affect considerably the process behavior, including energet-
ics, time to reach recovery ratio and concentration polariza-
tion. Each pressure profile had its unique impact. Constant
pressure profile allowed reaching recovery ratio 45% rap-
idly but at the cost of SEC and high CP at the beginning
of the process. Pressure profiles delivering constant flux
and linear pressure delivered lower SEC with less risk of
peak CPFE, but took more time to achieve a recovery ratio
of 45%.

Interestingly, the impact of process parameters was dif-
ferent under different pressure profiles. Varying feed salin-
ity, feed volume, pump and ERD efficiencies affected SEC
differently for each case depending on recovery ratio. The
most remarkable impact was that of the feed volume, where
under constant and parallel pressure, there were intervals of
recovery ratio where feed volume didn't affect the SEC. This
feature can be useful in the design of the feed tank volume
for the batch RO process.

Optimization provided evidence that batch RO energy
saving potential can be maximized. In fact, under opti-
mal pressure profile, batch process used less SEC at 45%
recovery compared to other pressure profiles and had its
process time reduced.

Batch RO technology is still at the beginning of the devel-
opment and research stage, further investigation on its dif-
ferent aspects is still needed to master its process and draw
its full potential as a future alternative to classic continuous
reverse osmosis.

Symbols

A, —  Solvent permeability constant, m?s/kg
B, —  Solute permeability constant, m/s

C —  Concentration, kg/m?3

], —  Solute flux, kg/m?s

I, —  Solvent flux, m®/m?s

k —  Mass transfer coefficient, m/s

AP — Applied pressure, Kg/s’m

AP —  Pump applied pressure, Kg/s>m

—  Flowrate, m®/s

Membrane surface area, m?
— Time, s

—  Volume, m?



A. Chougradi et al. / Desalination and Water Treatment 237 (2021) 18-31

X — Batch recovery ratio

Q —  Flow rate m®/s

T —  Osmotic pressure, Kg/s’m

0 —  Osmotic pressure to solute concentration
ratio, m?/s?

AL — Head loss, Kg/s’m

Npump —  Pump efficiency

Nexo — ERD efficiency

LMH —  permeate flux unit, L/m?h

Subscripts

f
f
P

—  Feed tank
—  Feed tank at time =0
— Permeate at membrane outlet

pav —  permeate in the tank

T — Recycled brine

m — Membrane wall

Ccp — Means CP is taken into account in computing
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