IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received November 29, 2021, accepted December 30, 2021, date of publication January 4, 2022,
date of current version January 13, 2022.

Digital Object Identifier 10.1109/ACCESS.2021.3140071

Experimental Study on the Influence of Flexible
Control on Key Parameters in Reverse Osmosis
Desalination

SHUAI CHU"!, SHITAN ZHANG?, XIAONA MA"“3, YINXUAN LI,
DENGGAO QIUS, WEICHUN GE'7, AND LEI KOU8

!'School of Electrical Engineering, Shenyang University of Technology, Shenyang 110870, China

2School of Electrical Engineering, Northeast Electric Power University, Jilin 132012, China

3Jiangsu Key Laboratory of Marine Bioresources and Environment, Jiangsu Ocean University, Lianyungang 222005, China

4Key Laboratory of Experimental Marine Biology, Center for Ocean Mega-Science, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071,
China

SState Grid Tianjin Marketing Service Center (Metrology Center), Tianjin 300010, China

SFisheries Research Institute of Fujian, Xiamen 361013, China

7State Grid Liaoning Electric Power Company Ltd., Shenyang 110006, China

8nstitute of Oceanographic Instrumentation, Qilu University of Technology (Shandong Academy of Sciences), Qingdao 250353, China

Corresponding author: Xiaona Ma (marianna_iocas @ 163.com)
This work was supported in part by the China Agriculture Research System of the Ministry of Finance (MOF) and the Ministry of
Agriculture and Rural Affairs (MARA) under Grant CARS-47, in part by the Special Fund for Marine and Fishery Structure Adjustment in

Fujian Province-Development and Application of Physical Treatment Facilities for Wastewater of Seawater Pond under Grant
2021HYJGI1, and in part by the National Key Research and Development Program of China under Grant 2019YFB1505400.

ABSTRACT Variable-frequency drive (VFD) has been widely used in reverse osmosis desalination. Our
purpose is to study how the VFD and pressure regulating valve affect the key parameters of reverse osmosis
desalination and their action principle through experiments. Firstly, the power frequency is controlled by
VED, and the operating pressure is controlled by pressure regulating valve (needle valve) in the experiment.
The feed water passes through the multimedia filter, precision filter and permeable membrane channel in turn,
and permeate water and brine enter the fresh water tank and the brine tank respectively. Secondly, through
experiments on seawater and brackish water respectively, the water flow rate, product water quality, energy
consumption and recovery rate under different operating pressures are obtained when the power frequency
is 25, 30, 35, 40, 45, and 50 respectively. Finally, combined with the working principle and mathematical
model of VFD and high-pressure pump motor, the reason for the experimental results caused by the operation
change is explained theoretically. The experimental results verify that for a certain recovery rate, the specific
energy consumption required for water production decreases with decreasing power frequency. This provides
desalination energy savings but at the expense of permeate production speed.

INDEX TERMS Reverse osmosis, variable-frequency drive, specific energy consumption, recovery rate,
power frequency.

NOMENCLATURE PX pressure exchange.
ABBREVIATIONS RO  reverse osmosis.
BP booster pump. SEC  specific energy consumption.
BW brackish water. SW  seawater.
ERD energy recovery device. VFD variable-frequency drive.
HPP  high-pressure pump.
MED multi-effect distillation. PARAMETERS
MSF  multi-stage flash. o retained salt ratio (%).
PX pressure exchange. B purge cut-off point.
Berp  leakage rate of energy recovery device (%).
The associate editor coordinating the review of this manuscript and AP pressure difference of pressure vessel (bar).
approving it for publication was Binit Lukose . Apaye  average hydraulic pressure difference (bar).
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the total amount of solution transferred to the
draw side (m? /).

water density (kg/m?).

HPP efficiency (%).

mechanical efficiency of water intake pump
(%).

overall efficiency of pumps (%).

main flux (Wb).

constant of solution concentration converted
into osmotic pressure.

dimensionless relative excess pressure.
stator power factor angle (rad).
rotor power factor angle (rad).
water permeability of
(m3/(m? - s - Pa)).

head coefficient.

flow coefficient.

power coefficient.

torque constant.

impeller diameter (m).
equivalent terminal voltage at rotor side (V).
power frequency (Hz).

rated frequency (Hz).

gravitational acceleration (m/s2).

head (m).

rated head (m).

excitation current (A).

stator input current (A).

rotor side equivalent current (A).

mass transfer coefficient (m/s).

motor speed (r/min).

synchronous speed (r/min).

rated speed (rad/min).

motor shaft power (kW).

osmotic pressure of raw feed water (bar).
pole pair numbers of motor rotating magnetic
field.

motor input power (W).

mechanical power output (W).

additional loss (W).

stator copper loss (W).

rotor copper loss (W).

stator iron loss (W).

electromagnetic power (W).

total mechanical power (W).

feed pressure of RO channel (bar).

permeate pressure (bar).

residual liquid pressure (bar).

plant feed pressure (bar).

rated power of asynchronous motor (kW).
rated power of intake pump (kW).

flow (m> /h).

feed water flow rate (m>/h).

rated flow (m> /h).

permeate flow rate (m3/h).

residual liquid flow rate (m>/h).

membrane

Oy booster pump flow rate (m?3/h).
Ofpiany  plant feed flow rate (m3 /h).

Oin intake pump flow rate (m>/h).
Op(pianry  plant permeate flow rate (m3 /h).
T stator winding resistance 2.

T'm excitation resistance €2.

rh rotor winding resistance €2.

RR' volume fraction of feed flow rate.
s slip rate.

Tem electromagnetic torque (N-m).

T output torque.

To no-load torque.

Ysp single pass water recoveries (%).
Uy motor port voltage (V).

Q,, permeate production volume (m3).
Win input power (kWh).

Nm motor efficiency (%).

oF feed water density (kg/m?).

Jw water permeation flux (m>/m?s).
Osp inlet flow rate of booster pump (m>/h).
Obp.in draw solution influent (m3 /).
OF.in feed solution influent (m?3/s).

Onp inlet flow rate of high pressure pump (m>/h).
Wap high pressure pump power (kWh).
X1 stator leakage reactance 2.

x5 rotor leakage reactance €.

L. INTRODUCTION

As an important natural resource, water is closely related
to production and life. Although water resources cover 70%
of the Earth’s surface, 97.5% of them are too high in salt
to be directly consumed by humans [1]. The shortage of
fresh water has become a common global crisis [2]-[4].
According to the World Resources Association, the threat of
global water shortages is expected to intensify in the next
20 years due to population growth, economic growth and
energy consumption.

Seawater desalination is an effective way to increase the
fresh water supply and relieve the pressure of fresh water
shortages. The desalination capacity is growing rapidly in
China and around the world (Figure 1(a)). Tianjin and Shan-
dong Provinces account for 26% and 24% of China’s desali-
nation capacity, respectively (Figure 1(b)), and they are the
two cities with the largest desalination capacity in China.
The Middle East is starved of fresh water and has the largest
desalination capacity in the world (Figure 1(c)). Commonly
used desalination technologies include SWRO, MSF and
MED. With the emergence of PX energy recovery devices,
the SEC of RO is significantly lower than that of other desali-
nation technologies [5], [6]. RO is currently the most popular
and widely method to provide sustainable freshwater [7]-[9].

In RO desalination technology, water molecules are
squeezed through the membrane, and solid particles are
blocked at the feed water side. The electricity cost accounts
for 44% of the total cost and is the main contributor to

4845



IEEE Access

S. Chu et al.: Experimental Study on Influence of Flexible Control on Key Parameters

100, : : : : : : : :

90}

—o— Global desalination capacity ).
= 80l China’s desalination capacity /
s 70}
E 60}
2
5 50
& 40t

30

20 ;i . . . . . .
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Online year

(a)

(O
Afirica 3%
o 3% Middle East
TianJin Europe 0/,
26% 11% \

2%
LiaoNing

Americas
18%

ZheJiang
19%

(b) ©

FIGURE 1. Installation capacity and distribution of seawater desalination.
(a) Installation capacity of desalination in China and the world in recent
years. (b) Distribution of the desalination capacity in China.

(c) Distribution of global desalination capacity. [10].

the desalination operating cost [11]-[13]. Minimizing power
consumption is the most effective way to reduce operating
costs. The complete RO desalination process includes four
steps: water intake, pretreatment, reverse osmosis treatment
and posttreatment. Reverse osmosis treatment accounts for
approximately 71% of the energy consumption of the whole
process, followed by water intake (there may be some differ-
ences in energy consumption due to the influence of the water
source location.) [14]. The power consumption of reverse
osmosis treatment is greatly affected by the recovery rate.
When the recovery rate is high, the specific energy con-
sumption of SWRO rises sharply, and the osmotic membrane
reaches the pressure limit. Therefore, the recovery rate of
SWRO desalination shall not exceed 60% [15]. The energy
consumption of BWRO is lower than that of SWRO, and the
recovery rate can reach more than 80% [16], [17].

The effect of SWRO equipment performance on energy
consumption has been widely studied through theoretical
modeling and experimental analysis [18]-[23]. With the high
penetration of wind power and photovoltaic in the power
grid, the current trend is that desalination plants need to
operate flexible enough to cope with the volatility of wind
and solar energy. The power electronic VFD is a tried-and-
tested, reliable and cost-effective solution that ensures precise
control of torque and speed for electric rotating machines
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(such as pumps, compressors, fans, extruders, etc.) in a wide
range of industrial fields. VFD provides more efficient energy
management and better process control accuracy and flex-
ibility [24]. At present, large-scale RO desalination plants
are usually equipped with VFDs and pressure regulating
valves. Operators can control water flow [25], energy con-
sumption [26] and recovery rate [27] by adjusting power
frequency and operating pressure. Although there is hope
and affirmation for the feasibility of long-term operation
of RO system under variable load, the work reported in
[28]-[31] is qualitative, and no specific dynamic model has
been developed for the analysis of RO system under variable
conditions.

For different application scenarios, Table 6 lists the most
recently used SEC calculation formula. Although these schol-
ars have made great contributions to their work and inspired
our interest in further research, the current research does
not consider the perfect detailed RO model to analyze the
results of different operating conditions, nor does it con-
sider the operation optimization of the system. For example,
parameters such as the polarization factor [32] change with
changes in operating conditions, or the efficiency of the VFD
decreases at a frequency lower than its rated maximum fre-
quency. The purpose of this paper is to study the effects of
changing SWRO operating conditions on energy consump-
tion, recovery and product water quality through experiments.
The main contributions of this paper are as follows:

o The key parameters (feed water flow rate, permeate
flow rate, brine flow rate, permeate quality, total energy
consumption, recovery rate and SEC) of RO desalination
are studied by experiments.

o The energy transfer relationship of RO desalination is
analyzed. The working principle of the energy consump-
tion change caused by the VFD and pressure regulating
valve is studied.

o The relationship between the SEC, recovery rate and
power frequency is analyzed. It is proven that reducing
the power frequency has a positive impact on reducing
energy consumption, especially for BWRO, but reduces
the permeate production speed.

The organizational structure of this paper is as follows.
The experimental study of SWRO and BWRO is presented
in Section II. Section III discusses the experimental pro-
cess and results, and the conclusions are summarized in
Section IV.

Il. EXPERIMENT

A. EXPERIMENTAL EQUIPMENT

The rated permeate water production capacity of RO desali-
nation equipment is 5 m3/day (Figure 2). Table 1 lists the
main components of the experimental equipment: the water
storage tank, water pump, VFD, filtration system and RO
membrane. The RO membrane limits the operating pressure
of the system so that it cannot exceed 6 MPa. Although the
experimental equipment contains flowmeters, two electronic

VOLUME 10, 2022
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FIGURE 2. View photos of the device from different angles.

scales are used to accurately measure the weight of the
permeate water tank and brine tank. The permeate water
tank and brine tank are placed on electronic scales to accu-
rately measure permeate production and brine production,
respectively. In addition, the VFD can adjust the speed of the
asynchronous motor by changing the power frequency. The
wiring mode of VFD control circuit is shown in Figure 3.
The speed of the motor is proportional to the frequency of the
power supply. Equation (1) defines the relationship between
the motor speed and power frequency. The HPP and the

VOLUME 10, 2022

asynchronous motor are connected through a conveyor belt,
and the HPP and asynchronous motor have the same speed.

n = 60f/p (D

The operation process of the experimental equipment is
shown in Figure 4. First, the intake pump delivers feed water
from the feed water tank to multiple media filters for pretreat-
ment. Then, the filtered water passes through a 5-micron pre-
cision filter and a 1-micron precision filter in turn. To avoid
the RO membrane being scratched, suspended solids greater
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TABLE 1. Calculation formulas of SEC used in recent years.

Components Specifications Function

Feed water tank 400 L Guaranteed water supply of the later stage
Permeate water tank 200L Storage of permeate water

Brine tank 400 L Storage of brine

Rinse tank 251 Backwashing the reverse osmosis membrane
Intake pump PN =0.37TkW Take water from the feed water tank

HPP 15 L/min Increase water pressure to RO membrane

Asynchronous motor
VFD

Pressure regulating valve
Multimedia filter
Precision filter

RO membrane

PN,H = 1.5 kW ne,hp = 82.8%
TD500-T0022G3

1252
20 1in

2540

Drive HPP

Adjust the speed of the asynchronous motor

Adjust the RO operating pressure

Interception of suspended solids greater than 40 pm

Filter the suspended solids of more than 1 pm to avoid scratching the
RO membrane

Remove salt, suspended particles, colloids and microorganisms in
water

braking resistor

Single phase
power supply
—0 0

—0 0 @
220V, 50Hz
4OP OP
+24V

External power

Digital

—0 O
Digital x2 | |F¥=
i
Digital x3 | %3 :ﬁ:
—0 O—O—
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FIGURE 3. The wiring mode of VFD control circuit.

than 1 micron in water are filtered out. Finally, the filtered
water is pressurized by an HPP and transported to the RO
membrane to remove salt, suspended particles, colloids and
microorganisms in the water. The permeate enters the perme-
ate water tank, and the brine enters the brine tank.

B. EXPERIMENTAL CONDITION

The conditions and hypotheses involved in the experiment are
listed below.
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o The feed water tank is equipped with a constant temper-
ature heating rod. The feed water temperature is constant
at 20 °C.

o The composition of seawater is very complicated. The
contents of chemical elements in seawater vary greatly
(Figure 5). According to the composition and proportion
of the seawater in Dalian Bay, NaCl, MgCl,, CaCl,, KClI
and MgSO4 compounds were added into the water as the
experimental feed water.

o The biofouling, suspended solids and inorganic contam-
inants on the membrane surface are considered constant
in a short time.

o It is assumed that the desalination capacity of the RO
desalination equipment will not change in a short period
of time.

o The PX energy recovery device is only suitable for
large-scale desalination plants. Because the scale of
the experimental equipment is small in this paper,
a PX energy recovery device and booster pump are not
installed (which will not affect the conclusion of the
experiment).

Within the allowable range of safe operation of the exper-
imental equipment, the permeate water quality, power con-
sumption and recovery rate are studied by changing the power
frequency and operating pressure. The operation parameters
of the experimental process are set as shown in Table 2.
The rated speed and frequency of the asynchronous motor
are 1400 r and 50 Hz, respectively. According to (1), when
the power frequency is reduced from 50 Hz to 25 Hz, the
speed of the motor is also reduced to half of the rated speed.
Before the start-up of the experimental equipment, the power
frequency of the VFD is set. After the HPP is started, the
operating pressure is set by adjusting the pressure regulating
valve. After the water production becomes stable, the weight
of the electronic scale is recorded immediately and again two
minutes later. Therefore, the water production in two minutes
is the difference between the value recorded later and the

VOLUME 10, 2022
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FIGURE 5. Composition and content of particulate matter in seawater.
Dalian Bay is located in the southernmost Bay of the Liaodong Peninsula
in China. The composition of seawater in Dalian Bay comes from the
water quality analysis report in May 2019. Millero et al. provided the sea
salt composition of the Atlantic surface water [33].

previous value. The detailed experimental flow chart is shown
in Figure 6.

C. EXPERIMENTAL RESULT

The VFD adjusts the power frequency to change the motor
speed. The HPP always maintains a synchronous speed with
the motor. It should be pointed out that the speed of HPP
determines the feed water flow rate, and the operating pres-
sure does not change the feed water flow rate. Therefore,
when the power frequency is determined, the feed water flow
rate does not change. In the experiment, the feed water flow
rate is given in Table 3.

Both the HPP speed and pressure affect the permeate flow
rate and the brine flow rate (Figure 7). With increasing power
frequency (25 Hz to 50 Hz), the speed of the HPP also
increases. Then, the permeate production increases slightly,
and the output of brine increases significantly. The growth
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FIGURE 6. Experimental operation flow chart of RO desalination.

rate of the brine flow rate is always higher than that of the
permeate. In addition, the pressure regulating valve increases
the operating pressure by limiting the brine flow. When the
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TABLE 2. Experimental parameters of RO desalination.

Parameter Seawater Brackish water
Temperature (°C) 20 20

Salt concentration (mg/L) 35,000 3500

Pressure (MPa) [3.5,4.0,4.5,5.0] [1.5,2.0,2.5,3.0,3.5]

Power frequency (Hz)

[25, 30, 35, 40, 45, 50]

[25, 30, 35, 40, 45, 50]

TABLE 3. Feed water flow of SWRO and BWRO at different power
frequencies (kg/min).

Power frequency (Hz) Seawater Brackish Water
25 7.04 7.06

30 8.51 8.50

35 9.89 9.90

40 11.51 11.51

45 12.90 1291

50 14.50 14.48

pressure increases by 0.5Mpa, the weight of permeate in the
SWRO and BWRO experiments increases by 1.1kg and 2kg,
respectively. When the operating pressure and power fre-
quency reach a maximum (SWRO (5.0 MPa, 50Hz), BWRO
(3.5 MPa, 50Hz)), the flow rate of the permeate reaches a
maximum.

There is a strong linear relationship between the water
conductivity and salt content. A higher conductivity indi-
cates that there is a higher salt content in the permeate. The
HPP speed and pressure have a great influence on the RO
filtration efficiency (Figure 8). In SWRO, because the feed
water salinity is very high, increasing the operating pressure
can always reduce the conductivity of permeate. In addition,
increasing the HPP speed also significantly improves the
permeate quality (Figure 8(a)). At any operating pressure, the
conductivity at 50 Hz is always approximately 0.3 mS/cm
lower than that at 25 Hz. However, the conductivity tends to
be stable in BWRO when the frequency is higher than 40 Hz
(Figure 8(b)). At this time, the HPP speed and pressure have
little effect on the BWRO filtration efficiency. The filtration
capacity of the RO membrane reaches the limit. Although
the HPP speed and pressure affect the desalination rate, the
filtration efficiencies of SWRO and BWRO are always more
than 95% and 99%, respectively.

Higher HPP speed and pressure consume more power
(Figure 9). This power includes the total power of the asyn-
chronous motor, intake pump and other auxiliary equipment.
The power consumption of SWRO is much higher than
that of BWRO. The additional energy consumption mainly
comes from the asynchronous motor in RO treatment. The
energy consumption of the asynchronous motor increases
substantially with increasing operating pressure and power
frequency. The power consumption of the intake pump and
other auxiliary equipment is affected very little by the oper-
ating pressure and power frequency.
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The inlet pressure is provided by the intake pump (Fig-
ure 10). The inlet pressure is independent of the operating
pressure provided by the HPP. With increasing power fre-
quency and HPP speed, the inlet pressure decreases gradually.
Because the osmotic pressure of seawater is higher than that
of brackish water, the inlet pressure of SWRO is higher.

When the recovery rate is too high, the RO membrane
is prone to scaling and overconcentration polarization in
SWRO. Therefore, a higher recovery rate is considered in the
BWRO experiment. The recovery rate is affected by both the
operating pressure and power frequency (Figure 11). When
the power frequency is low, the low HPP speed reduces the
flow rate. At this time, water molecules are no longer over-
crowded when passing through the osmotic membrane, and
the obstruction degree of membrane impedance to permeate
flow is reduced. Therefore, reducing the power frequency is
helpful to improve the recovery rate. In addition, the oper-
ating pressure is the decisive factor in changing the recovery
rate. With the increase of pressure, the recovery rate increases
greatly. When the power frequency is 50 Hz, the average
recovery rates of SWRO and BWRO increase by 4% and 7%,
respectively, for every 1 MPa increase in operating pressure.
When the power frequency is low, the recovery rate increases
more. When the frequency is 25 Hz and the pressure is 5 MPa,
the recovery rates of SWRO and BWRO reach the highest
points of 33.3% and 83.5%, respectively. In short, a higher
pressure and lower frequency can improve the recovery rate.

The SEC is defined as the electrical energy required to
produce each ton of permeate. The SEC has a strong cor-
relation with the operation mode of HPP. The SEC in Fig-
ure 12 is obtained from the actual HPP energy consumption
measurement. The energy consumption of the intake pump
and other auxiliary equipment is not considered. When the
power frequency is 25 Hz and the operating pressure is the
maximum, the SEC of SWRO and BWRO is the lowest,
which are 6.59 kWh/m? and 2.01 kWh/m?, respectively. The
SEC under opposite operating conditions (50 Hz) exceeds
twice its minimum value. For both SWRO and BWRO, the
SEC can be reduced by increasing the operating pressure and
reducing the power frequency.

Ill. DISCUSSION

A. ENERGY TRANSFER

Energy is the consumable of RO desalination. First, the
electric energy in the power grid changes the frequency
through the VFD. Then, electrical energy is transferred to an
asynchronous motor and converted into mechanical energy.

VOLUME 10, 2022
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FIGURE 8. Conductivity of the permeate. (a) Conductivity of permeate water for SWRO. (b) Conductivity of permeate water for

BWRO.

Finally, mechanical energy is used to drive the HPP. In the
process of energy transmission, the asynchronous motor and
HPP produce some energy loss (Figure 13). The efficiency

VOLUME 10, 2022

of the motor is the ratio of the output mechanical power and
input power, as show in (2). The efficiency of the HPP is the
ratio of the effective power and input shaft power, as show
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in (3). In addition, the friction loss of the belt is very small and
canbeignored, so P3 & P;. Therefore, the calculation of SEC
under thermodynamic limit constraints needs to consider the
efficiency of the motor and HPP and ignore the friction loss
of the belt.

P

I = —2 x 100% Q)
Py
Py

np = — x 100% 3)
P3

The T-type equivalent circuit in Figure 14 can fully reflect
the relationship among current, power and torque in asyn-
chronous motor. Therefore, T-type equivalent circuit is used
to analyze the power balance relationship of asynchronous
motor. When the asynchronous motor is running, the electri-
cal power is input from the power grid and the mechanical
power is output from the motor shaft. The input power is

4852

shown in (4).

P1 =3U111 COS @1 (4)

When the motor stator inputs current /;, copper loss pcy1
will be generated on the stator winding resistance. In addition,
the three-phase current generates a rotating magnetic field in
the stator winding and cuts the stator core, resulting in stator
iron loss pr., as shown below.

PCul = 31121’1
PFe = 3I§Vm

)
(6)

After deducting the stator copper loss pcy, and stator iron
loss pr. from the motor input power P, the remaining power

is the electromagnetic power P, transferred from the stator
side to the rotor side by the air gap magnetic field through the
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FIGURE 11. Recovery rate under different HPP operation modes. (a) Recovery rate for SWRO. (b) Recovery rate for BWRO.
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FIGURE 12. SEC under different HPP operation modes. (a) SEC for SWRO. (b) SEC for BWRO.

electromagnetic induction relationship, as shown in (7).

Pen = P1 — (Pcut + Pre) @)

According to the equivalent circuit physical parameter

relationship in Figure 14, the electromagnetic power P, can
also be expressed as follows:

/
Pow = 3E}I cos gy = 31,22 ®)

Because the rotor frequency is too low, the iron loss of the
rotor can be ignored. The rotor copper loss is the resistance
loss caused by the rotor current flowing through the rotor

VOLUME 10, 2022

Brackish Water

(b)

winding.

2
pcu2 = 3Ié ré = 5P )

Then the total mechanical power on the motor shaft is as
follows:

Ppec = Pemy — pcuiz = (1 — $)Pesy (10)

In addition, when the motor is running, mechanical loss

Pmec and additional loss p,q are generated. The mechanical
power output P> on the motor shaft is shown in (11):

Py = Puec — (Pmec + Pad) (11)
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Asynchronous motor
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FIGURE 13. Energy transfer process between an asynchronous motor and a high-pressure pump.
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FIGURE 14. T-type equivalent circuit of the asynchronous motor.

From the dynamics, it is known that the mechanical power
of the rotating body is equal to the product of the torque acting
on the rotating body and the mechanical angular velocity.
The left and right ends of (11) are divided by the mechanical
angular velocity at the same time. Equation (11) is rewritten
as follows.

é . Ppec - Pmec + Pad
Q Q Q
According to the relationship between physical quantities,
(12) is equivalent to (13).

(12)

Ty =T — To (13)

Mechanical angular velocity Q2 = 2nn / 60. Therefore, the
electromagnetic torque in (13) can be simplified as follows.

Pmec_(l_s)Pem_Pem

Tem = = =
mTTQ T el T g,

(14)

Considering the physical characteristics of electromag-
netic torque, when P,,, = 3E}I; cos @3, the physical expres-
sion of electromagnetic torque is as follows. In (15), Cr is the

4854

torque constant, and Cr = 4.44/27r X 3pN1Kp1. It can be
seen that the electromagnetic torque of the motor increases
with the increase of the active component of the current.
P, 3E'51'5 cos @
Tem = =
Q) 2mny / 60
According to Figure 14, the rotor current is calculated as
follows:

= Cr®nlycosgy  (15)

Ui

I =
\/(Vl + r’z/S)2 + (1 +x'2)°

(16)

Therefore, when Poy = 31'2%r"> /s, the electromagnetic
torque can also be expressed in the form of (17). Therefore,
when the electromagnetic torque is constant, the terminal
voltage of the motor increases with the increase of the power
frequency.

Pem 3pU12r’2/s

2 2mfil(rr + 72/ + (1 +22)°]
Although increasing the power frequency and operating

pressure both increase the power consumption (Figure 12),

the reasons for the increase in power consumption are differ-

ent. Next, we analyze the function and principle of the VFD

and pressure regulating valve in the RO desalination process

to more clearly understand the causes of energy consumption
changes.

Tom = 17)

1) VFD
The VFD is a dual variable output system that includes the
output frequency and output voltage. The output frequency of
the VFD determines the output voltage, which is proportional
to the output frequency. When the motor runs below the
fundamental frequency (< 50 Hz), the motor has a constant
torque output. At this time, the output power of VFD is shown
in (18).

Temn 6Tenf

= = (18)
9550 ~ 955p

Py

VOLUME 10, 2022



S. Chu et al.: Experimental Study on Influence of Flexible Control on Key Parameters

IEEE Access

TABLE 4. Output voltage of VFD (V).

TABLE 5. Single-phase current active component (A).

Power frequency (Hz) SWRO BWRO Operating pressure (MPa) SWRO BWRO
25 197 197 1.5 - 0.75
30 234 234 2.0 - 0.86
35 271 271 2.5 - 0.98
40 307 307 3.0 - 1.11
45 345 345 35 1.24 1.24
50 383 383 4.0 1.34 -

4.5 1.44 -

5.0 1.54 -

In the water supply equipment driven by VFD, the fre-
quency f determines the speed n of the motor. For the same
pump, the proportional law of the pump can be used to
calculate the head, flow and power at different speeds [26],
[34]. When the impeller diameter is fixed and the speed is
changed, the change law of its performance is shown in (19).

ON.H _ NNH
0 n
Hyu _ (”N,H)2 (19)
n
Pvu (nN,H>3
P n

It can be seen from (1) that the power supply frequency f of
the motor is directly proportional to the speed n. Therefore,
the frequency f also has the above n-th power (n = 1,2,3)
proportional relationship with flow, head and motor shaft
power, as shown in (20).

OnvH _ INH

°c "
H
M_(M>3
A

Hellmann et al. [35] suggested using VFD as an energy-
saving method for desalination. Compared with flow control
valves, VFDs have the advantage of significantly reduc-
ing energy consumption during low flow and pressure. The
parameters related to pump performance can be divided into
three dimensionless factors, namely head, flow and power
coefficient, as shown in (21).

gH
H = ap
0
co = f_Dg, 2D
o — Whp
VT of3Ds

Constant output torque ensures that the current does not
change when the power frequency is lower than the funda-
mental frequency. At this time, the output voltage increases
with increasing output frequency, as shown in (17). In the
experiment, the output voltage of the VFD at different power
frequencies is given in Table 4.
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2) PRESSURE REGULATING VALVE

The needle valve is used as the pressure regulating valve in the
experiment. The pressure regulating valve is installed at the
brine outlet of the RO channel. The pressure regulating valve
cannot change the feed water flow rate. The pressure regu-
lating valve limits the brine flow in the process of increasing
the operating pressure. At this time, both the permeate flow
rate and recovery rate increase. The brine flow rate is limited,
which is equivalent to increasing the load of the HPP. The out-
put torque of the motor is determined by the load. As the load
increases, the motor needs to output more torque. The elec-
tromagnetic torque of the asynchronous motor is produced by
the interaction between the main flux of the air gap and the
rotor current active component. The electromagnetic torque
T.m is proportional to the current active component I’ cos ¢,
as shown in (15). In addition, the port voltage of the motor
remains constant when the power frequency is determined.
Therefore, the energy consumption increases with increasing
current active component. The experimental power supply is
a three-phase alternating current, and the single-phase current
active component in the experiment is given in Table 5.

It should be pointed out that the power loss of the asyn-
chronous motor is related to its port voltage. Higher supply
voltage leads to an increase in rotor current and a slight
increase in power loss. Moreover, even if the motor output
torque is constant, the power supply current increases slightly
due to the additional power loss. Therefore, by using VFD to
adjust the power frequency, the efficiency of the motor also
changes. However, for high-efficiency motors, the change in
efficiency is very limited.

B. RELATIONSHIP BETWEEN THE RECOVERY RATE AND
SEC

With the development of RO technology, large-scale RO
desalination plants are gradually installed with a VFD. The
VFD can adjust the power frequency to change the HPP
speed to adjust the recovery rate (Figure 11). In past studies,
we have fully considered the effects of the recovery rate,
brine temperature and salinity on the energy consumption
(Table 6), but consideration of the power frequency is lacking.
In the experiment, the influence of the power frequency on the
recovery rate and SEC of RO desalination was studied when
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FIGURE 15. SEC vs recovery rate for SWRO and BWRO at different power frequencies and pressures. (a) SWRO. (b) BWRO.
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FIGURE 16. Influence of the VFD and pressure regulating valve on the key parameters of RO desalination.
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- e = T

the motor was running below the fundamental frequency water concentration and temperature are determined, there is
(£ 50 Hz). The relationship between the recovery rate and a one-to-one corresponding functional relationship between
SEC of RO desalination under different operation modes of the SEC and recovery rate. That is, as long as the recov-
HPP is given in Figure 15. When the power frequency, feed ery rate is known, the corresponding SEC can be obtained.
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TABLE 6. Calculation formulas of SEC used in recent years.

Specific energy consumption Formula description Physical meaning Pump efficiency Efficiency of the energy  Reference
recovery device
2_R The cross flow structure and the RO de- RO treatment. No consideration. No consideration. [12],[15]
SEC =2.05x 107 °Co————— +2.78 x 107 TAP,, 22)  viceare considered.
5 0 =R et (22)
The SEC does not include the energy RO treatment. No consideration. No consideration. [36]
o . .
SEC = 1_R (23)  required to create excess pressure in the
- module.
Intermittent reverse osmosis system. RO treatment. No consideration. No consideration. [37]
SEC — 00 1 1-R)1L 1+(B-1DR o
5C =0 = _ 2
“li=a” "R |8 1-R
The water flux and operating pressure RO treatment. Included. Included. [38]
SEC — PiQys/nup — PrQrnERD (25)  during the dynamic operation of RO are
Qp considered.
P P P The water flux and operating pressure  Total energy consumption for  Included. Included. [39]
SEC = Qo Py + QvpPop + QinPintake (26)  during the dynamic operation of RO are  fresh water production.
NHP nBpP Nintake considered.
The water flux and operating pressure HPP and asynchronous motor. Included. No consideration. [51
SEC — Qs PrCog (27)  during the dynamic operation of RO are
NmMuPQp considered.
Specific energy consumption after nor- RO treatment. No consideration. No consideration. [40], [41]
1
SEC = e 28 malization.
T-Rr + (28)
. _ 1 [Pr=Pp 1-R
5E07§[77Hr»}+(1_ﬁERD)[R]
« {P,, +nerp (P — Pr) —nerp Py } 9) The leakage flow of ERD is considered. RO treatment. Included. Included. [18], [21]
NHP
» 1013250 The water flux and operating pressure  Total energy consumption for  Implicit. Implicit. [42]
M during the dynamic operation of RO are  fresh water production.
SEC = p(plant) P 30)  considered.
36 x 10° G0
The osmotic pressure of feed water is RO treatment. Included. Included. [43]
SEC — (1 —nerp (1 —Ysp)) (Ps — Po) (1) considered.
npYsp
. The SEC is obtained by dividing the total Total energy consumption for  Implicit. Implicit. [44], [45]
o - Win (32)  emergy consumption of SWRO by the  fresh water production.
T 3600 3 Q, ~" total water production volume.
out
The energy consumption of the high- RO treatment. Included. No consideration. [46]
SEC = angpp! Qprappy (33)  pressure pump and booster pump is cal-
3.6 X 10°),,npp 3.6 X 105, n5p culated, respectively.
L rR P Constant finite flux is considered. RO treatment. No consideration. No consideration. [47]
SEC = - g w/k S VaRrR 34
R /u ( A 1— RR' G
A A The water flux and operating pressure RO treatment. No consideration. No consideration. [48]
SEC = Pavg AQD (35)  during the dynamic operation of RO are

36 (Qp.in + QF,in)

considered.

However, when the power frequency is variable, given a
certain recovery rate, the SEC of RO desalination may be
different due to the different power frequencies, especially
for BWRO. This provides a way to reduce the energy con-
sumption of RO desalination.However, reducing energy con-
sumption by reducing frequency at the expense of fresh water
production speed (Figure 7). Therefore, it is necessary to fully
respect the water demand to reduce energy consumption in
this way.

C. EXPERIMENT SUMMARY

Figure 7 to Figure 12 analyze how the power frequency and
operating pressure affect the permeate flow, brine discharge,
permeate quality, total energy consumption, recovery rate and
SEC of RO desalination. Properly adjusting the VFD and
pressure regulating valve can reduce the power consumption
as much as possible on the premise of meeting the demand
of water production. The experimental results show that the
decrease in power frequency can reduce the feed water flow
by reducing the HPP speed, which can improve the recovery
rate and reduce the SEC. However, the operating pressure

VOLUME 10, 2022

does not change the feed water flow. The pressure regulating
valve improves the recovery rate and reduces the SEC by
limiting the brine flow. In addition, the variation in the key
parameters in RO desalination is shown in Figure 16.

IV. CONCLUSION
The application of the VFD in RO desalination has a certain
impact on the water production efficiency, power consump-
tion and recovery rate. First, this paper analyzes the influence
of the power frequency and operating pressure on the opera-
tion state of RO desalination through experiments. Then, the
working principle of the VFD and pressure regulating valve
in changing the energy consumption of RO desalination is
discussed. Finally, it is pointed out that the actual SEC of RO
desalination cannot be calculated according to the recovery
rate when the power frequency is unknown. The specific
conclusions are listed as follows:
o The feed water flow is only related to the power fre-
quency but not to the operating pressure.
« Increasing the operating pressure and power frequency
can both improve the permeate quality.
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When the power frequency is adjusted below the
industrial frequency through VFD, the output voltage
increases with the increase of power frequency. At this
time, the permeate flow rate is increased, and the salt
water discharge rate is faster, resulting in a decrease in
the recovery rate.

When the pressure regulating valve is used to increase
the working pressure, the current increases with the
increase of motor torque, so the total power consumption
also increases, but the SEC decreases.

Only when the power frequency is determined there be a
one-to-one functional relationship between the recovery
rate and SEC.

This paper is only a preliminary experimental study on
the influence of the power frequency on RO desalination.

We
RO

hope that the work in this paper can help the staff of
desalination plants. In addition, we hope that we will

continue to perform more detailed research on the process of
calculating energy consumption in the future.
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APPENDIX A
In different application scenarios, the calculation formula of
specific energy consumption is shown in Table 6.
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