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Abstract

Photovoltaic powered brackish water reverse osmosis (PV-BWRO) desalination systems have been proved to
be a technically and economically mature choice for water supply in isolated communities and islands suffering from
lack or poor water quality. However, photovoltaic seawater reverse osmosis (PV-SWRO) systems are characterized
for their high water production cost that reaches the value of 15-20 €/m’. This high water production cost is mainly
due to the high energy requirements (10—20 kWh/m?) that accounts for around 60-70% of the operating and
maintenance cost and that is due to the fact that majority of the small autonomous PV-SWRO do not contain energy
recovery devices (ERDs). Another reason for the high water production cost is the need of solar batteries to
achieve a constant pressure and flow rate for the membranes. Solar batteries are characterized by their high capital
cost that reaches 110 €/kWh and operating cost mainly due to the replacement cost, solar batteries also have short
operation life especially in hot climates.

In this work a batteryless PV-SWRO equipped with an ERD is installed, tested and compared to a battery based
system, promising to produce 0.35 m*/d in winter (feed water temperature 18°C) consuming only 4.6 kWh/m® with
a cost of 7.8 €/m°.
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1. Introduction

Water deficit and/or scarcity are serious
problems in many areas of the world, such as the
Middle East and North Africa countries (MENA),
the southern European Mediterranean Islands
(SEMI) and isolated communities in deserts.
A small-scale, solar desalination system is appli-
cable to areas that have (a) water supply problems;
(b) no access to the electricity grid; and (c) ample
solar resources [1]. Fortunately, all MENA coun-
tries, SEMI and deserts areas have an abundant
solar energy potential that enhances the applica-
tion of photovoltaic technology (PV) for powering
small-scale reverse osmosis desalination units.

Photovoltaic powered reverse osmosis (PV-RO)
systems are a proven technology due to the low
specific energy consumption, relatively low main-
tenance requirements and the economic viability
for desalting small amounts of water.

Small-scale seawater reverse osmosis (SWRO)
systems without energy recovery devices (ERDs)
exhibit high specific energy consumption that
reaches values as high as 20 kWh/m® [2]. The
desalinated product water cost increases with the
increase of the operating and maintenance cost
which consists of up to 70% energy consumption
cost. Despite the fact that solar batteries provide
constant flow and pressure the membranes, they
are a problematic part of the system and have a
reduced life especially in hot climates.

This paper presents laboratory experimental
results of a direct coupled PV-SWRO desalination
system without batteries equipped with a hydraulic
energy recovery device of the Clark pump type
compared against battery based system. The
specific energy consumption of this system has
been experimentally found to be in the range of
4-4.5 kWh/m’ in both configurations.

2. General system description

The SWRO desalination unit is described in
detail in reference [3], generally it consists of

two 25-40 inch spiral wound seawater Filmtec
membrane modules. A feed water positive dis-
placement rotary vane pump pressurizes the NaCl
solution (50 mS/cm), from the main mixing tank
to one of the two cylinders of the Clark pump.
The high-pressure brine enters the second Clark
pump cylinder and exchanges its hydraulic energy
with the medium feed water pressure (13 bar);
the result of these actions is the intensification
of the feed water pressure to the required mem-
brane pressure (around 50 bar). The rotary pump
is directly connected to a permanent magnet
brushless DC motor with maximum power of
510 W. The DC power is produced from a PV
array that consists of 18 Arco Solar PV panels
of total peak power of 850 W that is connected
to the DC motor either directly or via charge
controller and a 315 Ah battery bank. The PV
panels and the charge controller characteristics
are described in Table 1.

Table 1
Detailed system configuration

Description Characteristic
value

PV module Arco solar

Peak power (P,,,,) 47TW

Peak power voltage (V) 142V

Open circuit voltage (V) 22V

Short circuit current (/) 3.49A

Normal operating cell temperature 45°C

Number of modules in series 2

Number of modules in parallels 9

Total number of panels 18

Charge controller Tarom 235

System voltage 24V

Nominal load current 35A

Nominal discharge current 35A

Max. current for 10 s 45 A

Surge current for 0.5 s 58 A
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3. Battery based system performance

The system was tested for about ten consecutive
days of November. The aim of the system testing
was to investigate the water production quantity
and quality as well as the specific energy con-
sumption of the unit under constant feed pressure
and flow. A representative day is analyzed below.

3.1. Available solar energy

The available solar energy and the correspond-
ing PV power production can be seen in Fig. 1.
The total available solar energy was recorded
in Athens on the 11th of November to be
4.6 kWh/m?/d, and the corresponding PV energy
production was measured to be 2.9 kWh/m®.
Taking into consideration that the total PV area
is 7.13 m? hence the solar energy transformed to
electricity can be calculated to be around 8.8%
which is a very logical value for a 10 years old
monocrystaline PV panels working at solar irra-
diance of the half value of that of the test condi-
tions (1000 W/m?).

3.2. Water production and energy consumption

The system starts operation at 13:00h when
the battery voltage reaches the pre-selected voltage
in the charge controller (26 V), as can be shown
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Fig. 1. Solar irradiance and the corresponding PV power.
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Fig. 2. Membrane pressure and product flow.

in Figs. 2 and 3. The RO unit produces a total
amount of water production equal to 0.6 m*/d for
about 7 h of operation, at an average membrane
pressure of 50 bar. The DC motor consumes
around 2.6 kWh/d, hence the specific energy
consumption can be calculated to be 4.3 kWh/m’.
The product water quality was measured to be
within an average of 350 uS/cm.

4. Direct coupled system

In this configuration the PV array was directly
connected to the DC motor and the total system
performance was recorded for one week on
November 2006. The aim of the direct connection
was to investigate the RO system under variable
pressure and flow. The main advantage of this
configuration is the simplicity of the system since
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it does not contain batteries or charge controller
and as a result it has lower capital investment cost
and less environmental effects due to the lead acid
batteries replacement. The system performance
under variable conditions is discussed below.

4.1. Available solar irradiance

Fig. 4 represents the available solar irradiance
in Athens at the 25th day of November 2006 and
the corresponding PV energy production. The total
solar energy was measured to be 4.1 kWh/m*d
and the corresponding PV daily energy produc-
tion 1.6 kWh/d. The solar energy transformed to
electricity at this configuration was calculated to
be 5.5% which is lower than that of the battery
based system due to the power mismatch between
the PV array and the DC motor.

4.2. Water production and energy consumption

As can be shown in Fig. 5 the product water
production starts at 9:10h and continues with
variable production till 15:10h producing total
product amount of 0.35 m*/d. The membrane pres-
sure at which the system starts to produce accept-
able water quality (less than 1000 uS/cm), see
Figs. 5 and 6, was recorded to be 37 bar at 9:40 h.
Despite the intermittent conditions of flow and
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Fig. 4. The available solar energy and the corresponding
PV power.
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Fig. 5. Product flow and membrane pressure.

pressure, the average product conductivity was
recorded to be 390 uS/cm. The total energy con-
sumed by the DC motor was calculated from the
consumed current and voltage to be 1.6 kWh/d,
hence the specific energy consumption at this
configuration was found to be 4.6 kWh/m’, which
is slightly higher than that of the battery based
system (4.3 kWh/m®).

5. Water production cost

The water production cost was calculated in
each of the two configurations using the Life Cycle
Cost method (LCC). In Table 2, the several eco-
nomic parameters of the system are analyzed.
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Fig. 6. Motor speed and product quality.
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Table 2
Economic parameters of the system

Battery based Direct coupled
system system
Total capital 19,500 18,000
investment (€)
Annualized cost 2640 2330
(€E/year)
Annual energy 1380 1380
production
(kWh/year)
Specific energy 43 4.6
consumption
(kWh/m?)
Annual water 321 300
production
(m*/year)
Product quality 350 390
(uS/cm)
Water production 8.3 7.8
cost (€/m?)

The economic analysis has been performed
under the following assumptions:
* Interest rate 5%
* Economic life of batteries 5 years and for
membranes 4 years.

Table 3
Results summary

* The two configurations are assumed to operate
under the same energy production from the PV.

6. Results discussion

The results obtained from this comparative

experimental study can be summarized in Table 3.
From Table 3, some conclusions can be drawn

as follows:

* The PV system has a higher efficiency with
the battery based system. This fact leads to the
conclusion that in battery based systems, the
PV array size could be smaller than that of
the direct coupled systems.

* There was no big difference in the specific
energy consumption, only 3.7% excess energy
consumption in the direct coupled configuration.

» For a specific available solar energy the battery
based system produces only 6.5% more prod-
uct water.

* The addition of a small battery bank and a
charge controller is not economically justi-
fied due to the high replacement cost of the
battery and the high capital cost of small bat-
tery bank that reaches the value of 300 €/kWh
while it is around 150 €/kWh for large battery
banks.

Battery based Direct coupled

system system
Available solar energy (kWh/d) 32.8 29.2
PV energy production (kWh/d) 2.9 1.6
DC motor energy consumption (kWh/d) 2.6 1.6
Solar energy transformed to electricity (%) 8.8 5.5
Total product (m*/d) 0.6 0.35
Specific energy consumption (kWh/m?) 43 4.6
Annual water production for the same amount of DC energy 321 300

consumption (m*/year)

Product quality (uS/cm) 350 390
Water production cost (€/m?) 8.00 7.8
Total system efficiency (motor energy/solar energy) (%) 8 5.5
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* A large battery bank (>1500 Ah) could improve
the system behavior, but will increase the
environmental effects and operating cost that
might be very high in isolated areas.

7. Conclusions

A direct coupled PV-SWRO was experimen-
tally analyzed toward a battery based system.
Using a small battery bank in such a small desali-
nation bank was not economically justified due
to the high capital, maintenance and replacement
cost. The water production cost (7.8 €/m?®)
compares well with the available water cost in the
Agean Greek Islands.

References

(1]

(2]

(3]

S.-F. Cheah, Photovoltaic Reverse Osmosis
Desalination System, ITN Energy Systems, Inc.,
Report No. 104, Littleton, USA, 2004, p. 44.
Essam Sh. Mohamed, G. Papadakis, E. Mathioulakis
and V. Belessiotis, An experimental comparative
study of the technical and economic performance
of a small reverse osmosis desalination system
equipped with an hydraulic energy recovery unit,
Desalination, 194 (2006) 239-250.

Essam Sh. Mohamed, G. Papadakis, E. Mathioulakis
and V. Belessiotis, The effect of hydraulic
energy recovery in a small sea water reverse
osmosis desalination system; experimental and
economical evaluation, Desalination, 184 (2005)
241-246.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


