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a b s t r a c t
In a previous paper, we proposed the construction of a new seawater intake in order to reduce 
the temperature range of the feed water, and a pilot plant for testing three types of low energy 
and high rejection membranes comparing performance and quality in a seawater reverse osmosis 
(SWRO) plant in the southeast of Spain. The results of the elements are shown. The conclusions 
of the study may serve as a tool for the decision-making processes related to membrane replace-
ment and retrofit projects whose designs were based on new high-efficiency membrane configura-
tions in the plant. The selection of the element will be determined regarding the performance and 
energy costs of the pilot test.
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1. Introduction

In this article, the results are shown of the pilot plant 
designed in the previous paper [1], testing three reverse 
osmosis elements from different suppliers in order to 
select the more convenient one about low energy con-
sumption, high permeate quality, and boron rejection, 
thanks to the data shared with Acuamed. We have studied 
the articles of other authors about energy performance in 
desalination by reverse osmosis [2–13].

The construction of the new seawater intake for the 
desalination plant in Carboneras (Almería, Spain) was 
completed immediately before the testing. Since then, the 
water intake has increased from 14 to 35 m in depth. A new 
scenario appeared with the lowest maximum temperatures, 
while the minimum temperatures remained constant as it 
is shown in Fig. 1. As a result, new designs and opportu-
nities for operational improvements appeared to optimize 
the process.

The performance of different membranes of three 
manufacturers is compared to determine the water quality, 

under a more stable thermal scenario, from the analysis of 
the electrical conductivity, temperature, and others. After 
the aging phase for 7 months, the pilot test is running 
15 d per element to get more realistic results of feed pres-
sure, permeate conductivity, and boron. These data were 
needed for choosing the most appropriate element for 
this SWRO plant.

Following the state of the art in water desalination and 
the evolution of this process for a national and interna-
tional level, there are different desalination processes such 
as vapor compression (VC), multi-effect distillation (MSF), 
multi-stage distillation (MED), and reverse osmosis, which 
currently accounts for 65% of the total in the world [1–2].

This paper also studies the improvements in seawa-
ter desalination, based on the reduction of energy con-
sumption in the production of freshwater. Consequently, 
reverse osmosis is the most suitable process due to its 
lower energy consumption per cubic meter of water pro-
duced, and therefore, it occupies a privileged position in 
the sector. So far, in the 21st century, research efforts in 
water desalination have focused on advances in reverse 
osmosis membranes, with higher surface area and lower 
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energy consumption, as well as energy recovery systems 
to recover the brine pressure and to introduce it in the sys-
tem reducing the energy consumption of the desalination 
process. The operation, maintenance, and handling of the 
membranes have been studied in detail, due to their impor-
tance in energy savings, showing how to optimize all the 
processes in which they are involved to improve energy 
efficiency [3–5].

Energy efficiency in desalination plants depends on the 
quality of permeate water required, in this case in Spain 
according to the Royal Decree 140/2003 of February 7th, 
following the sanitary criteria of the quality of the water 
of human consumption established. Boron is the highest 
restriction issue of all the ions, and it must be lower than 
1 ppm. Therefore, sometimes it requires a second pass of 
the permeate water or high rejection membranes operat-
ing with higher pressures, that is, consuming more energy 
and increasing this cost which is also one of the most 
significant of the variable costs of the installation [6–9].

2. Pilot test description

As described in the previous article [1], the elements 
tested from three different suppliers (A, B, and C), are as 
given in Table 1.

Regarding the test conditions of the tested elements, 
the feed water pressure is 800 psi (5.52 MPa), feed water 
concentration 32,000 mg/L NaCl, feed water temperature 
77°F (25°C), feedwater pH 8, and recovery rate 8%.

The pressure vessel of the pilot test is equipped with 
flow meters for the permeate and brine, control valves for 

the feed and brine, and pressure transmitters for the feed 
and brine as specified in the previous article [1].

In summary, there is one pilot vessel and three 
aging vessels in parallel with all the vessels of train 1 of 
Carboneras SWRO Plant, which has 12 trains of 10,000 m3/d 
each one with the high-pressure vessel, electric motor, and 
Pelton turbine. The pilot vessel has a capacity of 3.6 m3/h 
with seven elements in series. The pilot test developed 
consists of three aging high-pressure vessels (HPV) and a  
Test HPV.

2.1. Aging HPV description

Aging HPV consists of three high-pressure vessels. 
The vessels are equipped with a control valve, a pressure 
transmitter, and a flow meter in the permeate flow. Further 
instruments of the rack provided the necessary informa-
tion for the appropriate Aging HPV monitoring. The aim of 
the aging HPV was to achieve a mature performance of the 
membranes, Fig. 2 displays the diagram of the aging HPV. 
During this aging process, 2 months, the main performance 
parameters have been controlled.

The three pressure vessels (Aging HPV) are installed in 
parallel with the other vessels of the train. It is introduced 
the same feed flow and same feed pressure for all three 
pressure vessels.

2.2. Test HPV description

Test HPV consists of a vessel equipped with all the 
required elements in order to fully monitoring and control 
the operational conditions (pressure and flows of the seawa-
ter, brine, and permeate flows).

The Test HPV was equipped with:
• Feed seawater flow:

 □ a control valve at the HPV inlet for the water flow and 
pressure control,

 □ a pressure transmitter,
 □ a drop pressure transmitter,

• Permeate flow:
 □ a flow meter,
 □ a pressure transmitter (the one of the full-scale rack),

• Brine flow:
 □ three valves, in order to control the brine flow and 

appropriately make the brine discharge from 65 bars 
to atmospheric pressure.

 □ a flowmeter.

Table 1
Details of the membranes. Membrane area 440 ft2 (41 m2), feed spacer thickness 28 mm, diameter 8 inch

Model Number of  
elements

Average flow  
(m3/d)

Average boron 
rejection at pH 8 (%)

Average TDS 
rejection (%)

A R-440 7 33.2 95 99.85
B 440-R 7 36.9 93 99.78
C R-440 4 24.8 89 99.85
C X-440 3 35.4 93 99.63

Fig. 1. Monthly raw seawater temperatures.
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For the test HPV, the feed flow was calculated by sum-
ming up brine and permeate flows.

The test HPV was designed to make it possible to test 
the three membrane types, each one from each manufac-
turer, under any condition. Test HPV diagram is shown in 
Fig. 3. Any operation parameter (pressure or flow) could be 
modified by the control valves, and every main parameter 
(pressure, flows, and water quality) could be measured.

The membranes tested, to determine its performance, 
have been subjected to the same operating conditions 
(pressure, flow, and temperature).

Also, it has been installed at the permeate pipe: a 
flow meter, a pressure transmitter, and a three vie valve. 
Moreover, it has been installed instruments in the brine 
pipe (three valves and a flow meter) and in the feed pipe 
(pressure transmitter, drop pressure transmitter, and a 
control valve for the pressure and water flow control).

Under these conditions, it is possible to test the three 
different models of reverse osmosis membranes under 
real conditions, changing the feed pressure or feed flow, in 
order to get a permeate flow and also variating the recov-
ery of the system. After this pilot test and with the infor-
mation of the aging vessels, it can be obtained different 
schemas of the efficiency of each membrane, to select the 
most efficient element.

3. Sequential methodology of the pilot test

The testing has been operating for 15 d for each element, 
after the aging phase of 2 months running simultaneously, 
under the same conditions.

In the case of the pilot testing, the elements have been 
operating separately and the obtained results have been 
compared under the same conditions of pressure, tem-
perature, and flow.

The important issue was to design the hydraulic sys-
tem according to the operational conditions, the definition 
of the parameters and main criteria for the testing, the pip-
ing system, and the control valves of the pilot test.

4. Energy consumption and carbon footprint

Energy consumption is mathematically represented by the 
expression of the following equation in an approximate way:

hb(año 1 – 5) = (a tm + b) + hb(año 0) (1)

Constants “a” and “b” depending on the temperature, the 
feed quality, type of intake, and recovery.

In the same way, the real power of the pump is calculated 
by dividing the theoretical power by its efficiency and the 
energy in kWh working 24 h a day [10–15].

Prealb = Pb/η (2)

Pb = ρ g Q hb (3)

where tm is the age of the membrane; Prealb is the real power 
of the pump; Pb is the theoretical power of the pump 
(in Watts; 1 Hp = 745.7 W); ρ is the density of the fluid 
(1,000 kg/m3 in the case of water); g is the acceleration of 

 
Fig. 2. Aging HPV diagram.
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gravity (generally adopted: 9.81 m/s2); η is the perfor-
mance of the pump; Q is the flow rate (m3/s); hb is the pump 
head (m).

Energy consumption could be also calculated using 
the Toray DS software from Toray Industries, Inc. (RO 
membrane manufacturer).

Moreover, it is calculated the carbon footprint of the 
current and future energy mix, considering the sum of 
the energies of each technology and its emissions mix factor.

HCMIX = Σ Ei FMi (4)

where HCMIX is the carbon footprint of the energetic mix 
(tCO2); Ei is the energy of each technology (kWh); FMi is 
the emission factor of the electric mix (tCO2/kWh).

5. Results and discussion

Fig. 4 shows the required feed pressure to produce the 
set permeate flow value at different feedwater tempera-
tures. During all this testing feed seawater pH has been 8.0, 
with no fluctuations while the pilot has been operating.

Results show pressure requirements to get the set to 
permeate flow value. Since pressure is related to pump 
energy consumption, from this Fig. 4, the energy efficiency 
of the membranes may be inferred. Average feed pressure 
values at the 20°C range are shown in Table 2.

Feed pressure requirements resulted in different 
estimated power requirements [6]. Pressure and power 
requirements approach a linear relation. Thus, pressure 
requirements (and power requirements) for B-membranes 
membranes were 2% above A-membranes, and C-mem-
branes were 3% above A-membranes.

Fig. 5 shows permeate conductivity at different feed tem-
perature values for the different membranes.

Conductivity during the testing stage was lower than 
conductivity during the aging stage for the same tem-
perature, as to permeate set flow at the testing stage was 
higher [5] (Table 3).

Fig. 6 shows permeate boron concentration at differ-
ent temperatures. It is important to point out that there 
are only three available values of boron concentration for 
A-membranes because of an analytical problem detected 
at the initial boron determinations. Hence, such values 
were dismissed.

Table 4 shows the average boron values at 17°C–19°C 
range.

The pilot test with the three types of membranes has 
been operated to study the energy consumption after the 
test, that is, after 151 d of aging plus 2 months of a pilot 
test for a total of 211 d of operation, that is, 0.58 y. In addi-
tion, it is estimated the results that we would obtain after 
5 y of operation with these types of membranes with-
out replacement and with 10%, 15%, and 20% annual 

 
Fig. 3. Test HPV diagram.
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cumulative replacement; considering the Pelton turbine 
currently available, and the potential option of introduc-
ing ERI energy recuperators in the best energy-saving sce-
nario at 20% annual replacement for 5 y. For this purpose, 
the pressure and the energy consumption are shown and 
compared in Tables 6–8.

These results have been considered with Pelton turbine 
and ERI energy recovery, with the different low- energy 
membranes of the three manufacturers, for a permeate 
flow of 3.6 m3/h, 44.3% recovery, and approximately 211 
operating days (0.58 y) at average temperature according 
to Table 5.

Regarding item 4 and Eqs. (1)–(4), based on pilot test 
conditions of Table 5, it is calculated energy consump-
tion in Tables 6–8 and carbon footprint of this pilot test 
in Table 9, using the average values of energy consump-
tion between the year 0 and 5 with and without replace-
ment. It is considered the emission factor of electric mix 
in the Spanish mainland FMi = 0.2628 tCO2/kWh from 
Red Eléctrica Española, S.A.

Calculations with a 10% replacement per year during 
5 y of operation assume an average age of the membranes 
of 3.50 y, considering a 15% replacement it is 2.75 y, and 
for 20% the estimated average age is 2.00 y. In this sense, it 

Fig. 4. Feed pressure evolution with temperature during the testing stage.

Fig. 5. Conductivity evolution with temperature during the testing stage.

Table 2
Feed pressure (bar) at 19°C–21°C range

Feed pressure (bar) Membranes

A B C

Average 59.6 60.7 61.4
Standard deviation 0.64 0.87 0.52
Population 280 372 193
Average temperature (°C) 19.9 20.0 19.7
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is shown how the type A-membrane is more efficient than 
the rest, to carry out replacements, and even if it is possi-
ble in the future to introduce an energy recovery system. 
In the scenario without replacement and 5 y of operation 
with membrane C, the energy consumption is the worst 
case about 3.585 kWh/m3 considering the Pelton turbine. 
On the other hand, in the most favorable scenario with 
membrane A and 20% replacement including ERI, the 
energy consumption is only 2.346 kWh/m3.

Moreover, about energy consumption in kWh/m3 
of water produced, it could be also calculated using the 
Eqs. (1)–(3) based on the different energy recovery systems 
available in seawater desalination plants. Therefore, they 
are shown the following examples being the power:

• 2.61 kWh/m3 if there are isobaric chambers (ERI, 
DWEER, etc.)

• 3.04 kWh/m3 if a Pelton turbine or similar is available, and
• 3.50 kWh/m3 with Francis or other turbine type systems

Following Eqs. (1)–(4), the carbon footprint is cal-
culated. This is done for the case of the lowest energy 
consumption with membrane A and for the scenario of 
highest energy consumption with membrane C, using 

Table 3
Average permeate conductivity at 19°C–21°C range

Conductivity (µS/cm) Membranes

A B C

Average 319.3 394.6 522.9
Standard deviation 32.49 45.4 42.4
Population 26 45 18
Average temperature (°C) 19.8 20.0 19.7

Results show that the lower conductivity belonged to A-mem-
branes, followed by B-membranes (24% higher), and C-membranes 
(64% above B-membranes).

Fig. 6. Permeate boron concentration evolution with temperature during the testing stage.

Table 4
Average permeate boron concentration at 17°C–19°C range

Boron (mg/L) Membranes

A B C

Average 0.8 0.6 0.9
Standard deviation 0.02 0.04 0.03
Population 2 6 11
Average temperature (°C) 17.7 17.8 18.5

Results show that B-membranes reject boron better than A-mem-
branes (with boron permeate concentration 21% above B-mem-
branes) and C-membranes (with boron permeate concentration 39% 
above B-membranes)

Table 5
Pilot test conditions

Average flux (lmh) 12.6
Temperature (°C) 20
Recovery (%) 44.3
Feed salinity (g/L) 39.9
Permeate flow (m3/h) 3.6

Table 6
Pressure, power, and energy consumption of the membrane A

Year Pressure 
(bar)

Power 
(kW)

Pelton/ERI 
(kW)

Energy 
(kWh/m3)

0.58 59.60 17.31 5.17 3.372
5 (0%R) 61.56 17.88 5.34 3.483
5 (10%R) 60.98 17.71 5.29 3.450
5 (15%R) 60.67 17.62 5.26 3.432
5 (20%R) 60.34 17.52 5.23 3.414
5 (20%ERI) 61.63 8.45 7.56 2.346
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the average values of energy consumption between years 
0 and 5 with and without replacement, as shown in 
Table 9. For all this, we have considered the Peninsula mix 
factor governed by Red Eléctrica Española, S.A.

6. Conclusions

The construction of the new seawater catchment at 
the Carboneras desalination plant (from 14 to 35 m depth) 
changed the thermal scenario. While the minimum tempera-
tures stayed the same, maximum temperatures were lower. 
Hence, new opportunities for the membrane-system design 
appeared. Thus, a pilot test was developed in order to test 
the optimal membrane configuration able to fulfill quality 
and quantity needs with minimum energy consumption.

The pilot test was defined into two phases: the aging 
and the testing stage. The aging stage is aimed at achiev-
ing a mature performance of the membranes. The testing 

stage allowed better control of the operational parameters, 
therefore, obtaining quality data to be analyzed.

Results show a certain dispersion of data (especially 
related to those of feed pressure and correlation among 
normalized data) that may be corrected with the improve-
ment of control elements (valves). An increase of boron 
results related to A-membranes membranes would be 
more appropriate, and it would be suitable to test C-mem-
branes membranes at higher temperatures. Therefore, new 
resources would be required to continue the experiments. 
Nevertheless, the results achieved the objectives of the 
study to compare the performance and to determine the 
optimal membrane configuration.

According to the results, A-membranes were the most 
efficient membranes (with 59.6 bar required to produce 
4.05 m3/h in a seven-element HPV at 20°C range), followed 
by B-membranes membranes (with pressure requirements 
2% higher) and C-membranes membranes with pressure 
requirements of 3% above A-membranes).

Concerning permeate quality, A-membranes offered 
the lowest salinity (152 µS/cm normalized conductivity), 
followed by B-membranes (37% more salinity) and C-
membranes (74% above A-membranes). In contrast to this, 
B-membranes produced permeate with a lower boron con-
centration (0.8 mg/L at 18°C range), followed by A-mem-
branes (21% above B-membranes) and C-membranes (39% 
above B-membranes).

Table 10 hierarchically organized the performance of 
the membranes.

According to the results and classification, the best 
option would depend on water quality requirements (boron/
salinity) and energy efficiency needs for the desalinated 
water production.
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