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then passes through a cartridge filter, which is a
pre-treatment unit to remove contaminants, before
entering the RO module. The stabilizer, devel-
oped at the University of Hawaii, is a kind of
hydropneumatic pressure tank with a 0.3-m3 inner
volume; it yields a mean hydraulic detention
time of about 30 min under design conditions. 

A 4.3-m (14-ft) diameter multi-blade windmill
installed on a 9-m-tall tower drives a piston pump
with a 275-mm (11-in.) stroke and 980-cm3

effective displacement. Both the windmill and
piston pump were manufactured by Dempster
Inc. (Beatrice, Nebraska, USA). 

An ultra-low-pressure RO membrane,
M-T4040ULP, manufactured by Applied Mem-
brane Inc. (Vista, CA, USA) was used. The effec-
tive surface area of a single RO unit is 7.40 m2

(80 ft2), and the design operating pressure range
is 350–1200 kPa (50–175 psi). 

The feedback control is accomplished by a
feedback flow/pressure control device, which is
made of three parallel sets of solenoid/throttle
valves (Fig. 1). Water pressure signals in the
stabilizer are sent through the pressure sensor to
the data logger. The data logger evaluates these
signals and then sends a command to open one or
more sets of solenoid/throttle valves. This control
mechanism allows the system to operate contin-
uously and efficiently. The feedback control
mechanisms are powered by solar energy, so no
commercial electricity is needed. 

Coconut Island and four system components
(windmill/pump, pressure stabilizer, RO module,
and data acquisition and control mechanisms)
are shown in Fig. 2. 

3. Aquaculture wastewater treatment and 
freshwater recovery 

Application of the wind-driven RO system
was later extended into aquaculture wastewater
treatment, for which pilot-scale experiments have
been conducted on Coconut Island since 2000
[2]. Aquaculture wastewater passing through the

RO membrane is separated into permeate (fresh-
water) and brine (concentrated wastewater). Test
results indicate that the prototype system can pro-
cess aquaculture wastewater at flow rates rang-
ing from 230 to 370 L/h. The permeate, at a
quality suitable for fish production, is recircu-
lated to the fish tank (Fig. 3). The brine is sent
back to the storage tank, where it mixes with the
wastewater from the fish tank (Fig. 3). Occa-
sional discharge of brine is necessary, as the
nitrogen concentration in the storage tank builds
up over time. 

3.1. Nitrogen concentration in permeate 
and in brine 

Experimental results showed that the ammo-
nia nitrogen concentrations in the permeate
remained below 0.02 mg/L (Fig. 4), making the
permeate suitable for use in fish culture. On the
other hand, the ammonia nitrogen concentration
in the brine ranged from 0.40 to 1.20 mg/L, so
further brine processing is required. 

3.2. Freshwater recovery 

The rate of freshwater recovery depends on
wind speed and the frequency of brine discharge.
Experiments were conducted to study the rate of
freshwater recovery under brine recirculation
periods of 2, 4, and 6 h. Without brine recirculation,
the recovery rate would not increase appreciably
with wind speed, and vice versa (Fig. 5). 

4. Brine processing and nutrient recovery 

Various options to process occasionally
discharged brine were evaluated. Use of the
duckweed Spirodela spp. for nitrogen removal
from brine, at a relative low concentration of less
than 2 mg/L, was selected (Fig. 3). Compared with
water hyacinths, duckweed provides a smaller
surface attachment area for microbial growth.
Duckweed usually forms a dense surface mat
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covering the entire water surface. The mat pro-
vides special treatment system characteristics. 

In past studies of nitrogen removal by duck-
weeds, three design factors were considered,
namely, nutrient concentration, duckweed reactor

(tank) depth, and surface area of reactor. This
study included duckweed density as an additional
design factor. Four stocking densities were
evaluated to identify the optimal duckweed

Fig. 3. Aquaculture wastewater treatment with water reuse and nutrient recovery.

Fig. 4. Nitrogen concentration in permeate and in brine,
with a 6-h brine discharge frequency.

Fig. 5. Freshwater recovery at varying wind speeds and
brine discharge frequencies.
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stocking density for nitrogen removal at low
concentrations (Fig. 6). 

In a well-designed reactor, uptake by duckweed
was found to be the major nitrogen-removal
mechanism; other mechanisms such as nitrifica-
tion were relatively unimportant. Experimental
results are shown in Fig. 7. The surface loading
rate in this treatment system depends on the
effective surface area, which is the area covered
by duckweed. Desirable duckweed density, or
the percentage of surface area covered by duck-
weed, must be determined experimentally for
individual systems. 

5. Concluding remarks 

The wind-driven RO process was applied
successfully for nitrogen removal from aquacul-
tural wastewater. The freshwater produced by
this treatment process can be used by recirculating
it directly back to the fish tanks. The brine
produced by this process can be further treated

by duckweed-covered reactors. The duckweed
can be manufactured into fish feed. 

It was demonstrated that duckweed plays an
important role in the N-absorption process under
conditions of both high and low nutrient levels.
The duckweed density should be considered in
the design of the treatment for wastewater with a
low nutrient level. The reaction rates in a duck-
weed-covered reactor can be correlated with

Fig. 6. Duckweed-covered reactors.

Fig. 7. First-order nitrogen-removal coefficients as a
function of surface loading.
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modified surface loading rates, which include
consideration of the duckweed density. 
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