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ABSTRACT

A major drawback of Reverse Osmosis (RO) desalination units is their poor performance at
off-design conditions. On the other hand, they can operate with low specific energy con-
sumption and produce high-quality fresh water when they are supplied with almost con-
stant power, according to their design and nominal operating conditions. This aspect brings
additional effort when there is the need to desalinate seawater or even brackish water using
unsteady power sources, such as renewable energy systems powered by, for example, solar
or wind energy. In order to overcome this issue, an alternative small-scale RO unit is inves-
tigated here, whose major advantage is that it can operate with almost constant specific
energy consumption and produce high-quality fresh water with low Total Dissolved Solids
(TDS) for a wide range of power input. Such unit is suitable to be combined with small-
scale energy systems, which can have a very high variety on their power output, such as
PV, wind turbines, or even solar Organic Rankine Cycle, for power production. The devel-
oped RO unit includes three identical sub-units, each placed on its own skid and with a
fresh water capacity of 0.7 m3/h. An energy recovery unit of axial piston motor type is
equipped at each sub-unit for decreasing its power consumption. These sub-units are
switched on/off, according to the power availability, in order to operate them within a
range, thus with high efficiency and acceptable fresh water quality. Such small-scale RO
unit, capable of producing 2.1m3/h of fresh water in total, is examined here, focusing on its
operation, performance, and fresh water production. The main parameter adjusted is the
power availability, ranging from almost zero up to the maximum value of 12 kW. The anal-
ysis first focuses on a single sub-unit, exploring its performance for variable power input,
while afterwards all three sub-units are synthesized, in order to form the complete RO unit,
concluding to the dependence of the fresh water production and specific energy consump-
tion from the power supply. For the single RO sub-unit at low power input, the TDS level
is very high, whereas the specific energy consumption is low, since the membrane pressure
is much lower than the designed one and slightly above the osmotic pressure. For available
power, more than around 1 kW, the TDS level holds acceptable values lower than 400–500
mg/l, which is achieved with the high pressurizing of the feed seawater, with specific
energy consumption up to 4–5 kWh/m3. For power input higher than 3 kW, the second and
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third sub-units are successively switched on. In this case, the specific energy consumption
is almost constant and equal to 4.5 kWh/m3, including the required power of the feed
pump, while the produced fresh water TDS has small variations and is approximately equal
to 200–250mg/l.

Keywords: Reverse Osmosis; Partial load; Variable power input; Renewable energy;
Membrane pressure; Energy recovery

1. Introduction

The operational and technical characteristics of a
Reverse Osmosis (RO) unit are extremely important
aspects, especially when its power supply is not con-
stant. This is the common case with renewable energy
systems producing power to supply RO units, at
either stand-alone systems or even grid-connected [1],
while several relevant studies can be found in the lit-
erature, dealing with such configurations [2–4]. Their
common characteristic is that the available power
feeding the RO unit substantially changes and most of
the times, batteries are used in order to stabilize the
power supply. The use of batteries increases the instal-
lation cost and maintenance, while it introduces some
environmental issues, due to their frequent replace-
ment [5].

If no electric storage component is considered, and
the fluctuating power is directly fed to the RO unit,
frequency inverters are required for the high pressure
(HP) pump, in order to continually adjust its opera-
tion. Moreover, at medium/low available power, the
membrane pressure will be low and the produced
fresh water can be of unacceptable quality [6,7]. More-
over, at off-design conditions, both the HP pump and
the energy recovery unit show decreased performance
and volumetric efficiency.

In order to overcome this, an alternative RO con-
figuration is proposed here, which can assure an
acceptable fresh water quality for a wide range of
power supply and with almost constant specific
energy consumption. The proposed small-scale RO
unit includes three identical sub-units, equipped
with energy recovery units for decreasing the power
consumed [8,9]. According to the power availability,
the RO sub-units are switched on/off. For low
power supply, only one RO skid operates, while for
higher power input, the operation of the second and
third sub-units is successively initiated. The opera-
tion and performance of such RO unit for variable
power input is examined in this study, which can
be integrated with numerous energy systems, espe-
cially with renewables (e.g. solar and wind energy),
whose power production profile changes rapidly
[1,2,10–12].

2. RO unit, components, and methods

2.1. RO unit design

The RO unit has been designed, considering a sig-
nificant power fluctuation. If a single RO unit is used,
it could produce fresh water for power input up to
around 30–40% of the maximum one [13]. Such design
is not suitable for many cases when the power input
shows significant fluctuations. Therefore, an alterna-
tive design is followed, in order to operate efficiently
at the whole load range.

The proposed configuration includes three identi-
cal RO sub-units. Each one has its own skid and con-
trol panel. According to the available power, it is
decided how many sub-units operate, while they can
be switched on/off accordingly. At low loads, only
one sub-unit operates, whose HP pump speed can
change (regulation of its frequency using an inverter).
Therefore, such design can assure a good perfor-
mance, even when the supplied power is very low,
while producing fresh water of acceptable quality,
with very low Total Dissolved Solids (TDS), around
200–250 ppm. The specific energy consumption
changes within a narrow range and is around 3.5
kWh/m3, which is a very competitive value especially
among small-scale systems with capacity of few cubic
meters per hour. To this value, the required power for
the feed pump should be added as well. The water
recovery is held constant and equal to 32%, which
depends on the technical specifications of the mem-
branes used and the capacity of the energy recovery
unit components (specifically of the volume flow rate
ratio of the pump and motor). The maximum fresh
water production of the RO unit is 2.1 m3/h when all
three sub-units are operating, while its configuration
is depicted in Fig. 1.

2.2. RO sub-unit

Each RO sub-unit includes a centrifugal feed pump
(operating at constant speed/frequency), two filters,
HP pump (of axial piston pump—APP type), energy
recovery unit (of axial piston motor—APM type, cou-
pled on the same shaft with the HP pump), frequency
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inverter for controlling the electric motor of the HP
pump, membranes and membrane vessels, hydraulic
pipes, and measurement/control instruments. Such
RO sub-unit is depicted in Fig. 2.

A seawater tank is also used, feeding the three
sub-units. A simple design of such combined configu-
ration is depicted in Fig. 3.

Since the energy recovery unit is coupled on the
same shaft with the HP pump and the electric motor,
having a common rotational speed, Eq. (1) is used to
describe the power conservation of the system [10,14].

Pe þ PAPM ¼ PAPP (1)

where Pe is the power input to the electric motor of
the RO sub-unit, PAPM is the power recovered by the
axial piston motor, and PAPP is the power of the HP
pump for pressurizing the feed seawater (for simplic-
ity, it also includes the feed pump power).

The power demand of the HP pump is given by
Eq. (2) [14].

PAPP ¼ QSWdP

nAPPnel
(2)

where QSW is the feed seawater flow rate, dP is the
pressure difference at the HP pump (equal to around
50–60 bar), nAPP is the efficiency of the axial piston

Fig. 1. Configuration of the RO unit, depicting the seawater tank and the three sub-units.

Fig. 2. RO sub-unit, depicting the HP pump, feed pump, control panel, membranes, filters, and hydraulic circuit.
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pump set equal to 90%, and nel is the electrical effi-
ciency of the axial piston pump equal to 86%.

The power recovered by the APM is given by Eq.
(3) [14].

PAPM ¼ QBRdPAPMnAPM (3)

where QBR is the brine flow rate (equal to around 68%
of the feed seawater flow rate, since the water recov-
ery is 32%), dPAPM is the pressure difference at the
axial piston motor (its outlet is considered to be equal
to the ambient pressure, while its inlet is 1.5 bar lower
than the membrane pressure), and nAPM is the effi-
ciency of the axial piston motor equal to 75% [15].

The main performance values of each RO sub-unit
are calculated using ROSA v.9.1 software [16] for an
inlet seawater temperature equal to 20˚C and a typical
TDS equal to 42,000mg/l, representing typical seawa-
ter of the Aegean Sea in Greece. The membranes used
are of SW30-4040 type [17], with two membranes
placed in series with each vessel, while two vessels
are used in total. The results of the ROSA software are
combined with the performance data calculated using
Eqs. (1)–(3).

The performance of each RO sub-unit can be then
simulated, while the correlations of the most critical
parameters, such as the membranes pressure, flow
rate, power input, etc., are extracted and used in the

main simulation program built under the EES environ-
ment [18,19]. The main operational data of the RO
configuration are depicted at the left-hand side of
Fig. 4, where the membrane pressure is observed as a
function of the feed seawater flow rate. The correlation
between the seawater flow rate and the HP pump
rotational speed is observed at the right hand side of
Fig. 4.

From the left-hand side of Fig. 4, it is concluded
that the correlation between the membrane pressure
and the seawater flow rate is linear. At the maximum
flow rate allowed, the membrane pressure takes its
maximum possible value (around 62 bar), assuring a
good quality of the desalinated water. Moreover, the
control of the seawater flow rate is achieved with the
frequency variation of the electric motor of the HP
pump, using an inverter, controlling its rotational
speed (maximum speed of 3,500 rpm) and regulating
the seawater flow rate, as shown in the right-hand
side of Fig. 4. The seawater feed pump operates at
constant speed, but with variable outlet pressure since
it is not essential to control its operation. By doing so,
the regulation of the system becomes simpler.

3. Results and discussion

The study focuses on the RO system results, con-
sidering a variable power input at each case. This sec-
tion begins with the investigation of the performance
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of each RO sub-unit, while then all three sub-units are
synthesized, in order to examine the RO system as a
function of the operating load.

3.1. RO sub-unit operation

In this section, the operation and performance of
each RO sub-unit is investigated. Focus is also given
on their switchable operation, according to the avail-
able power input. The characteristics curve of the
membranes is shown in Fig. 5. This figure actually
correlates the membrane pressure with the fresh water
flow rate, enabling the calculation of the operating

condition of each sub-unit. The quality of the pro-
duced water is also shown.

The membrane’s pressure is almost linearly corre-
lated to the feed flow rate (constant recovery ratio of
32%), while the salinity rapidly decreases as the flow
rate increases [8,20]. Acceptable quality of fresh water
(lower than 500mg/l) is observed for fresh water flow
rates higher than around 0.3m3/h, while the mem-
brane pressure can reach even 62 bar.

The correlation of the membrane pressure with the
specific energy consumption and the required power
is shown in Fig. 6 for constant seawater feed flow rate
equal to the designed one (when operating the HP
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Fig. 4. Operational characteristics for each RO sub-unit. Left: RO sub-unit membrane pressure as a function of the inlet
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pump at 50Hz–2,900 rpm). The power of the feed
pump is not included.

At low membrane pressure, the specific energy
consumption significantly decreases, but the disadvan-
tage at this case is that the produced fresh water is of
low quality (higher than 500mg/l). Therefore, the
investigation of the operation of each RO sub-unit is
not only relevant to the power requirement, but also
to the quality of the produced water.

A more detailed view of the characteristic curve of
the HP pump is depicted in Fig. 7, where the feed
flow rate and power consumption can be observed for
different rotational speeds. This figure considers the
membrane pressure as a free parameter, while show-
ing that the required HP pump power is linearly cor-
related to the rotational speed, while it increases for
higher membrane pressure, as expected.

The RO sub-unit operating condition for a given
power input can be calculated when the characteristic
curves of both the membranes and the HP pump are
taken into consideration. Their combined operation
gives the final values of the feed flow rate and mem-
brane pressure. This can be easily accomplished if the
configuration is finalized. Such method is depicted in
Fig. 8, where the operating condition is actually the
cross-sectional of two curves. One curve corresponds to
the characteristic curve of the membranes and the other
of the HP pump, while each set of curves corresponds
to different power input in the range of 1–3 kW.

It can be observed that for low available power
(1 kW, see left Fig. 8), the membrane pressure is
less than 50 bar, while the seawater feed flow rate
is around 1m3/h (fresh water flow is equal to
0.32m3/h). This operating condition is close to the
lower operational limit of the sub-unit, since the
pumps can operate within a flow rate range, corre-
sponding to a frequency range of the electric motor

used. The membrane pressure rapidly increases for
higher power input (see middle Fig. 8), since the
design operating condition is approached. For power
input equal to 3 kW (right Fig. 8), the seawater feed
flow rate is just higher than 2m3/h, while the
membrane pressure is around 58 bar.

These correlations can be extended, concluding to
Fig. 9, where the specific energy consumption can be
observed as a function of the available power input
for each RO sub-unit, including both the power for
the HPP and the feed pump. In the same figure, the
fresh water TDS is also shown.

It is observed that the TDS level has a steep varia-
tion at low available power, where the specific energy
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consumption is high, since the membrane pressure is
much lower than the designed one and the produced
fresh water is low [7]. For available power higher than
1.5 kW, the TDS level holds acceptable values lower
than 400–500mg/l, which is achieved with the high
pressurizing of the feed seawater, increasing the fresh
water flow rate and decreasing the specific energy
consumption up to values of 4.5 kWh/m3.

3.2. RO system

In the previous section, the performance and oper-
ation of a single RO sub-unit has been examined and
presented. Here, the synthesis of all three sub-units is
implemented, presenting the results of this alternative
RO system.

It has been mentioned previously that the RO sub-
units are switched on/off according to the available
power. In Fig. 10, it is shown as a function of power
input, the sub-units that are operating, and the fresh
water production.

It is observed that for power production up to
around 4 kW, only one RO sub-unit operates producing
0.7 m3/h of fresh water. For higher power production,
the second and then the third sub-unit are successively
engaged, offering a high flexibility during the part-load
operation. Moreover, even at very low load (e.g. at 20%
of the full load, for around 2 kW), the performance of
the desalination unit is adequate, producing water of
acceptable quality with low specific energy consump-
tion, as will be presented next.

In Fig. 11 the performance of the RO system for
the whole range of power input is depicted. It can be

clearly seen that when the available power is around 4
and 8.5 kW, the second and third RO sub-unit are
switched on, respectively. This transition is not
smooth, since at the beginning of their operation, the
fresh water TDS is high (see Fig. 9), increasing the
mixture TDS, while the specific energy consumption is
low, reducing the overall value.

For power input higher than 3 kW, the specific
energy consumption is almost constant and equal to
4.5 kWh/m3, while the fresh water TDS has small vari-
ations and is approximately equal to 200–250mg/l.
For very low power input, the fresh water TDS is very
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high due to the low membrane pressure. Only for
power input higher than 1.5 kW, the fresh water has
an acceptable quality (around 10–15% of the total
capacity).

4. Conclusions

In the present work, an alternative RO unit was
investigated. Attention was given on the three identi-
cal RO sub-units and their switchable operation,
according to the available power. The operation of
each RO sub-unit was examined during the load vari-
ation at the whole possible range. Focus was given on
the performance values, when the membrane pressure
and feed flow rate change, due to the variable power
availability in the range of 0–12 kW. Then, the RO sys-
tem performance was identified by the synthesis of
these three sub-units.

The present study focuses on the RO desalination
units at variable load operation, suggesting an alterna-
tive configuration that could be utilized especially for
small-scale systems supplied by renewable energy sys-
tems, which show high intermittency. The proposed
configuration offers flexibility and can secure an
acceptable fresh water quality at almost all operating
conditions from very low load up to the maximum
one. Such aspects are very important, in order to fur-
ther improve such integrated systems and conclude to
alternative designs, which can increase their perfor-
mance and at the same time, reduce their specific
water costs, enabling them to further proceed to pre-
commercialization stage.
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List of symbols

dPAPM — pressure difference at the axial piston motor
(bar)

dP — pressure difference at the HP pump (bar)
Pe — power input to the RO unit (W)
PAPM — power recovered by the axial piston motor

(W)
PAPP — power of the axial piston pump (W)
QBR — brine flow rate (m3/h)
QSW — feed seawater flow rate (m3/h)
TSW — seawater temperature (˚C)
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