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Abstract

A thermodynamic study is performed on a Reverse Osmosis (RO) desalination unit with and without energy
recovery device. Such a study is based on the application of mass and energy balances on each subsystem as well as
on the whole unit and using the properties of saltwater modelled as ideal solution. Three configurations of the
desalination unit are considered. The first configuration includes a throttling valve in the rejection of concentrated
brine side while the two others incorporate a hydraulic turbine and a pressure exchanger system (PES) respectively.
The results show the variation of several performance indicators with several variables such as the feed salinity and
temperature and the applied pressure. Examples of these indicators are the specific energy consumption (expressed
in kWh/m3 of fresh water produced) and the recovery ratio. The results show the importance of incorporating an
energy recovery device when the feed salinity is high. Besides, a theoretical minimum specific energy consumption
was obtained and presented for the cases with and without pressure exchanger system.
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1. Introduction

A desalination process separates the feed saline water that can be brackish water or sea water into product

water with low salinity and concentrated brine. Such a separation process requires an energy input that is function of
several parameters such as the separation process itself, the salinity and the temperature of the incoming saline
water. The minimization of this required energy is very important since it reduces the cost of producing the fresh
water and decreases the generation of greenhouse gases and the disposal of various pollution products into sea or
atmospheric air.
Current desalination processes require large amounts of energy in the form of electric energy to operate different
types of pumps (high pressure pumps, pumps to transport liquid streams...) for Reverse Osmosis (RO) process or
thermal energy to heat steam for the evaporation process in thermal desalination plants such as Multiple Effect
Distillation (MED) and Multi Stage Flash (MSF). Therefore, the reduction of energy consumed to produce fresh
water is one of the most active research areas in the desalination industry.

Reverse osmosis is a rather new technology with successful commercialization taking place in the 1970s. It is more
energy efficient desalination method than the MSF method. However, the energy contained in the high pressure
brine stream rejected to the atmosphere constitutes a wasted energy and should be recovered. The existing recovery
systems are a hydraulic turbine and an advanced module using a pressure exchanger system (PES) between the
discharged brine and the saline feed water.

Cerci et al. [1] developed a general relation for the minimum work input required for desalination processes using
the second law of thermodynamics. This relation determines the minimum work input per unit mass of fresh water
produced for various feed saline water and produced fresh water salinities. It is shown that the minimum energy
consumption for the separation of a saline solution into pure water and concentrated brine is independent of the
process and configuration of the desalination technology used for the separation. It is also found that the minimum
energy required to separate saline water into fresh water and brine increases with the feed salinity for a fixed product
quality and a recovery ratio. It also increases with the recovery ratio for fixed permeate and feed salinities [1].

The energy desalting consumption of a RO system was treated by several authors such as Agashichev and Lootah
[2], Farooque et al. [3] and Sharif et al. [4]. A theoretical model allowing the analysis of the effect of feed
proprieties (flow rate, concentration and temperature) on permeate recovery and energy consumption was developed
by Agashichev and Lootah [2]. The results show in particular that higher feed temperature increases the permeate
recovery and causes a drop of the net energy consumption. Farooque et al. [3] reported that the cost of energy
consumed in Sea Water Reverse Osmosis (SWRO) process can reach 50 % of the total product cost of water and can
be as much as 75% of the operating cost. They conducted an extensive analysis on energy consumption in Saudi
SWRO plants based on real technical specifications and performance data of about one year. The investigation took
into account the incorporation of various energy recovery devices which enabled saving reaching about 27% of total
energy consumed by the high pressure pump. Recently, Sharif et al. [4] proposed a new approach to calculate the
specific energy consumption (SEC) of Reverse Osmosis process. His approach enables to evaluate the minimum
specific energy consumption which is independent of the membrane properties and defined as the minimum
mechanical energy required to overcome the feed osmotic pressure. The variation of SEC with the recovery ratio,
permeate flow rate, the membrane permeability is analyzed.

Abbas [5] and Al-Bastaki and Abbas [6] analyzed the performance of different configurations of industrial RO
desalination plants using simplified modeling. The effect of the main operating variables such as the operating
pressure and the feed low rate on the production rate is analysed.

The performance of this membrane process is very sensitive to different parameters such as the concentration and
the temperature polarizations, the use of spacers in promoting mixing and the incorporation of energy recovery
device. Sablani et al. [7] discussed the main reasons for flux decline and performance decrease of membrane
separation processes. They presented a critical review of the theoretical studies and models on the concentration
polarization in ultra-filtration and reverse osmosis.

Zhou et al. [8] investigated numerically the concentration polarization phenomenon in a spiral wound RO membrane
channel with spacers. It was found in particular that the spacers help not only on promoting mixing but also have a
depolarization effect.
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Second law and exergy analyses were used to study the locations and amounts of losses in industrial RO plants.
Cerci [9] considered a 7250 m® per day RO plant situated in California. He calculated the exergy destruction in the
main components of the plant and showed that the largest exergy destruction occurred in the membrane modules
reaching 74% of the total exergy input. The second law efficiency was found to be very low (around 4.3%). The
author proposed alternative design to enhance such a performance.

The study of Aljundi [10] on an industrial RO plant in Jordan reveals that highest exergy destruction occurs within
the throttling valves (around 57%) and in the two stages RO units (around 21%).

The present work aims to analyze systematically the performance of a basic Reverse Osmosis unit with and without
energy recovery system using thermodynamic laws. Three systems are proposed and their performances are
analyzed and compared. The first one, which is the basic one, is composed of a pump, a Reverse Osmosis module
and a throttling valve. The second and the third ones use a recovery module namely a hydraulic turbine and a
pressure exchanger system (PES), respectively.

1. Description and modeling of the systems
1.1. Systems description

The three configurations of a Reverse Osmosis desalination unit under consideration are illustrated in figures 1.
The first configuration, Fig 1a, includes a throttling valve in the rejection of concentrated brine side while the two
others incorporate a hydraulic turbine and a pressure exchanger system (PES) respectively, Fig 1b and Fig 1c.

1.2. Main assumptions
The following assumptions are considered in this study:

o  Salt, water and saltwater are incompressible substances

o The kinetic and potential energy flows are negligible

o  Saltwater is considered to be a dilute solution and is treated as an ideal solution

o The polarization effects are ignored

o The properties at the reference state are Ty = 298.15 K, P,= 1 atm, and Sal, = 2450 ppm.

e The RO module area is supposed equal to 37.16 m*

e The state of the feed water at 8 is known.

e The permeate pressure at 9 as well as the pressure at point 11 for RO with PES are fixed at 101.325 kPa.
o The isentropic efficiencies of the turbine and the pumps are fixed at 85%

e The effectiveness of the PES is set to a constant value of 95%.

8 RO Module Pemgleate
Electric Power @ >
10
Throttling
valve
11
Feed BrineV
7

Fig.1a. RO unit using throttling valve
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Fig. Ib. RO unit using a hydraulic turbine as a recovery device
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1.3. Properties of salt and saltwater

The properties of the saltwater depend on its pressure, temperature and salinity. The latter can be expressed
in ppm (parts per million on a mass basis), as a percentage (sal), as a salt mass fraction (mf) or a salt mole fraction

(x¢). mf; and x, are defined as [1,11]:

m, M, and m, ey

Mg and My are the molar mass of the salt and the pure water, respectively. Their values are 58.5 kg/kmol and 18.0
kg/kmol. M, is the apparent molar mass of the saline water, given by:

N N

m m

=xM,+x M, @)

Therefore, the relationship between salt mass fraction and salt mole fraction can be given as (Cerci [1]):

X = meMW (3)
* M,(1-mf)+mfM,
Where: x, + X,, = 1 and mfi+mf, =1

Saltwater of less than 5 % salinity is considered to be a dilute solution and can be treated as an ideal solution
([11,[11]). Such an ideal solution is a solution in which the effect of dissimilar molecules on each other is negligible.
Extensive properties of a mixture are the sum of extensive properties of its individual components. Therefore, the
specific heat and the enthalpy are determined using the following expressions ([1], [11]):

Cp, =mf Cp _ +mf Cp, (4a)

h, =mf ;h, +mf h, (4b)
The specific heat and the enthalpy of pure water are calculated from standard relations [11]. Those for the salt are
expressed as follows [12]:

Cp, =0,786 +0,00279 x (T-273.15) (5)

(5b)

s

T
h,:h50+J.CpsdT
TO

hy is the salt enthalpy at the reference temperature T, and pressure Py. It is taken as hyy = 21.0455 kJ/kg [10].

1.4. Modeling of the reverse Osmosis systems

Particular attention must be paid to the modeling of the pressure vessel of the RO module where the saline
feed water (state 8) is separated in two streams (the drinkable permeate at 9 and the rejected brine at 10) by an
appropriate membrane. The performance of an RO membrane depends on several operating parameters such as
temperature, pressure and salinity of the feed water. Temperature affects the viscosity of the saline water. The
membrane is considered as a porous environment. The specific flow rate of the solvent (water) through the
membrane can be determined by following relation [12]:

D.CV,

Iy ﬁx«pg—pg)-m) (8)
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where C,, (in kg/m) is the average concentration of water, Vy, is the molar volume of H,O (18 m’/mol), T (in K) is
the average temperature and e (2um=2x10"°m) is the membrane thickness. The coefficient of diffusion of the H,O in
the membrane is expressed according to the relation of Stock Einstein:

D - KT 9)
" 3mu(T,sal)d,
Where k is the constant of Boltzmann = 1.38 10" J/K, d, is the diameter of Stokes = 0.076 MW0‘4, M,, is the molar
mass of water and p is its dynamic viscosity.
Am is the osmotic pressure difference between the feed and permeate sides of the membrane: mg-my, The variation of
the osmotic pressure (kPa) with the salinity and the temperature is given by [13]:

= (385sal(T +273.15) /(1000 — 10sal)) (10)
0.14507

On the other hand, the governing equations of the RO module are:
- Conservation of mass for the saline solution

r (T, sal) +r, (T, sal) = 1 (11)
- Conservation of mass for the salt

r; saly+ 1, saljo = salg (12)

- Conservation of energy

1y hg+ 1, hjg=hg (13)
r; and r, are the recovery ratio and the brine rejection rate respectively, defined as:
1= my/ my (14a)
rnp=1-1 (14b)
The recovery ratio is determined by the relationship given by Agashichev and Lootah [2]:
1 (T,saly = 2o (TS A e (152)
m 8

Where Aem (m2) is the area of the membrane.
Zhou et al. [8] gave, for a particular membrane operating at approximately 25°C, the following expression:

(T, =25°C,sal) =1- (g — 1y ) /(P = Py) (15b)
Therefore, the recovery ratio variation can be given by:

J, (T,sal) (15¢)

1,(T,sal) =1,(T =25°C,sal) x ——"——
J, (T =25°C,sal)

On another hand and for the basic configuration shown in Fig 1a, the energy consumed (kW) in the RO process is by
the high pressure pump:
) =m8(P8'P7) (16&)
basic p7np

The minimum value of this quantity corresponds to the energy required to overcome the feed osmotic pressure:
_ms(ns'na) (16b)

basic—min
P

Where mg and 1y are the osmotic pressures of the feed and the permeate respectively.
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Therefore, the theoretical specific minimum energy (in kWh/m®) can be expressed as:

Ebasic—min _ Tcg B TC9
ebasic—min - -

m, Pt (16¢)
This equation corresponding to the theoretical minimum work per unit product of the reverse osmosis process was
also found by Sharif et al. [4] and is consistent with the analysis of Spiegler and El Sayed (see [4]). Sharif et al. [4]
obtained this expression from a general equation giving the specific energy consumption of the reverse osmosis
process and taking into account several effects including those of the membrane reflection coefficient, the
concentration polarization and the pressure losses along the membrane element. Equation (16¢) corresponds to the
ideal state in which the membrane reflection coefficient, the concentration polarization factor and the hydraulic
pressure losses factor are equal to one.

When introducing a pressure exchanger system, the energy is consumed mainly by the two pumps, see Fig lc.

E § = mlz(Pls'Plz)+m15(P16'P15) (17a)
PE!
PN P1sNpo
The minimum value of this energy is:
E — Ihg(TEX—TEg)_Ihm(TI:IO—P”) (17b)
PES-min —
p7 p]ﬂ

3. Results and Discussion

The above system of equations had been solved using the EES software. The Engineering Equation Solver
package (EES) [16] is known to be appropriate and widely used for these types of thermodynamic studies.

The RO module resistance to the permeate flow, R,, (Pa.s.m™) can be written as:
_p, X(AP—Am) (18)
m 7%
The values of this resistance depend on the membrane characteristics. Table 1 gives an idea on the range of variation
of Ry, considered in different previous studies.

Table 1 : Ry, values from some previous works

Reference [5] [6] [16] [17] [18] [2] (T=25°C)

Ry, (Pa.s.m™) 1.0710" 8.4110" 1.2710" 2.4310'"-7.2910" 3.3310" 2.4910"

Fig 2 shows the influence of the temperature on the values of the membrane resistance as calculated by the
developed model in this work. These values are within the range of values presented in table 1. The figure indicates
that R,, increases with lowering the feed temperature. This can be understood when we consider that at higher
temperature, the sea water viscosity decreases offering a lower resistance to the permeate flux. On another hand, it is
shown that an increase in the feed salinity induces a slight increase in the value of Ry,
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Fig. 2. : Ry, at different salinities and temperatures.

Table 2: Comparison between computed recovery ratio and results of Zhou et al. [8] for different salinities at feed pressure of 5 MPa

Salinity % 0.1 0.5 1 2 3
Zhou et al.[8] 0.983 0.915 0.830 0.657 0.481
This work 0.991 0.927 0.846 0.680 0.510

Table 2 compares the computed recovery ratio with the results found in [8]. One can see that the differences are very
small.

Fig.3: Effect of feed salinity on the specific energy consumption (kWh/m?) for the three RO systems (pressure Pg= 8000 kPa) (Thr , TH and PES
refer to Throttling valve, Hydraulic turbine and Pressure Exchanger respectively).

Figure 3 compares the specific energy consumption (kWh/m®) for the three systems described in figures 1. It shows that
using an energy recovery device reduces the consumed energy in particular at higher feed salinities. When using a PES,
this reduction can be around 50 % when the applied pressure and the feed salinity are high. It is of interest to mention
that these values of energy consumption are slightly lower than what is reported in some previous works (Farooque et
al. [3], Sharif et al.[4] ) since some practical effects such as those of the concentration polarization and pressure losses

are not considered here.

Figure 4 shows the variation with the applied pressure of the feed mass flow rate g, the permeate mass flow rate r,
and the recovery ratio rl. Increasing P8 results in an increase of mgand m, while the recovery ratio approaches an

asymptotic value for higher P8. This asymptotic value depends on the feed salinity and temperature.
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Fig.4: Variation of i, and i, and rl with the feed pressure ((feed Salinity =2%)

Figure 5 gives the variation of the applied pressure P8 on the specific energy consumption for the RO unit with and
without the pressure exchanger system. The RO-Basic Min curve refers to the ideal case given by the equation (16c¢).
Sharif et al. [4] predicted higher values (around 2 kWh/m®) since they included the effects of concentration
polarization, membrane reflection and pressure losses.

Besides, the specific energy consumption is not constant; it increases with the applied pressure P8 as can be understood
from equation (16a). The situation is different when the feed salinity is increased to 2 % (20 000 ppm) as shown in
Fig 6.

Fig.5. Specific energy consumption (kWh/m?) variation with P8 for RO system with and without PES (feed Salinity =1%)

The ideal specific energy consumption is higher than 0.5 kW/m® and depends on the applied pressure. Its behaviour
is closely related to the variation of the recovery ratio as indicated in the equation (16¢). When incorporating a
recovery device, the effect of P8 on the specific energy consumption is the same as in the previous case with lower
feed salinity (1%). However, without PES, the specific energy consumption decreases when the applied pressure is
low and then increases linearly when P8 is higher than a particular value of around 3.5 MPa.
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Fig.6 Specific energy consumption (kWh/m’) variation with P8 for RO system with and without PES (feed salinity =2%).
4. Conclusion

This work concerns a thermodynamic analysis for the estimation of the energy consumption of a basic

reverse osmosis process with and without energy recovery device. Three configurations of the desalination unit are
considered and modeled. The first configuration includes a throttling valve in the rejection of concentrated brine
side while the two others incorporate a hydraulic turbine and a pressure exchanger system (PES) respectively. The
analysis is based on the mass and energy balances for the salt using the properties of saltwater considered as ideal
mixture.
The results compare the specific energy consumption for the three systems for a wide range of the applied pressure
and feed salinity. They show the importance of incorporating an energy recovery device when the feed salinity is
high. Besides, a theoretical minimum specific energy consumption was obtained for the cases with and without
pressure exchanger system. It was also shown that the specific energy consumption behavior depends on the feed
salinity. It increases with the applied pressure almost linearly when the feed salinity is low.
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