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Abstract

The pressure-recovery (P-Y) diagram used in reverse osmosis (RO) litera-
ture to compare energy consumptions in different RO configurations has a
flaw of not holding the design flux constant. In this work, the P-Y dia-
grams are constructed with the aid of transport models. It is shown that the
area underneath the P-Y curve represents the specific energy consumption
(SEC) imposed by design flux and thermodynamics, which may be reduced
by improving spatial uniformity in flux. The trend generally observes the
equipartition of entropy production theorem. For seawater RO (SWRO) in
which pressure drop relative to feed osmotic pressure is small and opera-
tion is near the thermodynamic limit, staged designs with interstage booster
pumps enable a more uniform flux, thus reducing the SEC. However, for low-
salinity brackish water RO (BWRO), improving flux uniformity may lead to
a higher SEC as the increased friction loss often outweighs the reduced energy
requirement imposed by system flux.
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1. Introduction

Diagrams such as pressure-volume (P-V) and temperature-entropy (T-S)
are widely used in thermodynamic cycles [1]. The main advantages of these
diagrams include a clear visualization of energy transfer in each step of a
cycle and a direct comparison of energy efficiencies between two different
cycles. For example, the area underneath the P-V curve in one cycle step
describes the work done by the system, positive if the path is directed to the
right. When the curve on the P-V diagram forms a closed shape, the net
work done by the system is represented by the area enclosed by the cycle,
positive if it is traversed clockwise. A larger enclosed area with the same
heat input suggests a higher thermal efficiency.

In the RO desalination community, pressure-recovery (P-Y) diagrams
have been frequently used as a graphical representation of energy consump-
tion in RO as well as the energy saving of a new design relative to a baseline
case [2, 3, 4, 5, 6, 7, 8]. One such example is shown in Figure 1. The blue and
red solid lines show the applied pressures in the one-stage (RO-1) and multi-
stage (RO-2 and RO-3) configurations, respectively. The dashed line shows
the osmotic pressure profile along the process. Because the area underneath
the blue solid line is larger than the red one in Figure 1(a), the difference,
or the shaded area, represents the energy saving of RO-2 relative to RO-1.
When the number of stages increases, the shaded area becomes larger, in-
dicating more energy saving, as shown in Figure 1(b). One shortcoming of
such a diagram is, however, that the system permeation flux may not be
constant when the shaded area becomes larger. While the energy advantage
of the two-stage seawater RO (SWRO) over the one-stage counterpart is a
well-known fact [9, 10], the intrinsic mechanism for its energy saving benefit
is not the same as the one shown in Figure 1.

In this work, mass and momentum transport models [11, 12] will be em-
ployed to provide an unambiguous explanation of the P-Y diagrams and their
implications for energy consumption in RO processes. It is worth noting
that SWRO and low-salinity brackish water RO (BWRO) should be treated
separately. The difference is originated from the difference in feed osmotic
pressures and operating regimes [13]. SWRO has a much higher feed concen-
tration (typically 35 g/L) than low-salinity BWRO (about 1 g/L based on
most municipal RO plants in Southern California). The osmotic pressures
are about 27 bar and 0.6 bar, respectively. As a result, the applied pressure is
about 60 bar in SWRO and only 15 bar in low-salinity BWRO. The pressure
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drop (1-2 bar per pressure vessel housing 6 to 8 elements connected in series)
to the feed osmotic pressure ratio is small in SWRO but very large in BWRO.
Often times, the friction loss in BWRO outweighs the osmotic pressure on the
energy consumption [14]. Moreover, SWRO is operated near the thermody-
namic limit, whereas the applied pressure in BWRO is far above the osmotic
pressure [13]. As a result, more details may be required for mathematical
modeling and P-Y diagram construction for BWRO than SWRO.

2. Modeling

2.1. RO with high-salinity feed

Consider a SWRO in which the primary resistance to permeation is the
osmotic pressure. As a first approximation, the effect of concentration po-
larization, retentate pressure drop, and salt passage is ignored. It is also
assumed that the permeate is at atmospheric pressure. As a result, the wa-
ter flux (Jw) is described by the Darcy’s law in the following form:

Jw = −dQ

dA

= Lp(∆P −∆π)

= Lp(P − π)

(1)

where −dQ is the flow rate of water across the membrane of area dA, Lp is the
membrane hydraulic permeability, P and π are the hydraulic pressure and
osmotic pressure, respectively, and ∆ represents transmembrane properties.
If the applied pressure and the feed rate are given, an integration of Equation
(1) will yield the retentate rate at the outlet of this RO stage.

For an N-stage SWRO with interstage booster pumps and an energy
recovery device (ERD) with 100% efficiency, the theoretical specific energy
consumption (SEC) normalized by the feed osmotic pressure (π0), or NSEC
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(a dimensionless quantity), is [15]:

NSEC =
SEC

π0

=

Q0P0 +
N−1∑
j=1

Qj(Pj − Pj−1)−QNPN−1

Y Q0π0

=
1

Y

N−1∑
j=0

Pj

π0

(Qj −Qj+1)

Q0

(2)

where Pj and Qj are the pressure and volumetric flow rate at the entrance
of stage j + 1. Y is the overall system recovery. The subscript 0 represents
inlet conditions.

An optimization model has been developed to minimize the theoretical
NSEC (Equation (2)) subject to the transport law (Equation (1)) in each
stage [11]. To have a comparison on the same footing, the intake flow (Q0),
total membrane area (Am), membrane permeability (Lp) and recovery (Y ) are
all fixed [11]. Under such conditions, the non-dimensional design parameter
γ (defined as AmLpπ0/Q0) and the design flux J̄w (defined as Q0Y/Am) are
both constant. The optimization program optimally allocates membrane
areas and permeate productions among the stages and determines the best
applied pressure in each stage. It is noted that modern SWRO plants have
a γ in the ballpark of 0.8 [13] and a recovery of 30-50% [16]. Additionally,
they are equipped with ERDs whose efficiency is close to 100% [17].

The spatial profiles of P/π0 (solid lines), π/π0 (dashed lines), and Jw/(Lpπ0)
in single-stage RO and multi-stage ROs with interstage booster pumps at Y
= 50% solved by the optimization program are shown in Figure 2. Two val-
ues of γ (1 and 2) are used for the study. When more permeable membranes
become available in the market, the γ parameter in SWRO is expected to
increase. At a fixed γ, the osmotic pressures in all cases start and end at the
same values, even though they each takes a different spatial path. The ap-
plied pressures, however, have completely different trends from the osmotic
pressures. As the number of stage increases, the applied pressure is lowered
in the first stage but elevated in the last stage. In such a way, the areas
bounded by the solid and dashed lines in all RO configurations in Figure
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2(a) or (b) are the same. In fact, this can be verified mathematically,∫ 1

0

(
P

π0

− π

π0

)
d

(
A

Am

)
=

∫ Am

0
Lp(P − π)dA

AmLpπ0

=
Y

γ

(3)

It is observed from Figure 2(c) or (d) that the area underneath each curve
is also the same, or∫ 1

0

(
Jw
Lpπ0

)
d

(
A

Am

)
=

∫ Am

0
JwdA

AmLpπ0

=
J̄w
Lpπ0

(4)

where J̄w is the spatial average flux (J̄w =
1

Am

∫ Am

0

JwdA).

Equations (3) and (4) are equivalent, or Y/γ = Y/(AmLpπ0/Q0) =
J̄w/(Lpπ0). This implies that the bounded area between the applied pressure
and the osmotic pressure in Figure 2(a) or (b) is essentially the dimensionless
average flux J̄w/(Lpπ0).

From Figure 2(c) or (d), the spatial variation in flux gradually reduces as
the number of stages increases. As N becomes infinity, the permeation flux
is spatially uniform [15]. In such a case, it is equivalent to an ideal batch
RO, whose flux is temporally invariant [15].

When γ increases from 1 to 2, the dimensionless spatial-average flux is
halved (based on the identity J̄w/(Lpπ0) = Y/γ), and the applied pressure
moves closer to the osmotic pressure. For RO-1, the rear end of the membrane
may contribute very little to permeate production. This implies that the
system is approaching the thermodynamic limit [18, 19]. A further increase
in γ using the one-stage design may not offer differentiable energy saving
benefit, exhibiting “the law of diminishing returns” in the NSEC-γ curve
[20]. However, when the design configuration changes from single-stage to
two-stage with an interstage booster pump, permeate production at the end
of the RO is ameliorated. As γ further increases, the horizontal asymptote
may be approached again, and changing the RO configuration to three-stage
with two interstage booster pumps can further enhance the flux uniformity
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and lower the NSEC [11]. This illustrates the trade-off between kinetics and
energetics in SWRO [21].

It is seen from Figure 2(a) or (b) that the spatial profile of osmotic pres-
sure is lowered generally as the number of stages increases, implying less salt
transport across the membrane if its salt rejection is imperfect. Moreover,
increasing the membrane permeability while keeping all other parameters ex-
cept the applied pressure the same may lower the permeate quality, which
can be mitigated by using multistage design with interstage booster pumps.

The relative spatial uniformity of flux in Figure 2 can also been seen in
the Y-A diagram shown in Figure 3. A greater than 1 slope at a particular
location implies a higher-than-average flux and vice versa. Moreover, the
gap between each curve and the 45 degree identity line reflects the degree
of non-uniformity. Apparently, as γ increases, the spatial variation in flux
becomes greater, and more RO stages and interstage booster pumps would
be required to achieve the same level of uniformity.

Additionally, a point on the curve that is above the diagonal line in Figure
3 means that the cumulative production up to this location is above the
system average. It is seen that the transition points between different stages
sit very close to the diagonal line, implying that the stage-average fluxes are
very close in each multi-stage RO. In other words, the permeation production
in each stage is approximately proportional to the membrane area allocated
to it under optimal conditions.

The pressures can also be plotted as functions of percentage of completion
(or cumulative recovery y divided by its final value Y ), as shown in Figure
4. If there is no pressure drop in the retentate channel, the area underneath
of each solid curve in the P-Y diagram is essentially the NSEC, which may
be shown by the equation below:

NSEC =
1

Y

N−1∑
j=0

Pj

π0

(Qj −Qj+1)

Q0

=
1

Y

∫ Y

0

P

π0

dy

=

∫ 1

0

P

π0

d
( y

Y

)
(5)

whereQj−Qj+1 is the permeate production in stage j+1 and
N−1∑
j=0

Qj −Qj+1

Q0

=
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Y .
The area underneath the dashed curve in Figure 4 (π/π0 = 1/(1− y)) is

the minimum NSEC imposed by thermodynamics:

NSECThermo =

∫ 1

0

1

1− y
d
( y

Y

)
= − 1

Y
ln(1− Y )

(6)

The area bounded by each pair of the solid and dash curves in Figure 4
represents the extra energy requirement to maintain the system design flux
(J̄w), or

NSECFlux =

∫ 1

0

(
P

π0

− 1

1− y

)
d
( y

Y

)
(7)

NSECFlux is different for different RO configurations, even if J̄w is kept
constant. For example, when γ = 1 and Y = 50%, the bounded areas in
Figure 4(a) calculated using trapezoidal numerical integration are 0.69, 0.54,
0.52, and 0.50 for RO-1, RO-2, RO-3, and RO-∞, respectively. When γ
becomes 2, the bounded areas in Figure 4(b) are 0.62, 0.33, 0.29, and 0.25,
respectively. In the ideal case where the flux is spatially uniform, NSECFlux

reaches its minimum (J̄w/(Lpπ0) or Y/γ).

To prove this mathematically, define f1 =
P

π0

− 1

1− y
and f2 =

d(y/Y )

d(A/Am)
.

It can be verified that
f1
f2

=
J̄w
Lpπ0

,

∫ 1

0

f1d

(
A

Am

)
=

J̄w
Lpπ0

, and

∫ 1

0

f2d

(
A

Am

)
=

1. Now define g1 and g2 as the deviations of f1 and f2 from their re-

spective averages, or g1 = f1 − J̄w
Lpπ0

= (f2 − 1)
J̄w
Lpπ0

and g2 = f2 − 1,

then

∫ 1

0

g1d

(
A

Am

)
= 0, and

∫ 1

0

g2d

(
A

Am

)
= 0. In addition, g1g2 =

(f2 − 1)2
J̄w
Lpπ0

≥ 0. Therefore,
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NSECFlux =

∫ 1

0

(
P

π0

− 1

1− y

)
d
( y

Y

)
=

∫ 1

0

(f1f2)d

(
A

Am

)
=

∫ 1

0

(
g1 +

J̄w
Lpπ0

)
(g2 + 1)d

(
A

Am

)
=

∫ 1

0

(g1g2)d

(
A

Am

)
+

J̄w
Lpπ0

=

[
1 +

∫ 1

0

(f2 − 1)2d

(
A

Am

)]
J̄w
Lpπ0

(8)

It is seen that NSECFlux ≥ J̄w
Lpπ0

. The equal sign holds only if f2 ≡

1, which implies
d(y/Y )

d(A/Am)
≡ 1, or alternatively, Jw ≡ J̄w. The term[∫ 1

0

(
d(y/Y )

d(A/Am)
− 1

)2

d

(
A

Am

)]
is the penalization coefficient on the mini-

mum NSEC imposed by the system design flux (J̄w/(Lpπ0)) due to variation
in flux. For single-stage design operated at Y = 50%, it is 38% if γ = 1 and
148% if γ = 2. It reduces to 8% and 32%, respectively, by adopting two-stage
design with the optimal interstage booster pressure.

A comparison between two different RO configurations can be made using
shaded areas, as shown in Figure 5. Different from Figure 1, the shaded areas
in Figure 5 are always in pairs. If they are numbered numerically from the
left to the right (i.e. S1, S2, ...), the difference in NSEC between two design
configurations can be calculated by the sum of differences in each pair. For
example, the NSEC saving of RO-2 relative to RO-1 in Figure 5(a) is (S1−S2).
This also applies to the difference between RO-∞ and RO-1 in Figure 5(e).
The energy saving of RO-3 relative to RO-2 in Figure 5(c), however, should
be calculated by (S1 − S2) + (S3 − S4). While the difference between RO-1
and RO-2 is readily seen from Figure 5, it is not so apparent between RO-2
and RO-3. Detailed numerical calculations show that RO-3 is only slightly
better than RO-2.

As γ increases from 1 to 2, there is more room for energy saving by
upgrading the design configuration from RO-1 to RO-2. This implies that
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multi-stage SWRO will likely be more attractive despite the increased sys-
tem complexity when ultra-permeable SWRO membranes become available
[22]. Interestingly, if γ is arbitrarily reduced to 0.2, there is barely any differ-
ence in energy performance between single- and multi-stage configurations
for SWRO [15]. In such a case, the applied pressure sits much higher than
the osmotic pressure in the P-A diagram, and the Y-A curves are closer to
the diagonal line.

It is found that P/π0 vs A/Am in Figure 2 and P/π0 vs y/Y in Figure 4 are
almost identical, due to the nearly indistinguishable stage-average fluxes in
each multi-stage configuration explained previously. Figures 2 and 4 confirm
that the system design flux in Figure 1 used in literature is not a constant
when the applied pressure is moved closer to the osmotic pressure.

The above observations are substantiated by the equipartition of entropy
production theorem [23], which states that separation processes are enhanced
by distributing as evenly as possible a function of entropy production along
the space and time variables of the process. To put it in another way, the
variance of the distribution of driving forces should be minimized to maximize
process performance.

Recently, closed-circuit RO (CCRO) [14, 24, 25, 26] and other variants
(batch RO [27, 28, 29] and improved CCRO [30, 31]) have been studied. In
CCRO, a time-dependent pressure is applied to a closed-circuit where the
retentate is recycled back to the RO inlet and the membrane is periodically
flushed so that the flitration and flushing steps can be repeated from cycle
to cycle. Batch RO and improved CCRO avoid the undesired mixing be-
tween the fresh feed and the recycle stream by installing a volume-varying
cylinder in front of the CCRO. Optimal control theory has been applied to
CCRO and batch RO (or improved CCRO) to determine the best temporal
trajectory of applied pressure in the filtration step [15, 32]. It was found out
that the flux should be time-invariant in order for NSEC to be minimized,
consistent with the equipartition of entropy production theorem. The tem-
poral profiles of pressures and fluxes using the same design parameters (i.e.
Y = 50% and γ = 1, 2) in one CC filtration period (0 − tFT ) are presented
in Figure 6. The definition of γ here is the same as the one in conventional
RO, or γ = Y Lpπ0/J̄w. Because the flux is temporally invariant, t/tFT is
essentially the same as y/Y . In such a case, the P-t diagram is the same as
the P-Y diagram. Obviously, the batch RO (or the improved CCRO) always
outperforms the CCRO, and the difference is illustrated by the shaded area
in Figure 6. Moreover, the former should also have a better permeate quality
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in that the temporal osmotic pressure sits lower.
Similar to the continuous single- and multi-stage RO systems, the area

underneath each dashed curve represents the minimum energy imposed by
thermodynamics. For the batch RO and the improved CCRO, it is the same
as Equation (6). For the original CCRO, however, it is greater (1+Y/2/(1−
Y )) [32, 33]. This is due to the undesired entropy generation induced by
mixing of two streams of different concentrations. On the one hand, the
internal staging feature of CCRO reduces energy consumption by improving
flux uniformity. On the other hand, the undesirable mixing of retentate and
fresh feed streams in CCRO adds to energy consumption. The superimposed
effect of both factors leads to comparable energy performance of CCRO and
RO-1 for γ = 1 and Y = 50% if ERD is used in both cases. The CC-
type designs (CCRO, batch RO, and improved CCRO) have energy saving
advantages at a large γ, for example, when ultra-permeable membranes are
widely adopted in SWRO. Note that salt retention is a detrimental issue
in all CC-type designs, which will give rise to extra energy consumption
[32]. These cyclic designs may be combined with the use of novel spacers to
enhance mass transfer coefficient for suppressing concentration polarization
at high flux conditions and to improve membrane flushing efficacy before the
next CC filtration cycle [34, 35, 36, 37].

The above analysis suggests that under fixed intake flow, membrane area
and recovery conditions, the following relationship holds:

Peak pressure (or final pressure in each cycle) in CCRO = peak pressure
in BRO and improved CCRO > last stage pressure in multi-stage RO >
applied pressure in single-stage RO.

It is worth pointing out membrane compaction and embossing at elevated
pressures [38] may have a negative impact on performance of CC-type ROs
and multi-stage ROs.

2.2. RO with low-salinity feed

For low-salinity BWRO, Equation (1) is coupled with the following pres-
sure drop equation:

−dP

dL
= 2f

1

DH

ρ

(
Q

NPVAc

)2

(9)

where dL is the differential length along the RO feed channel, f is the Fanning
friction coefficient, DH is the hydraulic diameter of the spacer-filled feed
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channel, ρ is the density of the fluid, NPV is the number of pressure vessels
in parallel, and Ac is the cross-sectional area of the feed channel in each RO
element. The constant parameters in Equation (9) may be grouped into one
single term which is then determined from regression of plant data [12].

A RO train from the Chino I plant is chosen for this study. It employs a
two-stage configuration (28:14 array, each pressure vessel housing 7 FilmTec
BW30-400 elements) to achieve an 81% recovery. There is no booster pump
between the two stages, or the hydraulic pressure reduces continuously along
the RO feed channel. It is worth pointing out that the general guideline for
BWRO design is one stage for 40–60% recovery, two stages for 70–80% re-
covery, and three stages for 85–90% recovery, which is to avoid exceeding the
maximum single-element recovery (about 15% in municipal plants). The feed
rate and osmotic pressure are 1525 gpm (346.4 m3/hr) and 9 psi (0.62 bar),
respectively. The membrane permeability Lp is 0.11 gfd/psi (2.74 lmh/bar).
The γ parameter is calculated to be 0.053, much smaller than the one in
SWRO. Mathematical models have been developed and validated in a wide
range of experimental conditions in the plant [12, 39, 40].

In this study, three cases (no interstage booster pump, interstage pump
with low boost pressure, and interstage pump with high boost pressure) are
considered. The ratio of the boost pressure to the first stage inlet pressure in
each case is 0, 0.1 and 0.3, respectively. To account for advances in the field
of ultrapermeable membranes, each of the three cases also considers a hy-
pothetical scenario where the membrane permeability is doubled. Equations
(1) and (9) are solved simultaneously to determine the flow and pressure
conditions in each stage so that the target recovery (81%) is achieved based
on the same feed and membrane conditions. The spatial profiles of pres-
sure and flux in each case are shown in Figure 7. It is observed that the
use of interstage pumps may improve spatial flux uniformity and permeate
quality as well. When the membrane permeability is doubled, the applied
pressure is lowered closer to the osmotic pressure. Notably, the dimension-
less flux (J̄w/(Lpπ0) = Y/γ) in low-salinity BWRO is much higher than that
in SWRO. As a result, the improvement in flux uniformity is very limited.
The Y-A curves are close to the diagonal line, as shown in Figure 8, differing
from those in the SWRO cases presented in Figure 3. Additionally, as the
water production in the second stage increases to reduce variation in flux, the
spatial flow profile is elevated (Figures 8(c) and (d)), implying more friction
loss.

The P-Y diagram based on current plant operating conditions is shown
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in Figure 9(a). Using trapezoidal numerical integration, the areas bounded
by the solid and dashed curves are calculated to be 15.6, 15.5, and 15.4
for no boost, low boost and high boost, respectively. Apparently, the NSEC
imposed by system design flux does reduce slightly as the spatial uniformity of
flux improves, which is consistent with Equation 8. In the hypothetical ideal
case where there is no spatial variation in flux, it is J̄w/(Lpπ0) = Y/γ = 15.3.
If no booster pump is used, the penalization coefficient on the minimum
NSEC imposed by system flux due to spatial flux variation is only 2%. In
the hypothetical cases where the membrane permeability is twice that of the
FilmTec BW30-400 membrane, the areas bounded by the solid and dashed
curves in Figure 9(b) are 8.3, 8.1, and 7.9 for no boost, low boost and high
boost, respectively. The penalization coefficient due to flux non-uniformity
is 9%, 6% and 3%, respectively. The NSEC dictated by osmotic pressure
is − ln(1 − Y )/Y = 2.1, which is much smaller than the NSEC imposed by
system flux. In other words, the operation is far above the thermodynamic
limit.

Figure 9(a) or (b) cannot be directly used to interpret the total energy
consumption in BWRO because of significant pressure drop and no ERD. In
such a case, Equation (2) must be modified:

NSEC =

Q0P0 +
N−1∑
j=1

Qj(Pj − Pj−1 + Pdj)

Y Q0π0

=

Q0P0 +
N−1∑
j=1

Qj(Pj − Pj−1 + Pdj)−QN(PN−1 − PdN ) +QN(PN−1 − PdN )

Y Q0π0

=
1

Y

N−1∑
j=0

Pj

π0

Qj −Qj+1

Q0

+
1

Y

N∑
j=1

Pdj

π0

Qj

Q0

+
1

Y

PN−1 − PdN

π0

QN

Q0

=
1

Y

N−1∑
j=0

(
Pj

π0

+
Pdj+1

π0

Qj+1

Qj −Qj+1

)
Qj −Qj+1

Q0

+
1

Y

PN−1 − PdN

π0

QN

Q0

(10)
where Pj and Qj are the pressure and volumetric flow rate at the entrance
of stage j + 1, defined the same as in Equation (2). Pdj is the pressure drop
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in stage j. Note that
Qj+1

Qj −Qj+1

is the retentate to permeate ratio in stage

j + 1 and that
N−1∑
j=0

Qj −Qj+1

Q0

= Y .

The first term on the R.H.S. of Equation (10) represents the NSEC re-
quired for overcoming osmotic pressure and friction loss and satisfying the
flux requirement (or the NSEC with the use of an ERD), and the second
term describes the brine energy dissipated by the brine valve.

The NSEC calculated using Equation (10) is 24.7, 25.0 and 25.7 for no
boost, low boost and high boost, respectively (or 15.2, 15.3 and 15.7 if the
membrane permeability is doubled). This trend is opposite to the one in
the previous case in which only osmotic pressure and flux are taken into
consideration. To illustrate the effect of flow resistance, the P-Y diagram
is reconstructed and shown in Figures 9(c) and (d). The height of each

horizontal segment is

(
Pj

π0

+
Pdj+1

π0

Qj+1

Qj −Qj+1

)
(j = 0 and 1). Therefore,

the area underneath each dash-dotted line represents the first term on the
R.H.S. of Equation (10). The area bounded by each pair of dash-dotted and
solid curves stands for the effect of friction loss. Apparently, it is even greater
than the area underneath the osmotic pressure curve.

To further demonstrate the trend, the ratio of the interstage boost pres-
sure to the first stage inlet pressure is varied in the range of 0-0.5 while
maintaining the same system recovery rate. As this ratio increases, the first
stage pressure is lowered and the second stage pressure is elevated, resulting
in a gradual shift of permeate production to the second stage. As a conse-
quence, the spatial uniformity of flux improves initially, reaching the most
balanced condition at a ratio of 0.24 (or 0.39 if the permeability is doubled),
then deteriorates. The standard deviation of flux (based on 20 uniformly
distributed intervals in the first stage and 10 uniformly distributed intervals
in the second stage) and the corresponding NSEC required by design flux cal-
culated from Equation (7) are shown in Figures 10(a) and (b). Apparently,
the spatial uniformity of flux is directly correlated to the NSEC required by
the system design flux, and this trend obeys Equation 8 and the equipar-
tition of entropy production theorem. However, the total NSEC calculated
from Equation (10) is a monotonic function of the boost/first-stage pressure
ratio, as shown in Figure 10(b). The total NSEC is further broken down
by osmotic pressure (calculated by Equation (6)), design flux (calculated by
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Equation (7)), brine energy not recovered (calculated by the last term on
the R.H.S. of Equation (10)), and friction loss (calculated by the first term
on the R.H.S. of Equation (10) subtracted by Equations (6) and (7)). The
increased NSEC with the boost/first-stage pressure ratio in Figure 10(b) is
attributed to increased friction loss and brine energy dissipated via the brine
valve. In addition, only a very small portion of the energy is used to over-
come the osmotic pressure in low-salinity BWRO. These are very different
from SWRO.

It is worth pointing out that even though an interstage booster pump is
not used at the Chino I Desalter, it is popular in BWRO plants which offers
benefits including balanced flux, improved permeate quality, reduced fouling
in the first stage, extended membrane life, and ability to control permeate
flow in individual stage. However, it may come with an extra energy cost in
addition to capital investment.

If salt retention or pressure drop is not taken into consideration, the P-Y
diagram for CC-type designs applied to BWRO is similar to Figure 6, except
that the constant gap between the applied pressure and the osmotic pres-
sure (or J̄w/(Lpπ0)) is much wider. Moreover, the shaded area in Figure 6
increases rapidly as the recovery goes beyond 90%, highlighting the superior
energy performance of the improved CCRO over the original CCRO for ultra-
high recovery applications [30, 31]. The P-Y diagram alone does not reveal
the overall energy consumption in CC-type ROs because many technical de-
tails (e.g. friction loss, salt retention, membrane flushing efficacy and others)
are not considered. In such a case, detailed numerical simulations become
important [14, 30, 31]. For example, at a recovery of 95% and a feed TDS
of 1 g/L, CCRO may consume 30% more energy than batch RO, improved
CCRO and multi-stage RO, provided that the operation is not limited by
scaling [31]. The trend is consistent with a recent experimental study [29].

Similar to the use of interstage booster pumps in multi-stage RO, the
internal staging feature in CC-type designs for low-salinity BWRO applica-
tions can only slightly reduce energy consumption required by design flux.
If only one RO element is used in CC-type systems, the typical single-pass
recovery is about 10% (which is why an industrial BWRO plant operated
at 90% recovery requires at least 3 stages, or 21 elements in series if each
pressure vessel has 7 elements). This implies that the recirculation flow is
9 times of the fresh feed. Even though the pressure drop across one RO
element in CC-type systems is small (about 0.2 bar), the recirculation pump
still consumes a fair amount of energy because of the high flow rate. More-
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over, CC-type ROs in small-scale applications often suffer from low pump
efficiencies due to small pump sizes, and therefore, the actual SEC in CC-
type ROs in small-scale BWRO applications may be even higher than that
in large-scale continuous multi-stage plants.

The conclusions on substantial energy saving benefit of CC-type ROs
relative to continuous multi-stage ROs for ultrahigh recovery low-salinity
BWRO applications in literature may be attributed to unmatched conditions.
For example, using smaller flow rates and higher single-pass recoveries (e.g.
25% or greater for one single RO element which is atypical in industrial
design) will nullify the effect of friction. Additionally, using a more permeable
membrane and/or a smaller system design flux will also reduce the energy
consumption (because of a larger γ). Nevertheless, the CC-type designs offer
beneficial features such as time-invariant flow, small footprint, operational
flexibility, and relative resistance to fouling and scaling, which have been
discussed in literature at length.

3. Conclusions

The construction of P-Y diagrams usually requires a mathematical model.
The area underneath the P-Y curve represents the NSEC imposed by design
flux and thermodynamics, which may be reduced by improving flux unifor-
mity. When there is no variation in flux, it reaches the theoretical minimum,
(J̄w/(Lpπ0)+ ln[1/(1−Y )]/Y or Y/γ+ln[1/(1−Y )]/Y for conventional RO,
improved CCRO and BRO or J̄w/(Lpπ0)+Y/[2(1−Y )] or Y/γ+Y/[2(1−Y )]
for CCRO). The trend follows the equipartition of entropy production theo-
rem in literature.

The P-Y diagram can reasonably describe the overall NSEC in SWRO
since the pressure drop to feed osmotic pressure ratio is small and the op-
eration is near the thermodynamic limit. The staged design in conjunction
with interstage booster pumps enable a more uniform flux, thus reducing the
NSEC.

The P-Y diagram is not sufficient to reveal the overall NSEC in low-
salinity BWRO due to significant friction losses relative to the feed osmotic
pressure as well as operation far above the thermodynamic limit. Improving
flux uniformity may lead to a higher energy consumption if the increased
friction loss exceeds the reduced energy imposed by system design flux.

The use of ultrapermeable membranes may reduce the minimal NSEC
imposed by the design flux (J̄w/(Lpπ0)). However, the spatial flux variation
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will be greater, and the penalization coefficient for the calculation of the

actual NSEC required by the design flux (

[∫ 1

0

(
d(y/Y )

d(A/Am)
− 1

)2

d

(
A

Am

)]
)

will increase. Moreover, more salt transport would occur in light of imperfect
membranes. Both can be compensated by adding interstage booster pumps
or optimizing booster pump pressures. Based on cases studied in this work,
doubling membrane permeability in SWRO and switching from one-stage to
two-stage with an interstage booster pump would reduce the SEC by 17%.
For low-salinity BWRO, doubling the membrane permeability may reduce
the SEC by about 40%.

From a viewpoint of SEC, the original CCRO is a thermodynamically
inferior design, especially at high recoveries. Its internal staging feature is
advantageous for reducing SEC when γ is large.
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Figure 1: An example of using shaded area to represent energy saving in the P-Y diagram.
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Figure 2: Spatial profiles of (a,b) P/π0 (solid lines) and π/π0 (dashed lines), and (c,d)
Jw/(Lpπ0) in single- and multi-stage SWROs. Y = 50%. (a,c) γ = 1 and (b,d) γ = 2.
Effect of concentration polarization and friction loss is not included.
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Figure 3: Y-A diagram showing relative flux uniformity in single- and multi-stage SWROs.
Y = 50%. (a) γ = 1 and (b) γ = 2. Effect of concentration polarization and friction loss
is not included.
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Figure 4: P/π0 (solid lines) and π/π0 (dashed lines) in single- and multi-stage SWROs in
the P-Y diagram. Y = 50%. (a) γ = 1 and (b) γ = 2. Effect of concentration polarization
and friction loss is not included.
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Figure 5: Energy savings of (a,b) RO-2 relative to RO-1 represented by the difference
between one pair of shaded areas, (c,d) RO-3 relative to RO-2 represented by the added
sum of the differences of two pairs of shaded areas, and (e,f) RO-∞ relative to RO-1
represented by the difference between one pair of shaded areas. Y = 50%. (a,c,e) γ = 1
and (b,d,f) γ = 2. Effect of concentration polarization and friction loss is not included.
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Figure 6: Temporal profiles of (a) P/π0 (solid lines) and π/π0 (dashed lines), and (b)
spatial average Jw/(Lpπ0) in CCRO and improved CCRO. Y = 50%. (a,c) γ = 1 and
(b,d) γ = 2. Effect of concentration polarization, friction loss, and cycle-to-cycle salt
buildup is ignored.
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Figure 7: Spatial profiles of (a,b) P/π0 (solid lines) and π/π0 (dashed lines), and (c,d)
Jw/(Lpπ0) in a two-stage BWRO. Y = 81%. (a,c) γ = 0.053. (b,d) γ = 0.106 (by doubling
Lp).
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Figure 8: (a,b) Y-A diagram and (c,d) Q-A diagram showing relative flux uniformity in a
two-stage BWRO. Y = 81%. (a,c) γ = 0.053. (b,d) γ = 0.106 (by doubling Lp).
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Figure 9: (a,b) P/π0 (solid lines) and π/π0 (dashed lines) in a two-stage BWRO in the
P-Y diagram. (c,d) reconstructed P-Y diagram showing the effect of friction loss by the
area bounded by solid and dash-dotted lines. Y = 81%. (a,c) γ = 0.053. (b,d) γ = 0.106
(by doubling Lp).
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Figure 10: (a,b) Standard deviation of spatial flux and NSEC required by flux, (b,d)
breakdown analysis of NSEC as a function of the boost pressure to first stage pressure
ratio. Y = 81%. (a,c) γ = 0.053. (b,d) γ = 0.106 (by doubling Lp).
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