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Abstract

All existing commercial seawater desalination processes, i.e. thermally-driven and membrane-
based reverse osmosis (RO), are operated with practical performance ratios (PPRs) varying up to
90, whilst the PPR for an ideal or thermodynamic limit (TL) of desalination is at 828. Despite
slightly better PPRs for the RO plants, all practical desalination plants available, hitherto, operate
at only less than 11% of the TL, rendering them highly energy intensive and unsustainable for
future sustainability. More innovative desalination methods must be sought to meet the needs of
future sustainable desalination and these methods should attain an upper PPR bound of about 25
to 30% of the TL. In this paper, we examined the efficacy of a multi-effect distillation (MED)
system operated with thermocline energy from the sea; A proven desalination technology that
can exploit the narrow temperature gradient of 20 °C all year round created between the warm
surface seawater and the cold-seawater at depths of about 300-600 m. Such a seawater
thermocline (ST)-driven MED system, simply called the ST-MED process, has the potential to
achieve up to 2 folds improvement in desalination efficiency over the existing methods, attaining
about 18.8% of the ideal limit. With the major energy input emanated from the renewable solar,
the ST-MED is truly a “green desalination” method of low global warming potential, best suited
for tropical coastal shores having bathymetry depths of 300 m or more.

Keywords: Multi-Effect distillation, Sustainable desalination, Renewable energy, Thermocline
energy, Practical performance ratio.
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1- Introduction

All commercially available seawater desalination processes, hitherto, are operated far from the
ideal efficiency or thermodynamic limit (TL). Consequently, the existing desalination processes
are deemed energy intensive and unsustainable energetically for future desalination, as well as
the inevitable associated CO, emission arising from the high electricity consumption [1]. The TL
of practical performance ratio (PPR) for seawater desalination processes is estimated as 838 by
the minimum work input of 0.78 kWh/m? and this ideal work is equivalent to the primary energy.
The TL for desalination is independent of the desalting processes used but it is a function of
initial concentration and temperature of feed water which has been defined as the ratio of energy
needed to evaporate the feed water to the primary fossil energy input. Hitherto, the conventional
PR of a desalination process has been expressed in terms of the derived energy, such as
electricity or thermal energy, instead of the primary energy of fuel types, as shown in Figure 1.
The use of derived energy in PR assessment is acceptable when the conversion technologies have
a single useful effect output, i.e., a fossil fuel fired plant for electricity or a boiler for steam
production. However, today’s widespread use of cogeneration processes to produce electricity,
steam and water simultaneously need more accurate method to distinguish the fraction of
primary energy input consumed by the processes for their generation. The misperception in
transforming the derived energy back to the primary energy input arises from the use of same
units of energies (Joule or kW) in quantifying the useful effects without differentiating the grade
of energy consumed. The detailed explanation of the conversion methodology is delineated in
Appendix 1 [2].
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Figure 1: The distinction between primary and derived energy in desalination processes is a function
of both the exergy utilization (y=) and the conversion efficiency n; of the processes. The efficacy of a
desalination plant is defined by the proposed practical performance ratio (PPR) which is based on the
universal primary energy input that contributes directly to global warming of the atmosphere.



To meet the goals of sustainable desalination, we proposed practical performance ratio (PPR) by
incorporating two important factors to improve the conventional PR definition: Firstly,
conversion of all derived energies utilized by the desalination processes to the primary energy by
the fraction of exergy destruction by desalination processes and incorporating primary energy for
PR calculation and input fuel apportionment. Secondly, only the primary energy consumed that
has a direct consequence to global warming will be considered. This implies that renewable
energies such as solar and geothermal or thermocline, non-polluting energies, utilized by
desalination processes will have zero contribution to carbon emission and hence, it can be
omitted in the PPR computation and this is aligned with the goal of sustainable desalination. This
improved PPR definition, besides embodying environmental aspects of primary energy usage,
provides a platform for cross comparison of assorted desalination methods. Table 1 depicts the
typical values of the energy input to assorted desalination processes [3-7].

Table 1: The comparison of the specific energy consumption for assorted methods of desalination.

Derived Energies Conversion efficiency
[6, 7]
. Weighted : PPR
Desalination | Electrical Thermal exergy Exergy er:gnrary ppr | Percentage
technologies energy energy factor for | factor for v, of TL
consumption | consumption Power desalination | (KWee/m) (TL=828)
kW"fll:lec kanitBher plant. Piner=29.4
Pelec =0.476
SWRO 3.5 - 1 1 7.35 87.9 10.6%
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Since 1995, the chronological trends of PPRs for both thermally and pressure-driven processes
has been improved steadily and reached the current values of 66 to 100, as shown in Figure 2 [2].
Despite the commonly held notion that the membrane-based RO method is more energy efficient
than the MSF/MED, they have attained merely less than 11% of the thermodynamic limit where
the best overall specific electricity consumption (SEC) of desalination is about 3 to 5 kWhgies/m®,
corresponding to 6.5 to 10 kWhpe/m3 with a weighted power plant efficiency of 47%, as
presented in Table 1.
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Figure 2: The chronological trends of practical performance ratio (PPR) of reverse osmosis
(RO), multi-effect flashing and distillation (MSF/MED) method, expressed in terms of the
primary energy consumption. The thermodynamic limit (TL) for seawater desalination is
denoted by red dotted line for comparison.

Presently, with global fresh water demand of 92 million m*/ day, the associated annual carbon
dioxide (CO;) emission to the ambient is in excess of 100 Mtons [8-14]. The fresh water demand
in the GCC countries, which is at 33% of the global capacity, looms to be more critical due the
severe hot and dry weather conditions where the annual average precipitation is less than 80 mm.
Given the expected growth trends in local population and economic GDP of the Gulf
Cooperation Council (GCC) countries, it is predicted that the global desalination capacity in the
next decade will reach 170 Mm?®/year, imposing a further burden on the electricity production
from the fossil fuels. Although the membrane-based RO has slightly higher PR values than the
thermally-driven MSF or MED, the latter methods remain the dominant in GCC countries
because of the challenging seawater conditions of the Gulf [15-17].

In the past decades, there were many frequent occurrences of harmful algae blooms (HABS) in
the Gulf seawater near to the Straits of Hormuz caused by the seasonal surge of nutrients, as
shown in Figure 3 and they affected about 70% of the RO plants in the region [18, 19].



Figure 3: Common algae bloom forming species found in the GULF seawater [19].

About 60 to 70 bloom forming species out of 300 are detected hazardous to human, comprising
80% dinoflagellates and red tides as shown in Figure 3. The harmful toxin, when released from
the ruptured cell wall or otherwise, has serious health hazards to humans when the toxins are
ingested, such as respiratory or digestive tract problems, memory loss, seizures and skin irritation
and deaths in serious cases. In one variety of the harmful toxins such as the Saxi-toxin
(neurotoxin), can be 1000 times more potent than cyanide or 50 times stronger than the curare
(paralyzing poison). The extent of HABs occurrences in the Straits of Hormuz has been observed
from the pictures taken by Envisat’s MERS instruments. In 2008 and 2013, the spread of red
tides along the tip of Hormuz into the Indian Ocean are shown in the Figure 4, and the yellow
circles on the map indicated the affected RO plants where their operation were forced to shut-
down for a period of several weeks [20, 21]. Such a situation is not tenable when the potable
water storage capacities in these GCC countries are normally less than a week.
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On the other hand, the multi-stage flash (MSF) and multi-effect desalination (MED) are suited in
the Gulf region due primarily to the robustness of evaporative processes. In thermal desalination,
only vapor leaves the feed seawater whilst the harmful algae blooms (HABs) and high silt
particles are left behind in brine solution within the evaporators, though that some traces of
volatiles could be transported with water vapor.

Although thermal desalination cycles accrued much thermal energy input in evaporation
processes, what if the evaporation energy for top-brine stage and the cooling energy for
condenser can be supplied entirely from the renewable sources of warm and cold surface of
seawater?

These renewable energy sources are readily available at 1 to 3 kilometres from the shores of
certain coastal seabed bathymetry where the thermal gradient or thermocline and the cold
seawater at deep sea bed are available at the same location. These renewable energy sources,
warm surface water and cold deep sea are used in tandem to operate low temperature thermal
desalination (LTTD) processes to produce fresh water without global warming impact. The 70%
of Earth’s surface, the ocean, act as a natural solar collectors to capture energy from daily solar
irradiance and maintain surface water at 28-30 °C in specific tropical locations all year round.
Concomitantly, the deep sea beds at 300 to 600m act as an infinite supply of cold water where
the temperatures hover from 10°C to 4°C. Seawater temperature gradient is shown in Figure 5(a)
and potential location is presented in Figures 5(b, c).
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Figure 5(a): Seawater surface temperature distribution and profile change with depth.
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Figure 5: (b) The sea beds drop-off steeply to 1,500 m just 1-3 km off the south-eastern
shores of Yamen and Oman and (c) The east cost of Oman, after Muscat, has similar steep
sea bed bathymetry up to 1,000 m.

For example, the coastal locations of Oman, Yamen, Sulawesi (Indonesia), Hawaii (USA), and
Karavatti (India), have the unique sea-bed bathymetry for ST-MED operation [22-24]. The MED



process is well proven [25-35] and it is thermodynamically suited for exploiting low temperature
difference, 20°C K, available in seawater thermocline. There is boundless supply of renewable
seawater thermocline energy between the tropics of Cancer and Capricorn throughout the year
for sustainable production of fresh water:- The parasitic electricity is consumed by the warm and
cold seawater pumps and the vacuum pump. The detailed processes of ST-MED is explained in
the next section.

2- Seawater Thermocline MED (ST-MED) Cycle

The performance of ST-MED can be significantly improved by optimizing the evaporation-
condensation stages of MED in a synergetic manner where the temperature drop per stage is well
controlled to less than 3 °C to 4 °C . The first stage of MED is supplied with warm surface
seawater, typically varying from 28 °C to 30 °C during the diurnal-nocturnal periods whilst the
condenser is fed with the cold seawater drawn from depths between 220 m to 600 m where its
temperatures vary from 5 °C to 13 °C, respectively. Detailed theoretical simulations model was
developed as presented in Appendix 2 [36] and it was written in FORTRAN to conduct transient
simulation. It show that a 4- to 6-stage MED cycle could be operated entirely with available
renewable or “green” energy derived from thermocline.

Each stage of the MED is designed [37], for example, with a finite surface area of 4.0 m? for
evaporative film-boiling of seawater whilst the vapour generated in the last stage are condensed
in the condenser using deep sea cold water. A fraction of the cold water is employed as seawater
feed, sprayed in-parallel into all MED stages. To avoid excessive quenching at stages 1 and 2 of
the MED operating with higher saturation temperatures, the feed is further heated by the warm
seawater emanated from the first stage, as shown in Figure 6. The standard operation of a MED
IS assumed, i.e., the vapour produced at the 1st stage of MED is channelled for condensation into
the tube-side of the 2nd stage. The heat of condensation is recovered for immediate film
evaporation over the tube surfaces where seawater feed are sprayed. The local saturation
temperature of the subsequent stage is always lower than the preceding stage due to slight
pressure drop across stages. For higher efficiency, these evaporation-condensation processes are
designed for cascading operation until all the available temperature differential from the seawater
thermocline is consumed, i.e., from 30 °C down to 10 °C. The distillate from all MED stages are
collected in a common collection header after each pressure equalization with respect to the
MED chambers whilst the concentrated brine is refluxed back by gravity to the sea via a 10-m U-
tube arrangement. For such operation, there are only two electrically-driven pumps needed for
providing warm and cold seawater circulation. Non-condensable such as entrained air in the
seawater is evacuated by a vacuum pump from the condenser chamber. Vacuum pumping power
can be further reduced if the brine from MED is further re-circulated as feed.

It can be seen that, other than the parasitic pumping, all thermal energy exploited by the ST-
MED is deemed non-polluting as it is derived from the renewable solar in the form of



thermocline energy of seawater. Hence, the performance ratio is expected to be high because of
the low consumption of fossil-based energy, namely, the pumping power of the cycle.

As the concept of LTTD is not new, many LTTD pilot plants have been attempted by exploiting
the energy from thermal-gradient of seawater [38-43]. For example, the National Energy
Laboratory of Hawaii and the National Institute of Ocean Technology (NIOT) of India have
attempted to use ocean thermal energy either for power or desalination. Since 2005, the LTTD
pilot plant of NOIT was most successful, producing 100 m* per day fresh water for Kavaratti
island in the Indian Ocean which was commissioned at a cost of INR 50 million (US$1.04
million). Unfortunately, the desalination plant at Kavaratti employed only a single-stage MED,
operating between the thermocline energy from 28 t010°C at a depth of 220 m [44]. Besides the
ST-MED configuration, the MED can be hybridized or integrated with other thermally-driven
cycles such as the adsorption cycle to recover condensation heat of desorbed vapour for
achieving better performance ratio and energy sustainability [45-48].
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Figure 6: Process schematic of thermocline operated ST-MED cycle designed to produce
18m?*/day.



3- Results and Discussion

Figures 7(a) show the temperature profiles of surface hot water, deep sea cold water and MED
components starting from ambient condition. With operational temperature differential of 20 °C,
only 4 stages are sufficient for effective utilization of available thermal energy. Surface seawater
at 30 °C is supplied to the first stage and the outlet is channelled feed pre-heater to reheat the
cold feed that sprayed into stages 1 and 2 of MED. Similarly, cold seawater at 10 °C is drawn
from a depth of 600 m to circulate through the condenser tubes for its vapor to be condensed on
the outer surfaces. A small portion of cold seawater is supplied to the MED spray system as a
feed and rest is discharged back to the sea. Given the design, the inter-stage temperature
differential may vary from 2 °C to 2.5 °C depending on the amount of reheating of the spray feed.
It can be seen that proposed MED system can exploit very low temperature differential thermal
energy to produce fresh water.
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Figure 7(a): Temperature profiles of vapour in the 4 MED stages and the temperatures of
inlet and outlet seawater from the vapour generator and condenser.

Figures 7(b) shows distillate production profiles of all four stages and it can be seen that total 8.6
LPM production can be achieved. The brine concentration was increase to 47,000ppm from
35,000ppm feed supplied ppm, as shown in Figure 7(c).



10

Total production

—D-51 D-52 D-53 —D-54 —Total production

Distillate Production (LPM)

0 | 1 1 |

0 2000 4000 6000 8000 10000
Time (Sec)
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50000 |
3
Q.
£ 45000 |-
| =
k=)
&
€
[}
Q
=
8
2 40000 -
p=
o —X-51 X-52 —X-S$3 —X-54
35000 ! ! !
0 2000 4000 6000 8000 10000

Time (Sec)

Figure 7(c): Brine concentration profiles of all 4 MED stages. Feed was supplied at 35,000ppm.

For comparison analysis, we considered four cases of ST-MED at assorted seawater depths (200
m, 280 m, 380 m and 600 m) for cold water supplies. The total parasitic pumping and
vacuuming power are computed and the results are summarized in Table 2.



Table 2: Summary of results of four cases of MED operating at assorted temperature differentials
from thermocline energy

Operation No. of Water C(():R(iiﬁgger Depth Pipe | Pumping power*
range MED production water (nr1)) friction KWelec PPR
3
stages (LPM) (LPM) (m) (kWhge /m?)
30°C-5°C 6 12.6 240.0 600 7.42 151 152.5
(18.15 m*/day) (4.28)
30°C-8°C 5 10.6 240.0 380 4.68 1.23 157.3
(15.3 m*/day) (4.15)
30°C-10°C 4 8.6 246.0 280 3.42 0.99 158.0
(12.4 m*/day) (4.13)
30°C-13°C 3 6.6 252.0 220 2.66 0.78 155.4
(9.5 m*/day) (4.20)
*For pumping power calculation, the following assumptions are used:
1 -Pipe length for friction is 1.25 times of the depth.
2 -MED plant platform elevation is 15.0 m above the sea level.
3 -Vacuum pump to water pump power is 60%: 40%.
4 — Exergetic utilization of primary energy by (i) gas turbines for power production =0.75, (ii) HRSG =0.25

Consequently, the number of stages of MED may change from 3 stages at 13°C (depth of 220 m)
to 6 stages at 5°C (depth of 600 m) and the pumping of seawater from such depths may affect the
total pipe friction head (typically at 3 m to 5 m) needed to move chilled water flow rates of 7 to
13 L/min. Based on the estimated electricity consumption for parasitic pumping, the primary
energy is calculated considering power plant overall efficiency 47% and then PPR for the four
cases are computed using Equation 1 as shown below. It is noted that the best PPR=158,
corresponding to 18.8% of the thermodynamic limit (TL), is achieved by ST-MED cycle;- one of
the highest ever reported for seawater desalination. The system performance can be further
improved by utilizing solar collectors to increase surface temperature. This is a realistic and
achievable target for achieving the goals of sustainable desalination, as plotted on the chart for
PPR in Figure 8.

2326 (11}
PPR = kWh 5 kWh
o5 28]
Primary Energy

(1)
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Figure 8: The ST-MED cycle has 2 folds improvement in the energy efficiency over the
existing thermally-driven efficiency. It meets the goals of sustainable desalination where
the achieved PPR is greater than 158 or about 18.8 % of the thermodynamic limit (TL).

The thermal energy input from seawater thermocline is neatly utilized without any additional
capital cost of thermal collectors or chillers. It should also be emphasized that the technology of
ST-MED is well proven and readily available for installation. Even with recent successes on the
performance of ultra-permeable flux (UPF) membranes [20] such as the aquaporin and graphene,
their development are still at the infancy stage and may take a long time to attain the same
commercial viability needed for sustainable seawater desalination.

Conclusions

The low efficiency of today’s practical desalination methods hover around 8-11% of the
thermodynamic limit (TL) and they are obviously unsustainable for future desalination
particularly when the demand for potable water is increasing annually at a rate of 6.5%.
However, we have demonstrated that the ST-MED processes, powered by the seawater
thermocline energy with zero global warming potential, has the ability to operate efficiently
within a 20°C temperature difference between the warm surface seawater and the cold seawater
from deep sea-bed. This form of “green energy” source is supplied from the renewable solar
irradiance the whole year round without the need of thermal collector or chiller infrastructure.



Only a minor parasitic electricity is consumed for warm and cold water pumping, as well as the
removal of non-condensable from the seawater feed. The adoption of fossil-fuel based primary-
energy in the evaluation of PPR provides a fair platform to conduct a cross comparison of all
desalination processes. However, the consumption of renewable energy sources in desalination is
exempted from PR as it is non-polluting. Thus, the ST-MED cycle has the best PPR of 158 or
nearly 19% of TL and it meets the desired goals of sustainable and environment-friendly
desalination.
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