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ABSTRACT

An experimental photovoltaic-wind-powered seawater desalination system with a design capacity
of 1 m*/d was developed and tested in Xiamen, China. A 5-kWp photovoltaic array was used as the
main driving source, and two 0.5-kW wind generators as the supplementary source. A small-capacity
battery bank for 1.5 h of system autonomy was equipped, and an electricity equilibrium/buffer con-
troller was specially developed to manage the produced, demanded, stored, and rejected power of
the system. The desalination unit used was a three-stage reverse osmosis (RO) unit without energy
recovery device. The system was operated in an automatic mode throughout September and October
2015, showing good suitability to unsteady solar and wind energy, during which the RO unit ran for
6.1 h/d averagely, showing reliable performance in the intermittent off-and-on operation mode. The
daily water production ranged from 0 to 1.56 m®/d, and the daily average was 0.92 m®d. Using real
seawater with a salinity of 31,000 ppm as feed, the system obtained a salt retention rate over 99% and a
water recovery ratio about 20%. The specific energy consumption of freshwater was 17 kWh/m?®, with

the ways to lower it discussed.
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1. Introduction

The combined effect of the continuous increase in the
world population, the increase in per capita water demand
caused by the change of life style, and the decrease in the
availability of potable water resource caused by climate
change and contamination makes water desalination an
important way of providing sustainable source of freshwater
for many arid areas in the world. The global capacity of com-
missioned desalination plants was over 86.8 million m?/d by
June 30, 2015 [1]. Desalination is an energy-intensive indus-
try, which not only depletes the fossil fuels that are typically
used as the energy source but also causes emissions of green-
house and other undesirable gases. In recent years, there
has been an obvious interest in renewable-energy-powered

* Corresponding author.

desalination systems [2,3], of which solar photovoltaic
(PV) driven reverse osmosis (RO) desalination, solar still,
wind-driven RO desalination, and solar thermal membrane
distillation are the most representative.

It has been demonstrated that compared with solar-only
and wind-only power generation systems, hybrid solar and
wind systems have the potential to provide more reliable
power sources in changing weather conditions [4], indicat-
ing more stable water production when being used to drive
desalination processes. The combination of hybrid PV-wind
power generation units, which are characterized by low
maintenance requirements and short construction time [5],
and RO units, which are characterized by relatively low
energy consumption and cost [6], has attracted the attention
of some researchers [5-17].

Koutroulis and Kolokotsa [6] proposed an optimal siz-
ing method for minimizing the 20-year round total cost of
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a PV-wind-RO system, with the results showing that the
hybrid-powered systems were more profitable than the sep-
arate PV-powered and wind-powered systems. Mohamed
and Papadakis [7] presented a simplified method for sizing
and simulating PV-wind-RO systems, and the case study
showed a calculated water cost of 5.2 €/m?® Cherif and
Belhadj [8] proposed a system consisting of a 400-m? PV
array, a 10-kW wind turbine, and a two-stage RO unit, and
estimated the monthly energy and water production under
climatic conditions of southern Tunisia. Mokheimer et al. [9]
proposed an optimal sizing method for PV-wind-RO sys-
tems and optimized the system components under a con-
stant RO load of 1 kW for operation time of 12 and 24 h/d,
respectively, obtaining an energy consumption ranging
between 8 and 20 kWh/m? and a water cost ranging between
3.693 and 3.812 $/m> Mousa et al. [10] optimally designed a
small-size system and obtained a water cost of 0.498, 0.851
and 1.211 $/m? when the specific energy consumption (SPC)
of freshwater was 2.5, 5.0 and 7.5 kWh/m?, respectively.
Kershman et al. [11] investigated a PV-wind-grid-RO system
with a design water capacity of 300 m*/d and predicted that
the levelized water cost would increase by not more than
45% compared with the grid-power-only solution. Using
a pumped storage unit rather than traditional batteries as
energy storage unit, Spyrou and Anagnostopoulos [12]
investigated the optimal design of a hybrid-powered RO
system and obtained a water cost range of 1.5-3 €/m°.

Besides the theoretical studies performed on PV-wind-RO
systems mentioned above, a few experimental setups have
been built, with the general information summarized in
Table 1. All the established systems were off-grid small-scale
systems, of capacity not more than 20 m?*/d. Although there
are several different energy storage alternatives like water
pumping, flywheels, batteries, and hydrogen storage, bat-
teries were used in all the experimental systems. The system
reported in reference [16] had the longest running period,
about 3 years, with a water cost of 12.6 ¥/m® much higher
than that of 5-6 ¥/m? [18] for the conventional grid-powered
RO systems. The high capital cost of the PV and wind gen-
erators, especially the former, was the main reason for the
high water cost [7]. Although unable to compete with the
grid-powered RO systems economically so far, the auton-
omous, low-maintenance PV-wind-RO systems have a big
advantage when used to produce desalinated water for
remote and isolated areas lacking portable water and elec-
trical grid.

The objective of the present work was to investigate
experimentally the performance of a stand-alone hybrid
PV-wind-powered RO seawater desalination system. The
experimental setup was built in the city of Xiamen (24°23'-
24°54' N and 117°53'-118°26" E [20]) in Fujian Province, a
coastal province in the southeast of China. There are about
1,500 islands over 500 m? in Fujian [21], and most of them
are far from the electrical grid. Considering the high cost of

Table 1

General information of established hybrid PV-wind-RO desalination systems
Reference number [13] [14]
Geographic location Heelat Ar Israel

Rakah, Oman

Operation mode Off-grid Off-grid
Design water output 5 m?/d 3m’d
Feed salinity or TDS, ppm 1,010 4,000
Power of PV array, kWp 3.4° 3.5
Number of PV panel 64 64
Tilt angle of PV array 40° N/A
Rated wind power output, KW 10¢ 0.6
Number of wind turbine 1 1
RO operation pressure, MPa N/A® 14-1.6
Pressure recovery device Not included N/A
Model of membrane element N/A N/A
Number of membrane element 12 2
Water recovery ratio, % 70 50
Battery bank capacity, Ah N/A 1,500
Freshwater salinity, ppm 34 200
Running period N/A N/A
Specific power consumption of ~N/A N/A
produced water, kWh/m?
Water cost N/A N/A

[3] [15] [16] (17]
Attiki, Nanao, Dongshan, Zhejiang,
Greece China China China
Off-grid Off-grid Off-grid Off-grid
130 L/h 20 m3/d 20 m3/d 25L/h
37,000 29,100 N/A N/A

4 13.1 5 0.28

36 146 N/A 2

Two angles 28° N/A N/A

0.9 33 15 1

1 11 N/A 1

5.8 5.5 N/A 5.0

N/A Not included N/A Included
SW30-2540¢ SW30-4040¢ N/A SW30-2521¢
2 6 N/A 1

15 30 N/A 7.5

1,850 9,600 400 400

230 <1,000 N/A N/A
N/A N/A 3 years 2 months
N/A N/A 10.9 4.8¢

N/A N/A 12.6 ¥/m? N/A

AN/A = Not available.

*Value calculated from the reported data.
‘Wind power was used to run a pump to abstract groundwater for both desalination and irrigation.
4Membrane produced by Dow Filmtec [19].

¢The value is doubtful.
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water shipping from the mainland, stand-alone PV-wind-
powered desalination systems are under planning for several
inhabited islands, and the one presented here is a small-scale
experimental system with a design water capacity of 1 m?/d,
from which we intend to improve the understanding of the
system performance and get some experience in system
design and operation.

2. Description of the experimental setup

Fig. 1 shows the schematic diagram of the experimen-
tal system, which mainly consists of a solar PV array, two
wind generators, a storage battery bank, an electricity equi-
librium/buffer controller, a direct current (DC)/alternative
current (AC) inverter, and an RO desalination unit. The
first five units are used to ensure a stable power input to
the RO unit, among which the solar and wind generators
are power production units; the battery bank is an energy
storage (by charging) and compensation (by discharging)
unit; the equilibrium/buffer controller is used to realize
an effective energy management of the system; and the
DC/AC inverter is used to convert DC to AC. The arrows in
Fig. 1 indicate the direction of energy flows. A monitoring
and control system (not shown in Fig. 1) is also included to
monitor/record the operating parameters and realize auto-
matic control of the experimental system.

2.1. RO desalination unit

The configuration of the RO desalination unit is sche-
matically shown in Fig. 2. It consists of a feed pump, a pre-
treatment unit, a high-pressure pump, an RO membrane

Electricity
equilibrium/buffer
controller

module, and a cleaning tank, with the instruments for pres-
sure, conductivity, and flow rate measurement at locations
shown in Fig. 2.

Driven by the feed pump, feed seawater is pretreated
in a multi-media filter, a 5-um cartridge filter, and a 1-pym
cartridge filter sequentially, to remove the particles and ions
harmful to RO membranes. In the high-pressure pump, the
feed is pumped to a pressure high enough to overcome its
osmotic pressure, and then introduced into the membrane
module. To protect the membranes, a frequency converter
was added to realize a variable-frequency start-up of the
high-pressure pump. Three Filmtec [19] spiral-wound mem-
brane elements (SW30-2540), each installed in one pressure
vessel, were connected in series to be a three-stage module.
The nominal water recovery of the membrane element is 8%,
and the maximum operating pressure is 5.5 MPa. Routed
into the first stage of the RO module, the feed seawater is
separated into permeate and concentrate. The concentrate is
used as the feed of the second stage where it is further con-
centrated and then used as the feed of the third stage. The
permeate from the three stages is output as product water.
The operating pressure of the membrane module can be reg-
ulated by changing the opening of the pressure-regulating
valve installed in the outlet pipe of the membrane concen-
trate. To protect the membranes, a small amount of permeate
is stored in the cleaning tank for membrane washing after
operation every day.

A centrifugal pump (CHL4-30) with a motor power
of 0.55 kW serves as the feed pump, and a piston pump
(RS-SS15) with a motor power of 1.5 kW and maximum oper-
ating pressure of 10 MPa serves as the high-pressure pump.

I Power source for

| / desalination

RO desalination unit

Fig. 1. Schematic diagram of the hybrid PV-wind-powered RO desalination system.
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Both the pumps are run by 220 V AC. The electricity need of
the pumps and the monitoring/control system was estimated
to be 2.1 kW.

2.2. PV array

Table 2 shows the monthly average air temperature,
solar insolation, and wind speed of Xiamen [22,23]. For a
fixed-slope PV system as used in our experiments, a slope
roughly equal to the local latitude usually leads to a maxi-
mum annual PV energy production [8], so the solar insola-
tion on the south-facing surface tilted 24° to the horizontal

Pretreatment unit

Multi-path
- control valve

Seawate X X

SISIE

!
: Spm filter 1pm filter
! (back-up) (back-up)

i Multi-media
Feed pump : filter
I

><1——Ball valve @ —— Conductivity probe

Fig. 2. Schematic diagram of the RO seawater desalination unit.

Table 2
Climatic conditions of Xiamen, China [22,23]

was calculated (Table 2). As a measure of wind power, the
wind power density determined by wind speed and air
density was also calculated (Table 2). With an annual aver-
age wind velocity of 3 m/s and annual average power den-
sity of 17.3 W/m?, the experimental site is not rich in wind
resource, so in our design, solar energy was used as the
main energy source, while wind energy as the supplemen-
tary source.

The annual electricity consumption of the system
was estimated to be 5,400 kWh. The solar panel selected
is 1,950 mm long, 992 mm wide, and 45 mm thick, with rated
power of 250 Wp, rated voltage of 36 V, and rated current

Fresh water

Cleaning tank
< ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Pressure pressure
| SWltCh pump

I Pressure <&
: regulating "2
| valve

Rejected

.l brine

@ —— Flowmeter ~ (P)— Pressure transmitter

Month Ambient Solar insolation on Solar insolation on 24° Wind speed Wind power
temperature (°C)  horizontal surface (MJ/m?) tilted surface (MJ/m?) (m/s) density (W/m?)
January 12.5 285.7 377.1 3.11 18.54
February 12.4 221.4 247.9 3.16 19.46
March 14.6 299.4 332.3 2.97 15.75
April 18.7 343.3 384.5 2.70 11.65
May 22.6 440.5 493.4 2.65 10.81
June 25.8 437 489.2 2.95 14.73
July 27.8 529 640.1 291 13.97
August 27.6 499.5 609.4 2.81 12.66
September 26.0 468.8 571.9 3.07 16.62
October 23.0 4159 544.8 3.61 27.71
November 19.2 349.7 461.6 3.43 24.21
December 14.6 324.6 431.7 3.25 20.92
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of 6.95 A. The monthly electricity production of a single PV
panel installed at a tilt angle of 24° was calculated (with the
results shown in Fig. 3), amounting to an annual output of
272 kWh. Twenty panels, ten in series and two in parallel,
were used to meet the energy need of the system.

2.3. Wind generators

The vertical-axis S500V1-48 wind generator with a rated
power of 500 W and rated voltage of 48 V was chosen. The
output power of wind generator depends on the wind speed
at the hub height and the output characteristics of the genera-
tor. Based on the Weibull distribution model [24], the monthly
probability density function of wind speed was calculated
for Xiamen, and then, based on the performance curve of
the S500V1-48 wind generator, the monthly electricity pro-
duction was calculated, with the results shown in Fig. 4. Two
wind generators were installed, with a total annual power of
1,200 kWh predicted.

2.4. Battery bank

Renewable-energy-powered RO systems usually con-
tain a large battery bank to provide 2 or 3 d of operation
autonomy [25]. The problem is that: (1) with a short life
expectancy, the batteries are considered to be the most prob-
lematic part of the system, especially in remote areas where
they are usually poorly maintained [26]; (2) considerable
energy loss occurs in the charge/discharge cycle of the bat-
teries [26]; and (3) the cost of large battery banks is high, for
which one of the examples is from reference [7] where the
annual cost of the batteries accounted for 12% of the total
annual system cost.

To reduce the influence of battery-caused problems, a
small-capacity battery bank with only 1.5 h of operation
autonomy was used in our experimental system. Four OT100-
12 lead acid batteries were connected in series, and the rated
capacity and rated voltage were 400 Ah and 48 V, respectively.

2.5. Electricity equilibrium/buffer controller

An electricity equilibrium/buffer controller was spe-
cially designed to perform a round-the-clock electricity man-
agement of the system, with the principle shown in Fig. 5.
It is composed of a calculation unit, high-frequency detec-
tion modules, feedback circuits, and a charge/discharge

25 241 239

Output (kWh)

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
Month

Fig. 3. Monthly electricity output of a selected single solar panel.

protection unit of battery bank. The output power of PV and
wind generators, P, and P,; the load demand, P,; the charge
power, P or discharge power, P, ,; and the charge capacity
of battery bank, Q,, are detected at a frequency of 50 times/s,
with the signals transmitted to the calculation unit through
the feedback circuits. It should be noted that surplus power
exists when P, + P > P + P, so an energy rejection unit
(ERU) is included where the surplus electrical energy is con-
verted into heat energy through resistors.

Fig. 6 shows the energy management algorithm
applied by the calculation unit. To protect the batteries,
a high charge limit Q.. and a low limit Q,, . 95% and
10% of the full capacity, respectively, were set. In the case
of P, > 0 (RO unit is under operation) and P,, + P, > P,
part of the produced power is used to drive the RO unit
and the monitoring/control system, and the balance is
either rejected through ERU (when Q, = Q. ), or used
to charge the battery bank with the surplus (if any) intro-
duced into ERU (when Q, < Q... ). In the case of P, >0
and P, + P, <P, the battery bank discharges to make up
the power shortage when Q, > QB(low)’ while the RO unit
is shut down when Q, = QB(lnw)' In the case that the RO
unit is out of operation, the produced electricity is either
rejected through ERU (when Qg = Qg,..), or used to
charge the batteries with the surplus (if any) consumed in
ERU (when Q, <Q

B(high))'

2.6. DC/AC inverter

A GW5048D-ES inverter was selected to convert DC
to 220 V/50 Hz AC needed by the motors of the pumps in
the RO unit. The maximum input power and voltage of the
inverter are 5.4 kW and 580 V, respectively; the maximum
power point tracking voltage ranges from 125 to 550 V; and
the rated output power is 4.6 kW.

2.7. Monitoring and control system

The system is monitored and controlled automatically.
The data monitored are meteorological conditions including
air temperature, solar irradiation and wind speed; electrical
parameters including voltages, currents, and the state of the
battery bank; and water parameters including pressures, flow
rates, conductivity of permeate, seawater level in feed tank,
and freshwater levels in product tank and cleaning tank. One
PLC master module and three PLC extension modules are

Output (kWh)

0
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
Month

Fig. 4. Monthly electricity output of a single wind generator selected.



used to collect the analog signals from the measuring sensors
and realize the automatic control of the system. The param-
eters are measured at an interval of 8 min, and screened and
processed in a local computer. Through the Internet, the
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operating conditions of the system can be monitored on any
online computers. Figs. 7 and 8 give the photographs of the
electric circuit and PLC modules as well as the touch-screen
platform of the monitoring and control system.

bank

Battery

Fig. 5. Principle of the electricity equilibrium/buffer controller.

batteries, and introduce

Shut RO unit down, charge

surplus power (if any) to ERU

Yes

PV Feedback cireuit Signals to monitoring and
eedback circui s
generation Detection |-==———=—— | | control system
unit module | ,
; Inverter )
Calculgtlon v Detection
unit
module
Wind Detection [ ! : |
generation module | _ _______| | | :_ |
unit Feedback circuit : ““““ To——————=1
| Feedback Feedback circuit
: circuit
Energy Charge & ' RO unit
rejection discharge [ | Detection
unit protection unit module

QB = Qpig

Charge batteries, and
introduce surplus
power (if any) to ERU

Yes

Discharge batteries

and run ERU

Discharge batteries to
satisfy load demand

Discharge batteries
and run ERU

dl

Charge batteries, and
introduce surplus
power (if any) to ERU

Return

I

Fig. 6. Energy management strategy of the electricity equilibrium/buffer controller.
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Electric circuit

PLC master module PLC extension modules

Fig. 7. Electric circuit and PLC modules for the monitoring and
control system.

Fig. 8. Touch-screen monitoring and control platform.

Being monitored and managed 24 h/d, the experimen-
tal system can operate reliably in a full automatic mode.
When the electricity produced by the solar and wind gen-
erators are monitored to be higher than 1.2 kW and the state
of charge (SOC) of the battery bank higher than 40%, the RO
unit begins to run. It is clear that the operation of the RO unit
is possible only in the daytime because no enough energy is
available to start it in the nighttime. The feed pump is started
first, and after 3 min backward washing and 1 min forward
washing of the multi-media filter, the feed is pretreated.
When the feed pressure at the inlet of the high-pressure
pump reaches 0.35 MPa, the high-pressure pump is started,
gradually raising the feed pressure to a specified value. The
produced permeate is fed to the cleaning tank in the first
few minutes and then routed into the product tank. When
the hybrid power and battery power cannot meet the load
need, the RO unit will be shut down automatically, followed
by the membrane cleaning process. In the case that the oper-
ating pressure is higher than the highest pressure allowed
(5.5 MPa here), or the water level of the feed tank is too low,
or the permeate salinity is higher than 1,000 ppm, the RO unit
will be stopped immediately, with an alarm sounded.

3. Experimental results and discussion

The experiments of the hybrid PV-wind-powered
desalination system were performed in an automatic mode

—*— Total power generated
—e— PV generated power
—*— Load power

SOC of battery bank (%)

Time

Fig. 9. Experimental results on September 11, 2015.

throughout September and October 2015. The operating
pressure of the RO unit was set at 3.7 MPa, with correspond-
ing power consumption of 1.75 kW and permeate flow rate
about 150 L/h. As an example of the system performance,
Fig. 9 gives the results obtained on September 11, during
which the system ran for about 10 h, from 8:00 to 18:00, and
about 1.5 m® of freshwater was produced. Real seawater with
a salinity about 31,000 ppm was used as feed. The average
salinity of the produced water was 231 ppm, indicating a salt
retention rate of 99.2%.

It can be seen from Fig. 9 that the RO unit started to run
at about 8:00 when both the hybrid power and the SOC of
the battery bank reached the preset values, 1.2 kW and 40%,
respectively. After several minutes’ start-up process, the RO
unit began to run steadily, with the consumed power kept
almost constant, until it stopped running at about 18:00.
Thanks to the battery bank, the system was able to run
before 8:15 and after 15:50 when the hybrid power was inad-
equate, resulting in much longer operation time and then
more water production than the corresponding non-battery
system. Also thanks to the battery bank, the RO unit wasn’t
shut down but maintained a continuous operation from
14:42 to 15:02 when the hybrid power was lower than the
load power. The SOC of the battery bank was 40% when the
water production process stopped at about 18:00. Together
with the wind power (if any), the battery bank was used to
drive the high-pressure pump to perform membrane clean-
ing, and to maintain the operation of the monitoring/control
system. Clearly, the small-capacity battery bank equipped
played an important role in the stable and effective opera-
tion of the system.

The amount of electricity generated on September 11,
2015 was 25.3 kWh, 22.4 kWh by the PV array, and 2.9 kWh
by the wind generators, while that consumed on the RO unit
and the monitoring/control unit was 18.7 kWh, accounting
for only 74% of the total amount. The balance (6.6 kWh, 26%)
was lost mainly in the DC/AC inverting process occurred in
the inverter, the charge and discharge processes of the bat-
tery bank, and the ERU. It was estimated that about 19% of
the produced electricity had to be rejected through the ERU,
which was obviously a great waste of energy. Calculation
showed that appropriately changing the operating pressure
and thereby the power consumption of the RO unit could
help to reduce the amount of surplus electricity rejected. For
example, simply regulating the operating pressure from 3.7
to 4.6 MPa, the rejected electricity would decrease from 19%
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to 13%, and at the same time, the water production would
increase by 17%.

Figs. 10 and 11 give the daily water and electricity pro-
duction of the experimental system in September and
October, respectively, and Table 3 gives a summary of the
experimental results. The 2-month operation showed that
the system was able to manage its energy and the operation
of each component properly under unsteady solar and wind
energies. Ran for 372 h (6.1 h/d averagely), the RO unit was
start up and shut down almost every day, with the trans-
membrane flux remaining basically the same as that at the
initial time. The intermittent off-and-on operation of the RO
unit seems to have little influence on the membrane.

During the 2 months, the solar and wind generators
generated 956 kWh of electricity, and the RO unit produced
55.8 m® of freshwater, resulting in a SPC of 17 kWh/m?® of
freshwater. The salinity of the produced water was kept
below 300 ppm, much lower than the limit, 1,000 ppm, set by
the Chinese government for drinking water [27]. Considering
the feed salinity of 31,000 ppm, the salt retention rate was
higher than 99%. The water recovery ratio was about 20%.

In the 956 kWh of generated electricity, 670 kWh was con-
sumed by the RO unit, resulting in a net SPC of 12 kWh/m®
for water production. This value is much higher than that of
2-5 kWh/m® [28] of the commercialized RO units, for which
the main reason is that considering the small capacity of the
experimental system, no energy recovery device was equipped
for simplicity. Calculations showed that the net SPC would
decrease by 50% by adding a pressure energy recovery device
to the RO unit. Based on the total electricity produced, the gross
SPC was 17 kWh/m?, 42% higher than the net SPC. As men-
tioned before, the difference was mainly caused by the energy
loss in the inverter, the battery bank, and the ERU. It was esti-
mated that the energy rejected in ERU accounted for more than
20% of the total electricity generated. To utilize the produced
electricity more efficiently, we are now doing calculations based
on the climatic conditions of Xiamen to try to obtain the yearly
or seasonally optimal operating pressure of RO.

During the 2-month operation, 837 kWh of electric-
ity was generated by the PV array, 23% less than expected
(based on Fig. 3, the output was expected to be 1,090 kWh),
and 119 kWh by the wind generators, 56% less than expected
(based on Fig. 4, the output was expected to be 269 kWh).
Clearly, solar power played a more important role in practice
than designed. In the 956 kWh of generated electricity, 87.5%
was from the solar array, and only 12.5% from the wind gen-
erators. Limited by the on-site conditions, the solar panels
and wind turbines were installed on the fifth-storey rooftop
of a building, which had six storeys in the middle and five
storeys on both sides. The resistance of the pitched roof and
the walls of the sixth-storey rooms lowered the wind speed
and then the wind power output. The solar panels were sup-
ported about 3 m high by metal supports, partly reduced the
influence of the shade of the roof and walls on solar power
production. With an average output of only 2 kWh/d, the
wind generators had quite limited contribution to water pro-
duction in our experiments, but mainly helped to maintain
the running of the monitoring/control system at nights and
on rainy and cloudy days.

It is reflected in Figs. 10 and 11 that higher electricity
production generally leads to higher water production,
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Fig. 10. Daily water and electricity production in September 2015.
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Fig. 11. Daily water and electricity production in October 2015.

Table 3
Summary of experimental results in September and October 2015

Total Daily Daily Daily
maximum minimum average

Solar power 837 24.9 0.8 13.7
production,
kWh
Wind power 119 4.7 0.2 2
production,
kWh
Hybrid power 956 26.5 1.6 15.7
production,
kWh
Operation time 372 10.4 0 6.1
of RO unit, h
Water produc- 55.83 1.56 0 0.92
tion, m?

but the relation is not strictly monotonic. For example, 24.2
and 24.4 kWh of electricity was generated on September
9 and October 17, while 1.5 m® and 1.45 m® of water was
produced, respectively, indicating that more electricity
was lost in ERU on October 17. Generally speaking, as the
dominant driving source, higher solar-generated electric-
ity is expected to lead to higher water production, which
is also reflected in Figs. 9 and 10, with the relation also not
strictly monotonic.

The daily average water production was 0.92 m?/d, close
to the design capacity of 1 m*/d. The maximum amount of
water, 1.56 m®, was produced on October 16, while no water
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was produced on September 25, 26, and 28, implying the
necessity of water storage. It can be seen from Table 2 and
Fig. 3 that the solar insolation in July and August is higher
than that in September and October, indicating more solar
power output and then more water production in July and
August, say, near or over 1 m*/d. The solar insolation in other
months, especially in the first 4 months of the year, is much
lower and is expected to have lower water production. Taking
1 year as a period, the water production of the experimental
system would be lower than designed, for which the main
reasons are two: reduced electricity production caused by the
limitation of experimental site and low-efficiency utilization
of the produced electricity.

Solar energy and wind energy are considered to be mutu-
ally complementary. This point was not fully reflected in our
experiments, mainly because that: (1) with a yearly average
wind speed of 3 m/s, Xiamen is not rich in wind resource, and
(2) limited by the on-site conditions, the wind energy was not
utilized effectively. Nevertheless, we got a lot of experience
of designing and operating a hybrid solar-wind-powered
RO desalination system, which is greatly helpful for us to
develop the demonstration system that will be built before
long on the Tuyu Island, a wind-rich island 1.6 km away from
the coast of Xiamen.

4. Conclusions

Based on the experimental setup developed,
experiments were carried out on the hybrid PV-wind-
powered desalination system, with the results reported and
discussed in this paper.

The system ran automatically throughout September
and October 2015, showing good suitability to unsteady
solar and wind energies, during which the RO unit ran
for 372 h (6.1 h/d on the average), showing reliable perfor-
mance in the intermittent off-and-on operation mode. The
specially designed electricity equilibrium/buffer controller
managed the produced, demanded, stored, and rejected
power properly, and the monitoring/control system
ensured a real-time monitoring and fully automatic con-
trol of the experimental system. Partly getting rid of the
disadvantages of large battery banks, the small-capacity
battery bank with only 1.5-h storage autonomy used in the
system was greatly helpful in maintaining a stable power
for water production.

During the 2-month operation, real seawater with a
salinity of 31,000 ppm was used as feed, and the produced
permeate kept a salinity lower than 300 ppm, resulting in a
salt retention rate higher than 99%. The daily water produc-
tion was in the range of 0-1.56 m?/d, and the average was
0.92 m3/d. The SPC of freshwater was 17 kWh/m?. More atten-
tion should be paid on optimizing the operating pressure of
the RO unit and thus making the demanded power more
matchable to the produced power to reduce the amount of
energy discarded through the ERU.
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Symbols
P — Power, kW
Q — Charge capacity of battery bank, kWh

Abbreviations and subscripts

AC — Alternative current
B — Battery bank

ch — Charge

DC — Direct current

dch — Discharge

ERU — Energy rejection unit
L — Load

PV — Photovoltaic

RO — Reverse osmosis
SOC — State of charge

SPC — Specific power consumption
TDS — Total dissolved solid
Y — Wind
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