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Assessment of energy saving effects in membrane-based seawater desalination
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ABSTRACT

In reverse osmosis (RO) process for seawater desalination, the most important issue is the energy
consumption. Intensive efforts have been contributed to freshwater production from seawater at
low energy so far. This work analyzes the amount of energy consumption for various energy saving
methods proposed by literatures using five commercial RO simulation programs (e.g., CSMPRO Ver
5.0, IMS-Design — 2016, ROSA 9.0, LG Chem NanoH,O, and Toray DS2). The RO energy consump-
tion can be saved by: (1) adopting high flux RO membranes (0.23-0.67 kWh/m?), (2) increasing feed
water temperature (0.01-0.03 kWh/m?/°C), (3) increasing RO train size (1.17-1.35 kWh/m?® for sizing
up from 1,000 to 10,000 m?/d), (4) increasing RO membrane area (0.01-0.02 kWh/m? % increase), and
(5) decreasing feed concentration (0.02 kWh/m®/% decrease). If fouling occurs, the RO energy con-
sumption increases by 0.05 kWh/m?/bar. Comparing the positive effect of energy saving methods and
the negative effect of fouling, one can set an optimal strategy for energy saving in RO-based seawater

desalination according to a specific situation.
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1. Introduction

Reverse osmosis (RO) is one of the membrane-based
water treatment technologies and the most widely used
desalination process [1,2]. The biggest challenge in RO tech-
nology is to produce water at low energy consumption [3-6].
Thanks to the intensive researches, the RO energy consump-
tion for seawater desalination became significantly less than
before (e.g., several decades ago).

The theoretical minimum energy consumption for sea-
water desalination at a recovery of 50% is 1.06 kWh/m®.
However, the actual energy consumption should be larger
than the theoretical minimum because the finite-sized RO
plants are not operated as a reversible thermodynamic pro-
cess [4]. High pressure pump (HP) takes the most parts (e.g.,
84.4%) in total energy consumption of a typical seawater
desalination plant [7]. The energy consumption by HP is
highly dependent upon the pump efficiency and the water
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permeability of RO membrane. The pump efficiency becomes
higher as pump capacity increases [1,8], and thus larger RO
trains consume lower energy than smaller RO trains. As the
water permeability of RO membrane increases, the energy
consumption of HP decreases, which is the reason why new
materials like carbon nanotube was applied to make super
flux RO membranes [9].

Decreasing osmotic pressure of seawater by adopting a
pretreatment process can be a good solution to save the HP
energy consumption. As the pretreatment process, forward
osmosis (FO) and gas hydrate (GH) processes were studied
recently [10,11]. FO process is a low-energy desalting process
using the osmotic pressure as a driving force, and it is applied
to seawater desalination, wastewater treatment, food indus-
try, energy production, and microalgae harvesting [12-18].
Seawater and wastewater effluent are used as draw solution
and feed solution, respectively. Diluted seawater by FO pro-
cess flows into the following RO process with less osmotic
pressure compared with that of seawater, which results in the
less energy consumption in the FO-RO hybrid desalination
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process [10,19]. GH is a crystal compound formed by water
and a number of guest gas molecules. In a low temperature
and a high pressure condition, GHs form in seawater and are
separated from concentrated seawater. The separated GHs
are dissociated into guest gas and brackish water in a high
temperature and a low pressure condition [11,20,21]. The
brackish water produced from the GH process becomes RO
feed water with lower osmotic pressure.

There could be other approaches to save the RO energy
consumptions such as increasing feed water temperature,
reducing RO design flux (or increasing RO membrane
areas), and adopting energy recovery devices (ERDs) [4,5].
However, it is difficult to figure out which energy saving
methods are better from different sources of literatures
because the most previous works have determined the
RO energy consumption with inconsistent assumptions
(e.g., pump efficiency and RO membrane characteristics).
In this study, the various RO energy saving approaches
discussed earlier were compared altogether quantitatively
under the same standards using commercial RO simula-
tion programs from five different membrane manufacturers
[22-26]. Pump efficiency was assumed to be a function of
capacity (flow rate) and head (pressure) and was calculated
using a commercial RO energy calculation program from
an ERD manufacturer [27]. In addition, the negative effect
of fouling on the RO energy consumption was investigated
and compared with the positive effect of the various energy
saving methods.

2. Methods
2.1. RO process design

In order to estimate the positive effect of various energy
saving methods, RO process should be designed first. The
basic design parameters are as follows:

e C =C, =35000 ppm (where C, and C are total
dissolved solids (TDS) concentratlons of RO feed
water and seawater, respectively. Seawater TDS and
each ion concentrations in seawater are obtained from
literature [28]).

e (C_=70,000 ppm (where C_is TDS concentration of RO

concentrate. In this case, the recovery rate (r) should be

50%).

J vy =15 LMH (where ] is the average permeate flux).

Q,=10,000 m®/d (where Q is the water production rate).

RO feed water temperature 5°C-30°C.

One pressure vessel (PV) contains eight RO elements in

series.

The commercial RO simulation software from five dif-
ferent manufacturers (e.g., CSMPRO Ver 5.0, IMS-Design —
2016, ROSA 9.0, LG Chem NanoH,O, and Toray DS2) [22-26]
were used to obtain the RO membrane arrangement (i.e.,
PV array), feed pressure, and product water quality as the
output results using the parameters mentioned above as
the input values [10,11,16]. The RO membrane models used
for these simulations were selected from the five membrane
manufactures. Two types of RO models for each manufacture
were taken: one is a standard model and the other is a high-
flux model as shown in Table 1.

Table 1
The specification of RO models used in the simulations [22-26]

Membrane Area Permeate Salt Boron

type (m?)  rate (GPD) rejection (%) rejection (%)
A-1 41.0 12,000 99.70 89
A-2 37.0 6,000 99.82 93
B-1 409 9,900 99.70 -
B-2 372 6,500 99.75 92
C-1 41.0 9,900 99.80 92
C-2 37.0 6,500 99.75 93
D-1 409 13,200 99.80 -
D-2 37.1 6,500 99.80 -
E-1 41.0 15,070 99.80 89
E-2 37.0 6,000 99.85 93

2.2. RO energy saving scenarios

Several RO energy saving methods discussed earlier
were reflected to the corresponding scenarios as follows:

e Scenario 1 - Adopting high flux RO membranes: the high
flux models (A-1, B-1, C-1, D-1, and E-1) were tested in
this scenario.

e Scenario 2 — Increasing feed temperature: various RO
feed water temperature (5°C, 10°C, 15°C, 20°C, 25°C, and
30°C) were tested in this scenario.

¢ Scenario 3 - Increasing RO train size: various Q, (100,
1,000, 5,000, 10,000, and 36,000 m?/d) were tested in this
scenario.

e Scenario 4 — Increasing RO membrane area: various ]avg
(13, 14, 15, 16, and 17 LMH) were tested in this scenario.
Lower flux means larger membrane area to produce the
same amount of water.

* Scenario 5 — Decreasing feed TDS: various C, (7,000,
14,000, 21,000, 28,000, and 35,000 ppm) were tested in this
scenario. To maintain C_ (70,000 ppm), the recovery rate
is changed to 90%, 80%, 70%, 60%, and 50%, respectively.

If not specified, design parameters for each scenario fol-
low the basic parameters in section 2.1, and A-2 model was
selected as RO membrane.

A fouling scenario was introduced to compare
the negative effects of fouling with the positive effects of the
energy saving scenarios. Assuming 10% decrease in water
permeability per year and 10% increase in salt passage per
year due to fouling, six different membrane ages (0-5 years
old) were set up for the simulation. D-1 and D-2 models were
used as RO membranes, and other design parameters are the
same as the basic parameters in section 2.1.

2.3. RO energy consumption

In this work, RO energy consumption is assumed to be the
same as the sum of the energy consumptions of pumps used
in the system (e.g., HP, booster pump (BP), inter-stage pump
(IP), and low pressure pump (LP)). All the scenarios except
Scenario 4 were assumed to adopt an isobaric type ERD. The
flow diagram with an isobaric ERD is shown in Fig. 1.
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As shown in Fig. 1, the three pumps (e.g., HP, LP, and BP)
are used to operate the SWRO process with an isobaric ERD.
Thus, the energy consumption per unit production (E.,
kWh/m?) can be calculated using the following equation:

— QHPPHP/T]HP + QLPPLP/T]LP + QBPPBP/T]BP

E,(kWh/m®) 0

)

where 1) is pump efficiency, which is calculated using energy
recovery’s power model [27]. The units of flow rate and pres-
sure are m*/d and bar, respectively, in Eq. (1). It is assumed
that mixing in ERD does not occur, which means Q,, = QP
and Q,,=Q_ = Q. P, and the head loss by ERD are assumed
to be 2 bar and 0.9, respectively. The head loss by RO mem-
brane is obtained by the RO simulation, and the pressure of
BP (P,,) is the sum of the two head losses by ERD and RO
membrane.

In Scenario 5 (decreasing feed TDS), a multi-stage RO
system as shown in Fig. 2 should be introduced to achieve
higher recovery than 50%. In the multi-stage RO system, the
energy consumption can be calculated using the following
equation:

— QHPI:)HP /nHP + QIPIIDIP] /T]IP] + Q IPZI:)IPZ/T]IPZ

E,,(kWh/m’®) o

@)

When the multi-stage RO system is designed, the min-
imum required concentrate flow rate per PV (the value is
dependent upon the manufacture’s guideline) should be
satisfied.

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

Table 2 summarizes the various RO simulation condi-
tions and results at 25°C (feed water temperature). The six
columns from the left end are the input parameters while
the five columns from the right end are the output results
plus warning messages provided by the manufacturer. The
simulation conditions and results for all the energy saving
scenarios in section 2.2 except Scenario 2 (increasing feed
temperature) are listed in Table 2. In addition, the simula-
tions to see the effect of fouling on the energy consump-
tion were carried out by setting membrane ages from 0 to 5

SWRO membrane
@ QHPP HP QP
Permeate
HP
QLPP LP Qc
Drain

LP

Fig. 1. Seawater reverse osmosis (SWRO) system using an
isobaric ERD.

years old. 10% decrease in water permeability per year and
10% increase in salt passage per year were assumed, and D-1
and D-2 models were used as RO membranes as shown in
Table 2.

3.2. Energy saving effect

Fig. 3 shows the RO energy consumption with different
feed water temperatures and different types of RO mem-
branes (i.e., high flux and standard models). The average
values of five RO membranes from five manufacturers were
taken to see the overall effect of membrane permeability
on the energy consumption (Scenario 1). Selecting high
flux RO models can save 0.23-0.67 kWh/m?, and the energy
saving amount increases at lower feed water temperatures.
However, one should be very cautious when adopting
a high flux RO membrane to design an RO plant because
flux or recovery rate of the first RO element placed in the
front of PV becomes too high to avoid membrane fouling.
As a result, the warning messages about maximum element
recovery or flux are shown in the cases of high flux RO
models (A-1, C-1, D-1, and E-1) in Table 2. In addition, the
product water quality (e.g., TDS and boron concentrations)
will become worse when high flux RO models are adopted
as shown in Table 2.

Since membrane permeability increases at higher feed
water temperatures, the RO energy consumption decreases
as temperature increases (Scenario 2). The standard RO mod-
els save 0.72 kWh/m? when feed temperature increases from
5°C to 30°C while the high flux RO models save 0.29 kWh/m?
(Fig. 3). Fig. 4 shows the effect of RO train size on the energy
consumption (Scenario 3). Because pump efficiency becomes
better at larger pump capacities as shown in Fig. 4(b), the RO
energy consumption per unit production decreases as RO
train size increases (Fig. 4(a)). One important assumption in
these calculations is that one HP, one BP, and one LP work
for one RO train. The smallest RO plant (100 m®/d) in Fig. 4(a)
shows extremely high energy consumption (e.g., 11.89-14.32
kWh/m?®) because BP with 100 m®/d does not exist in energy
recovery’s power model [27], which means the real product
does not exist in the market. Thus, ERD is not applied to the
RO plant with 100 m*d, which is the reason why it shows
very high energy consumption in Fig. 4(a).

If more RO elements are added to the RO system with the
same water production, the required average flux (], ) becomes
less as shown in Table 2, which results in lower HP pressure and
less energy consumption as shown in Fig. 5 (Scenario 4). The
amount of energy saving in this scenario is 0.21-0.53 kWh/m?,
which are dependent upon feed water temperature.

The 1% stage

O

Permeate

The 2 stage

The 3" stage

Drain

Fig. 2. Multi-stage RO system for high recovery.
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Table 2

Summary of RO simulation conditions and results at feed water temperature of 25°C
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Input Output
Membrane Q, (m’d) r(%) C (ppm) ], (LMH) Membrane PV array P C,(ppm) B Warning
type age (year) (bar) (ppm)  message®
A-1 10,000 50 35,632 14.82 0 86:0:0 53.8 408 171 1,2
A-2 10,000 50 35,632 14.91 0 94:0:0 60.3 137 0.82 -
A-2 100 50 35,632 14.02 0 1:0:0 59.2 145 0.86 -
A-2 1,000 50 35,632 14.02 0 10:0:0 59.2 145 0.86 -
A-2 5,000 50 35,632 14.91 0 47:0:0 60.3 137 0.82 -
A-2 36,000 50 35,632 14.97 0 337:0:0 60.3 136 0.82 -
A-2 10,000 50 35,632 12.98 0 108:0:0 58.1 157 0.91 -
A-2 10,000 50 35,632 14.02 0 100:0:0 59.2 145 0.86 -
A-2 10,000 50 35,632 15.93 0 88:0:0 61.4 128 0.78 -
A-2 10,000 50 35,632 17.09 0 82:0:0 62.9 120 0.74 -
A-2 10,000 60 28,507 14.91 0 58:36:0° 53.3 123 0.72 -
A-2 10,000 70 21,380 14.91 0 48:46:0° 45.5 110 0.62 -
A-2 10,000 80 14,253 14.91 0 38:28:28¢ 37.7 97 0.49 -
A-2 10,000 90 7,131 1491 0 42:32:20¢ 29.6 64 0.31 -
B-1 10,000 50 35,636 14.82 0 86:0:0 574 383 2.25 -
B-2 10,000 50 35,636 14.91 0 94:0:0 60.6 218 1.08 -
C-1 10,000 50 35,702 14.82 0 86:0:0 55.1 250 1.28 1,2
C-2 10,000 50 35,702 14.85 0 94:0:0 59.4 218 0.91 -
D-1 10,000 50 35,632 14.80 0 86:0:0 54.1 360 2.02 2
D-1 10,000 50 35,632 14.80 1 86:0:0 54.6 391 2.22 2
D-1 10,000 50 35,632 14.80 2 86:0:0 55.2 422 241 2
D-1 10,000 50 35,632 14.80 3 86:0:0 56.0 452 2.60 2
D-1 10,000 50 35,632 14.80 4 86:0:0 57.0 481 2.77 -
D-1 10,000 50 35,632 14.80 5 86:0:0 58.1 510 2.94
D-2 10,000 50 35,632 14.90 0 94:0:0 59.1 147 0.81 -
D-2 10,000 50 35,632 14.90 1 94:0:0 60.7 160 0.88 -
D-2 10,000 50 35,632 14.90 2 94:0:0 62.5 174 0.94 -
D-2 10,000 50 35,632 14.90 3 94:0:0 64.6 187 1.01 -
D-2 10,000 50 35,632 14.90 4 94:0:0 67.0 200 1.08 -
D-2 10,000 50 35,632 14.90 5 94:0:0 69.7 213 1.14 -
E-1 10,000 50 35,663 14.82 0 86:0:0 52.7 363 1.90 1,2
E-2 10,000 50 35,663 14.92 0 94:0:0 61.0 115 0.81 -

1 — Maximum element recovery has been exceeded. 2 - Maximum element flux has been exceeded.

°Q,p, = 8,658 m*/d, P, =7.7 bar.

“Qp, =7,183 m¥/d, P, =12.7 bar.

4Q, = 6,384 m¥/d, Q,,, =3,187 m*d, P, = 14.7 bar, P,,, = 4.7 bar.

°Q,,, = 4,459 m¥/d, Q,, = 2,259 m%/d, P,, = 1.7 bar, P, = 24.7 bar.
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Fig. 3. Effect of membrane permeability and feed water
temperature on the RO energy consumption (Scenarios 1 and 2).
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Fig. 4. (a) Effect of RO train size on the energy consumption and
(b) effect of HP capacity on the HP efficiency (Scenario 3).

Fig. 6 shows the effect of feed TDS concentration on
the RO energy consumption (Scenario 5). The RO energy
consumption decreases at lower feed water TDS concen-
trations because feed osmotic pressure decreases, and thus
smaller HP pressure is required. The amount of energy sav-
ing is up to 1.73-1.78 kWh/m?® when feed TDS is decreased
to 7,000 ppm. Higher recovery (>50%) can be accomplished
with the introduction of multi-stages when feed TDS is
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Fig. 5. Effect of membrane area on the RO energy consumption
(Scenario 4).
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Fig. 6. Effect of feed TDS on the RO energy consumption
(Scenario 5).

lower than that of seawater. The higher recovery rates result
in the smaller concentrate flow rates, and the introduction
of multi-stages results in the larger head loss by RO mem-
branes. For example, RO feed water flows through 16 RO
elements (assuming eight elements per one PV) in a two-
stage system while it flows through eight RO elements in a
single-stage system. Therefore, the energy saving amount of
ERD becomes smaller as the recovery increases because the
concentrate flow rate and pressure become lower at higher
recovery rates. This is the reason why ERD is often ignored in
the multi-stage system with higher recovery (>50%) as shown
in Fig. 6. When feed TDS is 28,000 ppm, the RO energy con-
sumption is higher than it is when feed TDS is 35,000 ppm
because ERD is not adopted (although the energy saving
amount of ERD decreases at higher recovery rates). When
feed TDS is decreased to >21,000 ppm, the multi-stage RO
systems show positive energy saving effect with ERD. Of
course, one can adopt ERD to a multi-stage RO system, but
it is not suggested due to the increased system complexity
(i.e., multi-stages + ERD system) and the less efficiency of
ERD at higher recovery rates as discussed above.

3.3. Effect of fouling

Figs. 7 and 8 show the effect of fouling on the RO energy
consumption and the product water quality (e.g., TDS and
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Fig. 7. Effect of fouling on (a) energy consumption, (b) product
TDS, and (c) boron concentrations with D-1 membrane (high
flux model); DWS (Korea) and DWG (WHO) mean drinking
water standard in Korea and drinking water guideline by World
Health Organization (WHO), respectively.

boron concentrations). AP in Figs. 7 and 8 mean the HP
pressure difference between the fouled and non-fouled RO
membranes. If the same amounts of fouling effects (e.g., 10%
of the decreasing rate per year in water permeability and 10%
of the increasing rate per year in salt passage) are assumed,
the high flux RO membrane (D-1) shows smaller increases
in energy consumption (e.g., 0.2-0.6 kWh/m’) than the
standard one (D-2) does (e.g., 0.4 — 1.2 kWh/m?®) as shown in
Figs. 7 and 8. However, applying high flux RO membrane has
two risks as discussed earlier: (1) the product water quality
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Fig. 8. Effect of fouling on (a) energy consumption, (b) product
TDS, and (c) boron concentrations with D-2 membrane (standard
model); DWS (Korea) and DWG (WHO) mean drinking water
standard in Korea and drinking water guideline by World
Health Organization (WHO), respectively.

becomes worse (Figs. 7(b) and 7(c)), and (2) the fouling poten-
tial may increase due to high flux and recovery of the lead
element in PV as discussed in section 3.2.

4. Conclusions

This work quantitatively analyzed the positive effect of
various energy saving methods and the negative effect of
fouling on the RO energy consumption using five commer-
cial RO simulation programs. The results are summarized as
follows:
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e Adopting high flux RO membranes allows
0.23-0.67 kWh/m?® of energy saving.

* Increasing feed temperature makes 0.01-0.03 kWh/m?/°C
of energy saving.

® Increasing RO train size from 1,000 to 10,000 m*d can
save 1.17-1.35 kWh/m®.

e Increasing RO  membrane
0.01-0.02 kWh/m3/% increase.

® Decreasing feed TDS concentration can save about
0.02 kWh/m?®/% decrease (feed TDS concentration should
be decreased by 40% at least for energy saving without
ERD).

e Fouling wastes about 0.05 kWh/m?®/bar, which means
additional 0.05 kWh/m? is required as HP pressure
increases by 1 bar due to fouling.

area can save

Based on the energy saving summary above, we can
set an optimal strategy for energy saving in SWRO pro-
cesses according to a specific situation. For example, if high
flux RO models cost 1.3 times more than standard models,
increasing membrane areas of a standard RO model by 30%
is equivalent to adopting a high flux RO model where the
former method saves 0.3-0.6 kWh/m?, and the latter method
saves 0.23-0.67 kWh/m?®. Because a high flux RO membrane
is prone to fouling, the former method (i.e., increasing mem-
brane areas) could be an optimal solution to minimize the
RO energy consumption. Of course, water product quality
should be carefully monitored in each case before the final
selection of the energy saving method.
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