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ABSTRACT

Gas hydrate (GH) desalination process is based on a liquid (salty water) to solid (GH) phase
change coupled with a physical process to separate the GHs from the remaining salty water.
However, GH process exhibits less than 90% of salt rejection, so reverse osmosis (RO) pro-
cess is needed to finally meet the desalinated product water quality. In order to increase the
total recovery of the GH and RO hybrid system, the concentrate of the RO process should
return to the feed stream of the GH process. In this work, RO simulation was carried out to
find an optimal RO recovery with which the energy consumption of RO was minimized.
The optimal RO recovery values for GH processes with salt rejection of 78, 84, and 90%
were 0.6, 0.8, and 0.8, respectively. The minimal total energy consumption appears at higher
RO recovery rates than the optimal values to minimize the RO energy consumption because
the portion of the GH energy consumption is inversely proportional to the RO recovery.
The simulation also reveals that the maximum allowable energy consumption of GH pro-
cess is 1.4 kWh/m> (with GH salt rejection of 78%) to overcome seawater RO process with
energy recovery device, and it can be increased up to 1.9 kWh/m> when GH salt rejection
increases up to 90%.
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1. Introduction

Due to worldwide water shortage problems, seawa-
ter has become an important water source. There are
two main seawater desalination methods; one is
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distillation method such as multi-stage flash and multi-
effect distillation, and the other is membrane-based
method such as seawater reverse osmosis (SWRO) pro-
cess. These main desalination methods have been
improved to reduce the energy consumption, but the
minimum energy consumption is still limited to a range
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of 3-5 kWh/m® (energy consumption in kWh per unit
fresh water production in cubic meters) [1,2].

Introduction of novel unit desalination processes
such as forward osmosis (FO) and membrane distilla-
tion (MD), is expected to break through the limitation
of energy consumption. FO and MD are still being
investigated through laboratory and pilot tests [3,4].
Gas hydrate (GH)-based desalination process could be
one of the novel unit desalination processes and the
potential application of GH process was introduced by
Park et al. [5], which reported that 72-80% of cations
(K*, Na*, Mg2+, B>*, and Ca?*) were removed by a sin-
gle-stage hydrate process using carbon dioxide gas [5].

GHs are nonstoichiometric crystalline inclusion
compounds formed by water and a number of gas
molecules [6]. Seawater GH without salt compounds is
produced in a low temperature and a high pressure
condition and they are separated from the remaining
liquid phase (concentrated seawater, or salty water).
Finally, the separated GHs are dissociated into former
gas and pure water for seawater desalination in a high
temperature and a low pressure condition. The dissoci-
ated gas is reused to produce GHs. Fig. 1 shows the
concept of seawater desalination by GH process.

As reported in several literatures [7-10], the limita-
tion of the current GH-based desalination is poor pro-
duct water quality (i.e. high salt concentration of the
desalinated product). The GH product water contains
some amounts of ions because it is very difficult to
obtain GH slurries free of salty water (concentrated
seawater). Further improvement in purity could be
accomplished by washing the GH slurries with water
or squeezing the GH slurries [5].

The salt rejection by the GH process ranged from
60.5 to 93% according to the literature [5,11,12]. The
hydraulic pressure to produce GHs, the selection of
gas (e.g. carbon dioxide, cyclopentane, propane, and
so on), and washing efficiency determines the GH salt
rejection. The energy consumption per unit production
by the GH process ranged from 1.58 to 47.9 kWh/m>
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Fig. 1. The concept of GH-based seawater desalination
process.
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according to the literature [13,14]. The temperature of
seawater, the hydraulic pressure to produce GHs, and
the selection of gas are dominant factors to determine
the GH energy consumption.

The final goal of the GH-based seawater desalina-
tion is, of course, to obtain fresh water from a single-
stage hydrate process. However, it is very challenging
to reach the final goal so far because of the reason dis-
cussed above. Therefore, another desalination process
as a post-treatment for the GH process should be
introduced to make fresh water. In this study, reverse
osmosis (RO) process was selected as the post-treat-
ment following the GH process. The role of RO is the
production of fresh water using the GH product to
meet the standards for total dissolved solids (TDS)
and boron concentration, which is very important
design parameter for seawater RO (SWRO) system
because boron removal by SWRO membrane is not
sufficient to meet the drinking water standards [15]. In
the point of view of the RO process, the GH process is
one of pretreatment options to decrease salinity of
seawater, which is different from the conventional
pretreatment technologies including coagulation,
adsorption, peroxidation, and prefiltration [16]. By
decreasing feed water salinity, the energy consump-
tion of the RO process is expected to be decreased.
The objectives of this work are (1) to find the optimal
RO recovery to minimize the RO energy consumption
and the total energy consumption of the GH and RO
hybrid system and (2) to find the maximum allowable
GH energy consumption for the hybrid system to have
a competitive advantage over the conventional SWRO
system.

2. Methods
2.1. Mass balance in the GH and RO hybrid process

Fig. 2 describes the mass balance in the GH and
RO hybrid process. In order to increase the total
recovery of the GH and RO hybrid system, the
concentrate of the RO process should return to the
feed stream of the GH process. The GH product TDS
concentration (C,, cr) can be expressed as:

Coon = (1 — Rgn) Cron (1)

where Ry is salt rejection of the GH process and Cy,
cu is the GH feed TDS concentration. The RO concen-
trate TDS concentration (C.ro) can be depicted using
the GH salt rejection (Rgy) and RO recovery (rro):
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Fig. 2. The mass balance of the GH and RO hybrid process.
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The GH feed water consists of seawater and the RO
concentrate such as:

(Qf + Qcro)Crau = QrCr + Qe roCe ro 3)

where Q¢ and Cs is the flow rate and TDS concentra-
tion of the feed (seawater) of the hybrid system, and
Qcro is the RO concentrate flow rate. Using Egs.
(1)—(3), the feed flow rate (Qf) and the GH feed concen-
tration (C¢gp) can be obtained as:

Cr-Qr

Qr + Qero - (F50) @

Ctgn =

where rgy is the GH recovery and Q.ro is the RO
concentrate flow rate expressed as:

1 1
Qcro = —Qpro — Qpro = <— - 1) Op.rO 5)
RO RO

The input and output flow rates for the total system
should be balanced as follows:

Qr = Qpro + Qcou = Qpro + Qr.gu — Qp.cu
1 1 6)
=1 (o 1) e

where Q, ro is the RO product flow rate (i.e. the final
product of the hybrid system), Q.cu is the GH con-
centrate flow rate, Q¢ and Qpcu are the GH feed
and product flow rates, respectively, and rgy is the
GH recovery. Qp i and Qg are expressed as:

1
Qv = Qrro = —QprO )
RO

Once the target production rate (Qpro), feed water
condition (Qf and Cy), and design parameters (Rgn, "G,
and rrp) are set, all the related flow rates and concen-
trates can be obtained using the mass balance as shown
in Egs. (1)—(8).

2.2. The RO feed water quality

As shown in Fig. 2 and Eq. (7), the GH product
water is the same as the RO feed water. The GH feed
water TDS concentration (Cegpy) is obtained from Eq.
(4) using known parameters such as the target produc-
tion rate (Qp ro), feed water condition (Qf and C¢), and
design parameters (Rgy, rcu, and rrp). The TDS and
ion species concentrations in seawater were obtained
from the literature [17]. The ion species considered in
this study were Ca**, Mg2+, Na*, K*, Ba%*, Sr**, Fe**,
Mn?*, Si**, C1-, SO3~, F~, Br~, NO3~, HCOj3, and B**,
which are important ions to design RO process [17].
The ion concentration in GH feed were calculated by
multiplying the ratio of C¢gy to C¢ (i.e. Cecu/Cp) and
ion concentration in seawater.

The GH product water quality (i.e. the RO feed
water quality) was ion removal rate by the GH pro-
cess listed in Table 1. The TDS and ion removal rate
was taken from the literature [5], where the TDS
removal rate was 78% and the ion removal rates of
K*, Na*, Mg**, B>, and Ca** are 80.4, 78.7, 76.6, 73.3,
and 72.0%, respectively. Other GH salt rejection rates
such as 84 and 90% were also considered (Table 1) to
investigate the effect of the salt rejection rate of the
GH process on the product water quality.

2.3. The RO simulation and energy consumption
calculation

The RO simulation was carried out using a com-
mercial RO design (simulation) software, CSMPRO by
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Table 1
Ion concentrations in seawater and removal rate by the
GH process

TDS rejection rate by

GH %
Concentration (mg/1) process (%)

Ion Seawater 78 84 90

Ca 410 72.0 77.5 83.1
Mg 1,310 76.6 82.5 88.4
Na 10,900 78.7 84.8 90.8
K 390 80.4 86.6 92.8
Ba 0.05 78.0 84.0 90.0
Sr 13.0 78.0 84.0 90.0
Fe 0.02 76.6 82.5 88.4
Mn 0.01 78.0 84.0 90.0
Si 4.0 73.3 78.9 84.6
Cl 19,700 78.0 84.0 90.0
SO, 2,740 78.0 84.0 90.0
F 1.4 78.0 84.0 90.0
Br 65.0 78.0 84.0 90.0
NO; 0.7 78.0 84.0 90.0
HCO; 152 78.0 84.0 90.0
B 5.0 73.3 78.9 84.6
TDS 35,691 78 84 90

Toray Chemical Korea [18]. The input data for the
simulation are feed water quality (i.e. ion concentra-
tions, pH, and so on), product flow rate, permeate
flux, recovery rate, RO element type, number of ele-
ments per pressure vessel (PV), and the PV arrange-
ments. In this study, we selected RE8040-BN for a
brackish RO (BWRO) element type and RE8040-SHN
for a SWRO element type, which are provided by
Toray Chemical Korea [18]. The product flow rate and
permeate flux were 1,000 m3/d and 171/m?h, respec-
tively. The tested RO recovery rates were in a range of
0.50 to 0.90, and the GH recovery rate was assumed to
be 0.50. The feed water temperature was 10°C to simu-
late low temperature of the GH product.

The output data of the RO process simulation
using CSMPRO are the product water quality and the
RO feed pressure. The TDS and the boron concentra-
tions obtained from the simulation were controlled to
be smaller than 500 and 1 mg/l, respectively, which
meet the Korean drinking water standards. The simu-
lated pressure and flow rates of the installed pumps
were used to calculate the energy consumption per
unit production (Ero, kWh/m?) using [19]:

~ Work done by pumps

1 x Daily production
_ QupPup + Qpp1Prri + Opp2PBr2

361Qp ro

Ero(kWh/m?)

)
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where 7, QupPup, OppiPpr1, and QppaPppz are pump
efficiency (assumed to be 0.9 in this work), the multi-
plication between high-pressure pump (HP) flow rate
(m®/d) and pressure (bars), the multiplication between
flow rate (m®/d) and pressure (bars) of the booster
pump between the first and second stage (BP1), and
the multiplication between flow rate (m®/d) and pres-
sure (bars) of the booster pump between the second
and third stage (BP2), respectively.

3. Results and discussion
3.1. Summary of RO simulation results

Table 2 shows that summary of RO process sim-
ulation results including concentrations, flow rates,
and PV array. The GH feed TDS (C¢cp) decreases at
higher GH salt rejections (Rgy) because the GH pro-
duct enters RO process and the RO concentrate
returns to the upstream of the GH process with
seawater. When the RO recovery (rgro) increases, all
the concentrations (C¢cr, Cpcn, and Ccro) increase
because more concentrated salty water due to the
higher recovery returns to the GH process, which is a
disadvantage of the high RO recovery. The benefit of
increasing the RO recovery is to decrease feed flow
rates (Q, Qgcr, and Qrro (=Qp,cr)). The number of
PVs and elements per each PV are 45 and 8, respec-
tively. According to the guideline of the RO mem-
brane manufacturer [18], the RO element recovery and
flux (rg and Jg) and the feed and concentrate flow rate
per element (Q¢g and Q) are limited as follows:

re <0.20 (10a)
Je <39.05 LMH (10b)
Qrro £396.24m*/d (10¢)
Qcro >65.40m*/d (10d)

When the RO recovery is high, the limitations in Eq.
(10) may not be satisfied with a single-stage design,
which is the reason why multi-stage PV array (Fig. 3)
is adopted in the RO recovery higher than 60% in
Table 2.

Table 3 shows that summary of RO process
simulation results including the final product water
quality and pump data. The TDS and boron concen-
trations of the product were controlled to be smaller
than 500 and 1 mg/1, respectively, which is the reason
why SWRO elements are applied to some process
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Table 2
Summary of RO simulation results: concentrations, flow rates, and RO array
Cicu CocH Cero PV Qf QrcH QpcH QccH Qcro
RO Rcu (mg/1) (mg/1) (mg/1) array” (m®/d) (m®/d) (m*/d) (m*/d) (m®/d)
0.50 0.78 30,080 6,617 13,235 45:0:0 15,000 20,000 10,000 10,000 5,000
0.84 29,099 4,655 9,311 45:0:0
0.90 28,180 2,818 5,636 45:0:0
0.55 0.78 31,083 6,838 15,196 45:0:0 14,090 18,181 9,090 9,090 4,090
0.84 30,069 4,811 10,691 45:0:0
0.90 29,120 2,912 6,471 45:0:0
0.60 0.78 32,086 7,058 17,647 45:0:0 13,333 16,666 8,333 8,333 3,333
0.84 31,039 4,966 12,415 45:0:0
0.90 30,059 3,005 7,514 45:0:0
0.65 0.78 33,088 7,279 20,798 30:15:0 12,692 15,384 7,692 7,692 2,692
0.84 32,009 5,121 14,633 30:15:0
0.90 30,998 3,099 8,856 45:0:0
0.70 0.78 34,091 7,500 25,000 30:15:0 12,142 14,285 7,142 7,142 2,142
0.84 32,979 5,276 17,589 30:15:0
0.90 31,938 3,193 10,646 45:0:0
0.75 0.78 35,094 7,720 30,882 30:15:0 11,666 13,333 6,666 6,666 1,666
0.84 33,949 5,431 21,727 30:15:0
0.90 32,877 3,287 13,151 30:15:0
0.80 0.78 36,096 7,941 39,706 25:15:5 11,250 12,500 6,250 6,250 1,250
0.84 34,919 5,587 27,935 30:15:0
0.90 33,817 3,381 16,908 30:15:0
0.85 0.78 37,099 8,161 54,412 25:15:5 10,882 11,764 5,882 5,882 882
0.84 35,889 5,742 38,282 21:13:11
0.90 34,756 3,475 23,170 28:12:5
0.90 0.78 38,102 8,382 83,824 25:12:8 10,555 11,111 5,555 5,555 555
0.84 36,859 5,897 58,975 23:14:8
0.90 35,695 3,569 35,695 24:13:8

%45:0:0 (BWRO), 30:15:0 (BWRO:BWRO), 25:15:5 (BWRO:SWRO:SWRO), 25:12:8 (SWRO:SWRO:SWRO), 21:13:11 (BWRO:BWRO:BWRO),
23:14:8 (BWRO:SWRO:SWRO), 28:12:5 (BWRO:BWRO:BWRO), 24:13:8 (BWRO:BWRO:BWRO).

* Permeate

Raw
water

Concentrate

Fig. 3. The schematic of multi-stage RO process to achieve high recovery (HP: high pressure pump, BP: booster pump).

design conditions as shown in Table 2. The pump 3.2. Effect of RO recovery on RO energy consumption
pressure (Pyp) increases at higher RO recovery rates
(rro) and lower GH salt rejections (Rgy) due to the
increase in osmotic pressure by increased RO feed and
concentrate TDS concentrations (C¢ro (=Cp, ) and C,
rO) as shown in Table 2.

The RO energy consumption decreases as feed
flow rate and feed pressure decrease. Since feed flow
rate decreases and feed pressure increases at higher
RO recovery rates as shown in Tables 2 and 3, there
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Table 3
Summary of RO simulation results: the product water quality and pump data
Product water quality HP BP1 BP2
rRo  Rgu TDS (mg/1) Boron (mg/1) Pyp (bar) Qup (m®/d) Pgpy (bar)  Qppy (m>/d)  Pgps (bar)  Qgps (m*/d)
050 0.78 549 0.75 19.5 10,000 0 0 0 0
0.84 385 0.49 17.0 10,000 0 0 0 0
0.90 228 0.27 14.5 10,000 0 0 0 0
055 0.78 609 0.84 19.9 9,090 0 0 0 0
0.84 421 0.55 17.1 9,090 0 0 0 0
0.90 252 0.31 14.6 9,090 0 0 0 0
0.60 0.78 68.2 0.94 204 8,333 0 0 0 0
0.84 46.9 0.62 17.5 8,333 0 0 0 0
0.90 27.6 0.35 14.7 8,333 0 0 0 0
0.65 078 74.8 0.99 223 7,692 1 3,702 0 0
0.84 53.0 0.67 19.5 7,692 0 0 0 0
0.90 30.6 0.40 14.9 7,692 0 0 0 0
070 078 74.6 0.99 19.1 7,142 10 4,071 0 0
0.84 584 0.73 19.7 7,142 0 0 0 0
0.90 353 0.47 15.3 7,142 0 0 0 0
075 078 76.1 0.98 16.7 6,666 17 4,270 0 0
0.84 687 0.84 20.6 6,666 0 0 0 0
0.90 388 0.47 16.7 6,666 0 0 0 0
0.80 0.78 949 0.99 28.4 6,250 8 1,898 0 0
0.84 84.0 0.96 21.7 6,250 0 0 0 0
0.90 463 0.56 17.3 6,250 0 0 0 0
0.85 0.78 106.5 0.99 27.4 5,882 18 1,848 0 0
0.84 894 0.99 20.1 5,882 5 3,075 7 1,616
0.90 46.1 0.58 14.1 5,882 10 3,024 0 0
090 0.78 955 0.47 48.1 5,555 9 2,142 0 0
0.84 833 0.72 24 5,556 15 1,788 10 931
0.90 695 0.73 17.4 5,556 5 2,363 5 908

must exist an optimal RO recovery rate to minimize
the RO energy consumption. Fig. 4 shows the RO
energy consumption as a function of RO recovery rate.
The minimal RO energy consumption appears at 0.60
(R =78%), 0.80 (Rgu = 84%), and 0.80 (Rgy = 90%)
of the RO recovery. The sudden increase in the energy

~+ Rgy=78%
- R, = 84%
= Roy=90%

w
.\‘\‘\A‘*——‘—*—A—A

0.5

RO Energy (kWh/m?)

0.0

0.7 0.8 0.9

RO Recovery

0.5 0.6

Fig. 4. Effect of RO
consumption.

recovery on the RO energy

consumption is observed in 0.90 of the RO recovery at
Rgh =78% because SWRO elements are adopted for
all PVs to control boron concentration smaller than
1 mg/1 as shown in Tables 2 and 3. As the salt rejec-
tion of GH process (Rgn) increases from 78 to 90%,
the minimal RO energy consumption decreases from
0.94 to 0.60 kWh/m”.

3.3. Effect of RO recovery on the total energy consumption

Fig. 5 shows total energy consumption as a func-
tion of the RO recovery when the GH energy con-
sumption (Egp, kWh/m?) is assumed to be 1.5, 2.0,
and 25kWh/m? respectively. The total energy
consumption (Et, kWh/m?) can be calculated using;

_ EeuQpcu + EroQpro

E
! Qp,RO

(11)

= Egu/rro + Ero

Thus, the portion of the GH energy consumption
(Egu/rro) in the total energy consumption should
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Fig. 5. Effect of RO recovery of the GH process on total
energy consumption at (a) Rgp =78%, (b) Rgn = 84% and
(C) RGH = 90%

decrease as the RO recovery increases. This is the rea-
son why the minimal total energy consumption
appears at higher RO recovery rates (Fig. 5) than the
optimal values to minimize the RO energy consump-
tion (Fig. 4). When the GH salt rejection is higher than
84%, the portion of the GH energy consumption in the
total energy consumption becomes dominant and the
minimal total energy consumptions appears at the
highest RO recovery rates to minimize the GH product
flow rate (i.e. the GH product flow rate is the same as
the RO feed flow rate.) as shown in Fig. 5(b) and (c).
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3.4. Effect of the GH process performance on the total
energy consumption

The total energy consumption can be compared to
a reference value. In this work, two reference values
(i.e. the energy consumption values in conventional
SWRO system with or without energy recovery device
(ERD)) were obtained by the simulation procedure
described in the Section 2.3. In the simulation of the
conventional SWRO system, most of input conditions
are the same as those of the RO simulation for the GH
and RO hybrid system, but feed water and recovery
rate are different. Seawater was used as feed water
and the recovery rate was assumed to be 0.50 in the
conventional SWRO simulation. The simulation
revealed that the feed pressure was 73.9 bars, which
results in 4.56 kWh/m® of the energy consumption in
conventional SWRO system without ERD calculated
using Eq. (9). Energy saving by ERD (Egrp) can be
calculated using [19]

Nerp Qero Pero
Eg 360, r0 (12)
where Q. ro (m®/d) is RO concentrate flow rate Q.
ro = Qq); Pcro(bar) is RO concentrate pressure; and
the ERD efficiency (ygrp) was assumed to be 0.9.
Energy saving by ERD was determined to be
1.82 kWh/m?>, which results in 2.74 kWh/m?> of the
energy consumption in conventional SWRO system
with ERD.

The two reference values, 4.56 and 2.74 kWh/m?
appears in Fig. 5 to be compared with the total energy
consumption of the RO and GH hybrid system. As a
result, the RO and GH hybrid system with optimized
RO recovery is competitive while the minimal total
energy consumption is lower than that in the conven-
tional SWRO system without ERD. However, the con-
ventional SWRO system is more energy efficient than
the hybrid system in the most design cases if ERD is
adapted to the SWRO system as shown in Fig. 5. The
two cases when the hybrid system has a competitive
advantage over the SWRO system with ERD appears
at 1.5 kWh/m> of the GH energy consumption when
the GH salt rejection is 84 and 90% (Fig. 5(b) and (c)).

Fig. 6 shows the total energy consumption (i.e. the
sum of the RO and GH energy consumptions) of the
hybrid system as a function of the GH energy consump-
tion. The RO energy consumption was calculated using
Eq. (9) with the optimal RO recovery value which
makes the total energy consumption minimal at a cer-
tain GH energy consumption and GH salt rejection. For
example, the optimal RO recovery value is 0.85 at
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Fig. 6. Effect of the GH energy consumption on the total
energy consumption.

1.5 kWh/m?® of the GH energy consumption and 79% of
the GH salt rejection (Fig. 5(a)) and it becomes 0.90 at
2.5 kWh/m? of the GH energy consumption and 90% of
the GH salt rejection (Fig. 5(c)). As shown in Fig. 6, the
total energy consumption decreases at the lower GH
energy consumptions and the higher GH salt rejections.
The GH energy consumption should be less than
29 kWh/m?® (Rgy =78%), 3.2 kWh/m® (Rgy = 84%),
and 3.5 kWh/m® (Rgy = 90%) to have a competitive
advantage over the SWRO system without ERD, and it
should be less than 1.4kWh/m® (Rgy=78%),
1.6 kWh/m®  (Rgy=84%), and 1.9 kWh/m®
(Rgu =90%) to compete with the SWRO system with
ERD.

4. Conclusions

The GH and RO hybrid system can be one of new
promising desalination technologies to decrease the
energy consumption. In this system, RO concentrate
should return to the GH feed stream and the RO
recovery is an important factor to minimize the energy
consumption of the hybrid system. The RO simulation
reveals that (1) the optimal RO recovery values for
GH processes with salt rejection of 78, 84, and 90%
were 0.6, 0.8, and 0.8, respectively; (2) the minimal
total energy consumption appears at higher RO recov-
ery rates than the optimal values to minimize the RO
energy consumption because the portion of the GH
energy consumption is inversely proportional to the
RO recovery; and (3) the maximum allowable energy
consumption of GH process to overcome seawater RO
process with ERD is 1.4-1.9 kWh/m? according to GH
salt rejection. The salt rejection and energy consump-
tion of the GH process are two key parameters to
determine the economic value of the GH and RO
hybrid system for seawater desalination.
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