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A B S T R A C T

The Saline Water Desalination Research Institute (SWDRI) of the Saline Water Conversion
Corporation (SWCC), Saudi Arabia has been actively involved in developing the application of
nanofiltration (NF) pretreatment to both seawater reverse osmosis (SWRO) and multistage flash
(MSF) desalination processes. Full integration of NF, SWRO and MSF processes would result in
enhancing the reliability, flexibility, plant productivity and ultimately reduce water production
cost. Extensive experimental studies on a pilot-scale were conducted recently by SWDRI to establish
the operational boundaries and constraints of the trihybrid NF/RO/MSF desalination system. The
system was configured in such a way that the NF unit received seawater feed from the heat rejection
of the MSF pilot plant and was able to operate at a fairly constant temperature of about 33°C
which produced NF permeate (NFP) at a recovery ratio of about 64%. The SWRO unit which
received the NFP as a feed yielded a permeate recovery of about 47%. Average chemical analysis
of the RO reject (ROR) revealed that the sulphate and calcium concentrations were only 124 and
281 ppm, respectively, and was subsequently used as a make-up to the MSF pilot plant. The very
low concentration of the sulphate and calcium ions in the brine recycle which were below the
saturation limits enabled to operate the MSF unit safely up to a top brine temperature of 130°C
(unit temperature design limit) and water recovery ratio of about 69%. In this paper, the operational
performance of the trihybrid NF/RO/MSF desalination pilot plant will be presented. The established
optimum operating conditions can be used as a guide to assess the techno-economic viability of
the trihybrid desalination scheme.
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1. Introduction

The Saline Water Desalination Research Institute
(SWDRI) has been actively involved in the development
of nanofiltration (NF) pretreatment technology applica-
tion for both seawater reverse osmosis (SWRO) and
multistage flash (MSF) desalination processes. The tech-
nical and economic merits of the combined NF/SWRO

have been confirmed both in pilot and commercial plant
operation [1–6]. The SWDRI conducted extensive pilot
plant testing in which the nanofiltration membrane prod-
uct (NFP) was sent as a make-up to the MSF pilot plant
[8–10]. As the result of the removal of more than 99% of
sulfate ions, 86% of calcium ions and 30% of total dis-
solved solids from the seawater by the NF pretreatment
unit, the top brine temperature (TBT) of the MSF pilot
was successfully increased up to 130°C with a make-up
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which was entirely formed of NFP [10]. The study re-
vealed that an increase of TBT from 100 to 130°C pro-
duces a 48% increase in water production.

Evaluation tests which were carried out using the NF
membrane for pretreatment of seawater feed to reverse
osmosis desalination unit, revealed that the RO reject
consists of a relatively low concentration of scale form-
ing ions as shown in Table 1. Hence, it is worthwhile to
explore the possibility of sending the RO reject as make-
up to the MSF pilot plant. Such a situation would re-
quire the establishment of a trihybrid NF/RO/MSF de-
salination system. Full hybridization of NF/RO/MSF can
be expected to improve the overall product recovery ra-
tio and consequently reduce water production costs. In-
tegration of reverse osmosis with multistage flash distil-
lation offers additional benefits [11–14]. It provides a
common and smaller seawater supply system, integra-
tion of seawater pretreatment and product post-treatment
systems, and the ability to increase the SWRO plant feed
water temperature.

This paper discusses the results of extensive pilot
plant evaluation testing which determined the operat-
ing conditions of the NF/RO/MSF trihybrid system when
the MSF pilot plant operates at elevated TBT higher than
120°C.

2. The experiment set-up

A schematic flow diagram of the trihybrid NF/SWRO/
MSF system is shown in Fig. 1. The seawater supply is
first pretreated by passing it through a dual media filter
followed by a fine sand filter after addition of about 50
ppm of H

2
SO

4
 to prevent scaling on NF membranes. A

micron cartridge filter is used to protect the membrane.
The pretreated seawater is then sent to the nanofiltration
membrane. The NF product is sent to the RO unit and its
brine reject is used as a make-up to the MSF plant.

The MSF pilot plant has a capacity of 20 t/d and con-
sists of a brine heater, four heat recovery stages and two
heat rejection stages. The plant is also equipped with an
external deaerator as well as a decarbonator and on-line
ball cleaning facilities.

Table 1
Average chemical composition of seawater and nanofiltration product (NFP), RO product and RO

reject

Parameter Seawater NFP NF reject* RO product ROreject 

TDS, ppm 45,550 33,500 67235 780 61,410 

Calcium ions, ppm 491 154 1097 1 281 

Magnesium ions, ppm 1556 225 3951 2 406 

Total hardness as CaCO3, ppm 7633 1310 19,012 8-5 2350 

Sulphate ions, ppm 3309 75 9129 ND 128 

Bicarbonate ions, ppm 155.5 57 163 4 101.5 

M-alkalinity, ppm 127 47 134 3 83 

Chloride ions, ppm 23,838 19,497.5 31,648 382 35,419.5 

3. Results and discussion

3.1. Operational performance of the NF system

The NF unit received pretreated seawater and was
operating at variable feed water temperature. As shown
in Fig. 2, the inlet seawater temperature varies between
24°C and 34°C.  uring the first 540 h of operation the
seawater feed to the dual media filter was obtained di-
rectly from the seawater intake system. Afterwards, part
of the heated seawater leaving the heat rejection section
was used as feed for the NF membrane, thus resulting in
a higher feed temperature.

Fig. 2 shows that during the first 540 h, during which
the operating pressure was maintained at about 24 kg/
cm2 and the temperature in the range of 24–27°C, the
permeate recovery rate was between 53 and 57%. An in-
crease in pressure to about 28 kg/cm2 and an increase in
the temperature of the inlet seawater to 34°C resulted in
an increase in the NF recovery rate to about 65%. Aver-
age chemical analysis revealed that the nanofiltration
pretreatment enabled to reduce the seawater sulphate
from 3309 ppm to 75 ppm, calcium ions from 491 to 154
ppm, M-alkalinity of seawater which was initially re-
duced upstream of the NF membrane by acid addition
from 127 ppm to 103 ppm was further reduced to 47 ppm,
by NF membrane and TDS was reduced from 45550 to
33500 ppm. It is worth noting that H

2
SO

4
 was dosed into

NF feed stream as a precautionary measure primarily
due to the high scaling potential of NF reject stream. This
may sound ironic since the extremity of NF efficiency in
carbonate ions removal had lead to this pressuring mea-
sure. That is to say, should one compromise with some-
what lower NF recovery then the use of acid could be
totally done away with. Such a decision is left to further
optimization

3.2. Operating performance of the SWRO system

The operating conditions and performance of the HFF
SWRO unit, which received the NF product as feed, is
shown in Fig. 3. The SWRO unit consists of two vessel
units, which are connected in series. During the test pe-
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Fig. 1. Schematic flow diagram of the trihybrid NF/RO/MSF system and MSF pilot plants system.

riod, the operating pressure was maintained at 60 kg/cm2

and the temperature ranged from 23 to 34°C. Fig. 3 shows
that the average permeate recovery of the first and sec-
ond vessels were around 30 and 21% respectively and
the overall recovery of the integrated SWRO system was
about 45%.

Chemical analysis revealed that the majority of the
hardness ions and other dissolved salts were concen-
trated in the brine reject. The RO reject, whose composi-
tion is shown in Table 1, was sent to the MSF unit as
make-up.

3.3. Operational performance of the MSF plant

To prevent alkaline scale formation, the bicarbonate
ions in the RO reject which ranged between 98–101.5 ppm,
were eliminated by the addition of a stoichiometric
amount of sulphuric acid. The RO reject was then sent as
make-up to the MSF pilot plant. The top brine tempera-
ture was then increased in a stepwise mode from 120°C
up to 130°C. The performance of the MSF distiller dur-
ing a total period of 976 h of operation is shown in Fig. 4.
The overall heat transfer coefficient and the fouling fac-
tor of the brine heater remained virtually constant. After
728 h of operation at TBT of 128°C, the unit was shut
down due to unexpected disturbance in the seawater
supply system. The unit then resumed operation for a
further 247 h without any sign of scale formation. This
fact was further confirmed by the post-test visual inspec-
tion. It revealed that the tube ends and sheets of the inlet
and outlet water boxes of the brine heater were very clean
and that there was no evidence of scale deposits. Fig. 5
shows the effect of the increase of TBT on the water re-
covery ratio (WRR). An increase of TBT from 120°C to
130°C resulted in an increase in the WRR of about 9%t.

The results of the chemical analysis of the brine re-
cycle stream during this test period are shown in Figs. 6a
and 6b. As a result of increase in TBT from 120 to 130°C,
the total dissolved solids (TDS) in the brine recycle stream
increased from 111,860 to 126,000 ppm, sulphate ions
from 344 to 450 and calcium ions from 481 to 621 ppm.
Comparison between the observed concentrations of sul-
phate and calcium ions with the corresponding solubil-
ity limits of calcium sulphate hemihydrate are also shown
in Figs. 6a and 6b. Fig. 6a shows that the observed con-
centration of sulphate ions is consistently below the cor-
responding solubility limits. Fig. 6b shows that the con-
centration of calcium ions is below the corresponding
limits up to TBT of 126°C. When TBT equal or exceeds
128°C, the observed calcium ions concentration exceeds
the solubility limits. Based on which, the decision to add
acid prior to the NF was found to be a wise action and
quite worthwhile. Although the calcium ions solubility
limits were exceeded, the relatively low concentration of
observed sulphate ions permitted the successful opera-
tion of the MSF pilot plant up to a TBT of 130°C. An-
other parameter that is crucial in studying solubility lim-
its are the residence time compared to hydrate nucle-
ation time. It is, therefore, essential to further study this
aspect especially in commercial plants where the resi-
dence time is by far longer than that observed in this
pilot unit.

3.4. Viability and merits

3.4.1. Reliability

In this context, one may say how would such inter-
connected processes could enhance reliability. Though
hard to conceive by mere observation the proposed hy-
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Fig. 2. Performance of NF membrane ( 4 elements in series) coupled to SWRO-MSF pilot plants.
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Fig. 3. Performance of HFF SWRO membrane: (a) operating conditions, (b) flow rates, (c) recovery and (d) conductivity vs.
operation time. Feed is from NF membrane.
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bridization would improve on the reliability in a num-
ber of ways, most important of which is the “reduced
scaling potential throughout the entire processes. Also
the opportunity provided in blending of the high purity
distillate of the MSF plant with the RO permeate will
mitigate the impact of the maloperation of the RO plant.

Fig. 4. Performance of MSF pilot plant with nanofiltration feed at TBT range from 120 to 130°C with acid addition and make-
up (1.5 RO reject m3/h).
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Fig. 6. Vatiation of (a) sulphate and (b) calcium ion concentration with TBT.

that such loss would be partial. Thus part of production
of desalinated water is secured.

When the power demand in a conventional dual pur-
pose MSF/power plant is changing, it is essential to pro-
vide an auxiliary boiler to provide supplementary fuel
for energy to keep water production constant. Conversely,
the flexibility inherited in the hybrid RO/MSF configu-
ration provides the prospect for the RO unit to accom-
modate the power load variation without the need of an
auxiliary boiler.

3.4.3. Plant productivity

Increasing the TBT of the MSF distiller up to 130°C
will increase the distiller’s flash range and subsequently
will enhance the water production and recovery ratio.
Also feeding the RO process with a NF product resulted
in the increase of the permeate recovery ratio. Blending
the products of the MSF and RO process allows operat-
ing the RO unit with relatively high recovery ratio.

3.4.4. Ultimate cost reduction

The proposed integration would lead to cost reduc-
tion in at least four different components. And these are:

a) Reduced equipment such as MSF brine recycle pump
which could become redundant when SWRO reject
is used to replace typically circulated brine stream
with the MSF process.

b) Improved recoveries would reduce input power for
pumping special by the input to SWRO high pressure
pump(s).

c) Membrane feed heating especially in winter season
and the operation of permeation processes (NF and
SWRO) at narrower temperature ranges thus higher
recovery and prolonged membrane life.

d) Markable reduction in treatment chemicals.

4. Conclusions

1. The operational performance of a trihybrid NF-
SWRO-MSF system, where the reject from the SWRO
unit, which is fed with NF- product, constituted the
make-up to the MSF pilot plant, was established.

2. It has been confirmed experimentally that it is quite
safe to operate the MSF pilot with a make-up which is
entirely formed of the brine reject from the RO unit at a
top brine temperature up to 130°C.

3. The established results of the pilot plant testing of
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the trihybrid NF/RO/MSF can be used as a basis to as-
sess its application.

4. The technoeconomic feasibility and commercial vi-
ability would require further simulation, evolution and
(if possible) actual plant testing.

5. Such evaluation must take into consideration pre-
cautions raised in this paper.
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