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Abstract: The deficiency of fresh water resources in arid regions such as Gulf cooperation council
(GCCQC) countries has compelled them to opt for desalination to fulfill their water needs. The seawater
reverse osmosis (SWRO) has the lowest specific power consumption as compared to other
desalination technologies. However, because of harsh seawater conditions of Qatar, thermal
desalination that include multi stage flash (MSF) and multi effect desalination (MED) hold major
shares in the desalination market. Recent improvements in pretreatments and membrane
technology, the reverse osmosis (RO) share is growing but still more research is required to handle
high salinity and unit water cost with MSF and MED technologies. In the present work, the seawater
from Ras Abu Fontas, Qatar has been used to test RO membranes (Filmtec, SW30HRLE-4040). The
RO test rig is comprised of four 4-inch elements in series. It is found that the permeate quality and
specific power consumption improve with the feed flow rate. The salt rejection is found to be in the
range of 98-99% that is below the minimum salt rejection at standard condition because of high
seawater salinity. In addition, the mathematical model is developed which predicts experimental
data well with the maximum error of 14.8%.

Keywords: Qatar; reverse osmosis; RO; recovery ratio; specific power consumption; salt rejection;
TDS

1. Introduction

Water scarcity has become an alarming situation in many water stressed countries [1,2]. It is
estimated that around 25% of world population is currently facing fresh water supply shortage and
this percentage is projected to rise by 50% in 2030 [3,4]. The Gulf cooperation council (GCC) countries
heavily rely on seawater desalination to meet their fresh water needs and the dependence on
desalination is increasing because of the population growth and the diminishing fresh water
resources [5,6]. However, desalination is energy demanding and it also affects marine life by brine
rejection back to the sea, which has high salinity and temperature. Therefore, it is of utmost
importance to minimize energy consumption and the associated carbon footprints by design
improvements and employing energy efficient techniques for sustainable development [1,7-9].

The recovery ratio (RR) which is the percentage of desalinated water in the feed is limited by the
seawater salinity. As the recovery ratio increases, the divalent cations passes the solubility limit and
results in scale deposition on tube surface in multi stage flash (MSF) and multi effect desalination
(MED) plants, and on reverse osmosis (RO) membranes. The salt deposition/fouling deteriorates the
plant efficiency [10,11]. The enhancements in membrane materials and energy recovery devices have
made seawater reverse osmosis (SWRO) energy efficient as compared to other desalination
technologies [12]. The amount of ionic hardness is directly proportional to total dissolved solids
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(TDS) in seawater [13]. In GCC, the Boron concentration in the seawater is very high i.e. around 7
ppm. The ionic rejection of RO membranes is in the range of 99.35% to 99.95% except Boron rejection
which is limited between 70-90% [14]. Hence, two pass RO system is usually employed to keep the
Boron concentration below 0.5 ppm, which is required by international regulations [15].

The main power requirement in the RO system is pumping energy which depends on seawater
feed flow rate and pressure. The required power increases with the seawater salinity and minimum
power requirements usually in the range of 50-55% recovery ratio [16]. In addition, high salinity
increases the osmotic pressure that limits the recovery ratio. With 35% recovery ratio and 99.7% salt
rejection, the permeate quality with 300-400 ppm can be achieved with a single pass RO system.
However, if the permeate quality is restricted below this limit, then a two pass RO system should be
opted to achieve required TDS [17,18]. The two-pass RO plant in Fujairah produces desalinated water
with TDS of 75-120 ppm at an overall recovery ratio of 41%. The system consists of seawater RO in
the first pass and brackish water RO in the second pass [18]. Another example of two-pass RO plant
is situated in Tampa, Florida, US which employs the second pass with portion of permeate feed in
first pass as the feed for second pass. This reduced the overall power consumption of the plant [19].
Some plants have been set up as a combination of thermal desalination and RO. One example if of
Fujairah, UAE plant with a capacity of 454,000 m3/day that comprises of MSF and RO units [20]. The
MSF and RO operates independently but uses same intake and outfall systems. Since, MSF plant has
more flexibility than RO plant for distillate production. In addition, the RO product is mixed with
MSF distillate. These features have reduce the overall unit water cost [18,21]. Recently, Mabrouk et
al. [22] proposed hybrid desalination plant comprised of reverse osmosis, forward osmosis and multi
stage flash (RO-FO-MSF). In this configuration, the cooling reject from MSF was used as feed for the
RO unit and the brine from RO was transferred as the feed for FO system. Their results showed that
power consumption of RO-FO-MSF reduces by 65% when compared to MSF alone but increased by
20% with RO only. However, the unit water cost was found to be 20% and 40% lower than the RO
and MSF respectively.

In Qatar, thermal desalination holds the major share in the desalination market because of steam
price and harsh seawater conditions [23]. The salinity of seawater in the east side is around 45,000
ppm and for the west side it is 57,000 ppm, which is comparatively higher than the other regions [24—
26]. At present, thermal desalination accounts for 76% and reverse osmosis (RO) contributes 24% in
the Qatar’s desalination market. The RO market is growing in the region; however, detailed analysis
is required for the local conditions in terms of both power requirements and techno economics [27,28].
Present work focuses on studying RO membranes assessment for the Qatar seawater as the feed,
which has a salinity of 45,000 ppm. The experiments have been performed in the RO test rig for
different flow conditions to evaluate specific power consumption (SPC), salt rejection (SR) and the
permeate quality. Furthermore, RO model has been established using in-house visual simulation
program (VSP). The mathematical model is validated against the experimental data and is used to
predict power consumption with respect to salinity variation and chemical composition across each
RO membrane.

2. Experimental Setup

The commercially available reverse osmosis (RO) membranes have been characterized for Qatar
seawater feed in the RO test rig, as shown in Figure 1. The Filmtec RO membranes (model:
SW30HRLE-4040) used are of polyamide thin-film composite type. The characteristics of RO
membranes are listed in Table 1. These membranes are designed for high saline seawater application
with salt rejection rate up to 99.75%. However, salt rejection rate reported in the data sheet, is for
standard test conditions and the permeate flow rate may vary by 20% per element [29]. Figure 2shows
schematic for RO test rig. Four 4-inch RO elements are connected in series for which the feed flow
rate is controlled by variable speed pump. The RO test rig is equipped IFM pressure gages (model:
PI2692), Endress+Hauser flow meters (Proline Promag 50, DN25, model: IP67/NEMA/Type 4X), IFM
temperature sensor (model: TD2807) and Endress+Hauser conductivity transmitter (model: Indumax



CLS50D). The uncertainties in these instrumentations are listed in Table 2. The test rig contains three
sample points for feed, brine and permeate collection for conductivity and chemical analysis.

Figure 1. Reverse osmosis test rig

Table 1. RO membrane characteristics

Manufacturer Filmtec

Type Polyamide Thin-Film Composite
Model SW30HRLE-4040

Diameter 4 inch

Maximum operating temperature 45°C

Maximum operating pressure 83 bar

Maximum feed silt density index (SDI) SDI 5

Active area 7.9 m?
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Figure 2. Process flow diagram of RO test rig

Table 2. Uncertainties in the measurements

Instrument Uncertainty




Flow meter +0.5%
Pressure gauge +0.5%
Temperature sensor +0.3°C

2.1. Seawater Collection

The seawater was collected after the pretreatment section of Ras Abu Fontas Kahramaa RO
desalination plant, which is located on the east side of Qatar adjacent to Wakrah. The total dissolved
solids of collected seawater was found to be 45,000 ppm.

2.2. Operating Conditions

The RO membranes have been tested for different feed flow rates F ranging from 1.6 m%h to 3.65
m3/h, and the feed pressure has been varied from 35 bar to 60 bar with 5 bar interval. The total
dissolved solids (TDS), specific power consumption (SPC), recovery ratio (RR) and salt rejection (SR)
have been analyzed for different flow conditions.

3. Mathematical Model

The mathematical model has been developed by using in-house visual simulation program
(VSP) software. The VSP software has been previously validated and implemented for thermal
desalination such as multi stage flash (MSF) and multi effect desalination (MED), and membrane
based desalination namely membrane distillation (MD) and reverse osmosis (RO) [22,30-33]. For RO
modeling, the main equations are listed below:

Jw=A-NDP 1)

Where J,, is the permeate flux through RO membrane which depends on the permeability
coefficient A and the net driving pressure NDP, defined by the difference in the applied pressure AP
and osmotic pressure Am.

NDP = (AP — Am) @)

The salt flux J; through RO membrane SR is defined as:
Js =B (Csr — Csp) 3)

Where B is the salt permeability coefficient, Csr and C;p are the ionic concentrations in the
feed and permeate respectively. The overall salt rejection SR of the RO membrane can be defined as:

4
) 4)

The specific power requirements can be evaluated from feed flow rate F, feed pressure AP,
permeate flow rate P and pump efficiency 7, which is taken as 80% in this case.

SPC = (100 - F - AP)/(3.6 - P - 1)) (5)
4. Results and Discussion

4.1. Experimental Results

Figure 3a shows the effect of feed flow rate on the permeate production. The feed is adjusted by
increasing the pump speed to certain frequency and the pressure was set to 55 bar. It can be seen that
increasing the feed flow has positive effect on the permeate production. However, the recovery ratio
decreases from 27% to 21% when the feed is increased from 1.6 m3/h to 3.65 m3/h. The influence of



feed flow rate on permeate quality is shown in Figure 3b. At low feed, the permeate quality is above
400 ppm and from 2.4-3.65 m3/h, the permeate salinity is in the range of 300-400 ppm which aligns
with the studies in [17,18]. For the stringent permeate quality, two-pass RO system should be
implemented. The minimum salt rejection as per RO membrane datasheet is 99.6% at standard
conditions, which are 32,000 ppm of NaCl solution at 25 °C. However, with real seawater conditions
and change in salinity from standard one, the salt rejection rate may vary, which is shown in Figure
4. Most of data values lies in the range of 98-99% salt rejection rate and it improves with the net
driving pressure. The maximum salt rejection is 99.1% for the selected RO configuration and
operating conditions.
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Figure 3. (a) Permeate flow rate and (b) salinity with respect to feed flow at 55 bar
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Figure 4. Salt rejection rate at different net driving pressure, NDP

The membrane characteristics permeability coefficient A and salt permeability coefficient B are
experimentally evaluated in Figure 5a and b. Figure 5a shows effect of net driving pressure on
permeate flux and the data points are fitted with linear relation. The slope of this line represents
permeability coefficient A as per Eq. (1) and is found to be 1.36 L/m?-bar with R? value of 0.9208,
which exhibits strong linearity between permeate flux and net driving pressure. The salt permeability
coefficient B is estimated in Figure 5b. It is clear from experimental data that the value of B is not
constant and varies from 0.1 to 0.3 as the net driving pressure increases. This may be due to the change
in membrane characteristics such as salt diffusivity and salt partition coefficient. The specific power
consumption and the recovery ratio are the key factors in assessing feasibility of desalination plant
their variation with the feed flow rate is presented in Figure 6. For a fixed recovery ratio, the specific
power consumption decreases as the feed flow rate increases. In addition, the specific power
consumption decreases with the increasing recovery ratio. For 30% recovery ratio, the minimum
specific power consumption is around 8 kWh/m? at 3.65 m3/h. In commercial plant, energy recovery
device is installed to further reduce the power consumption [19].
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Figure 6. Specific power consumption at different recovery ratios

4.2. VSP Model Validation

The RO modeling has been carried out in VSP software, the interface of 4-elements RO system
is shown in Figure 7. In order to ensure the accuracy of mathematical model, VSP results are
compared with experimental data. Moreover, RO modeling has also been developed in a commercial
software ROSA, which is extensively used to model RO systems. The experimental and theoretical
results are compared in Figure 8. The VSP results predict experimental data well as compared to
ROSA. At 1.6 m?/h, results from VSP has an error of 14.8% and for other data points, the maximum
error is 8.3%. However, the results from ROSA under predicts for most of the data points and the
maximum error is 18.4%.
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Figure 7. Four elements RO configuration in VSP software
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Figure 8. Comparison of experimental results with VSP and ROSA software

4.3. Chemical Analysis

Due to experimental limitations, not all data can be gathered. However, the theoretical model
allows getting more insight and helps in understanding the process. The ionic distribution from VSP
model across each RO element is presented in Table 3. The feed that has the salinity of 45,044 ppm
has 30.6% of Na* and 55.2% of Cl- ions. The Boron content in the feed for first and last element is 5.6
ppm and 8.2 ppm respectively as the brine from element issued as the feed for the next element,
therefore the Boron content in the feed increases with each element. The Boron content in the
permeate ranges from 0.8 to 1.1 ppm that also increases with each element. For 0.5-ppm limitation
for Boron, two-pass system should be implemented. In addition, the concentration of brine after the
fourth element is 65,725 ppm, which means more elements can be connected in series to increase the
water output.

Table 3. Ionic concentration across each element

Element #1 Element #2 Element #3 Element #4
fons Feed Brine Permeate Brine Permeate Brine Permeate  Brine Permeate
K* 496.0 576.8 2.7 647.3 3.1 696.6 34 723.7 3.6
Na* 13812.0 160614 74.7 18025.9 85.2 193989 93.6 20153.5 989
Mg+ 1657.0  1926.9 1.8 2162.5 2.0 2327.3 2.2 2417.8 24
Ca*? 539.0 626.8 0.6 703.4 0.7 757.0 0.7 786.5 0.8
Cl- 24868.0 289179  107.6 324549 122.7 34927.1  134.8 36285.7 1424
SO42 3472.0  4037.4 1.3 4531.3 1.5 4876.4 1.6 5066.1 1.7
HCOs?  182.0 211.6 14 237.5 1.6 255.6 1.7 265.6 1.8
COs?2 12.0 14.0 0.0 15.7 0.0 16.9 0.0 17.5 0.0
B 5.6 6.5 0.8 7.3 1.0 7.9 1.1 8.2 1.1
TDS 45043.6 52379.2  190.9 58785.8 217.8 63263.7 239.1 65724.6  252.7

5. Conclusion

In this work, seawater from Ras Abu Fontas, Qatar that has the salinity of 45,000 ppm, has been
used as the feed to test commercially available seawater RO membranes (SW30HRLE-4040). The RO
test rig consist of four 4-inch RO elements connected in series. The seawater feed flow rate and the
pressure are varied from 1.6 to 3.65 m3h and 35 to 60 bar respectively. Experimental results exhibit
that as the feed flow rate is increased the permeate production increases and salinity decreases. The
salt rejection is found to be in the range of 98-99%, which is lower than the minimum salt rejection as
per membrane specification. This due to the deviation from standard condition, the salinity of



seawater is much higher than the other regions. The membrane characteristics such as water and salt
permeability coefficients A and B are experimentally evaluated. The A and B are found to be 1.36 and
0.1-0.3 respectively. In addition, the specific power consumption decreases as as the feed flow rate
and recovery ratio increases. The minimum specific power consumption is 8 kWh/m? at 3.65 m¥h
and 30% recovery ratio. The theoretical RO model has been developed in in-house VSP software,
which predicts RO performance better than commercially available software i.e. ROSA with the
maximum error of 14.8%. The permeate quality lies in the range of 300-400 ppm and the Boron content
in the product varies from 0.8-1.1 ppm. It may be concluded that two-pass RO system should be
chosen for Qatar seawater as the feed to keep the permeate quality below 200 ppm and the Boron
content below 0.5 ppm.
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