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PREFACE

This report was commissioned by the ODA and was jointly funded by three departments within
ODA (Engincening Division, Natural Resources and West Asia Departments).  The team of
consultants and specialists involved in producing this report comprised ETSU, The Institute of
Hydrology, The Bntish Geological Socicty, Richard Morris and Associates, Dulas Ltd and Light
Works Ltd.

The report aims to assess the viability of water management and desatination options for small
communitics in arid and semi-and coastal regions and to identify any necessary developments
required for the successful introduction of such options in these areas.

Chapter 1 outlines a range of water management options and identifies those which are suitable for
small communities in and and semi-arid coastal regions. An outline methodology is given to aid
water management strategy development and to improve the success of schemes.

Chapter 2 describes the desalination processes which have been developed and possible energy
resources which could be used to power the plant, giving a bnef outline of suitable desalination
technology and energy technology combinations.

Chapter 3 compares the economics of selected desalination technology and energy technology
combinations.

Chapter 4 outlines some of the background requirements for undertaking 2 water management

review and establishing where small-scale desalination plants would be appropriate.

Chapter 5 is a brief case study on water management options for Gaza. Two specific desalination
technologies were assessed for their viability with respect to Gaza (the Seawater Greenhouse - Light
Works Ltd and PV powcred reverse osmosis - Dulas Ltd). Economic assessments of these
technologices can be found in Annex A and Annex B respectively.

Chapter 6 contains general conclusions and recommendations for small arid and semi-arid
commurutics in coastal regions and summanses the specific conclusions and recommendations which
were made for Gaza in Chapter 5.
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REVIEW OF WATER MANAGEMENT AND DESALINATION OPTIONS FOR
SMALL COMMUNITIES IN ARID AND SEMI-ARID COASTAL REGIONS

EXECUTIVE SUMMARY

Background

This report was commissioned by the ODA and is jointly funded by three desks within the QDA
{the Water, Energy and Palestine desks). The report aims to assess the viability of water management

‘and desalination options for small communities in and and semi-arid coastal regions and to identfy

any necessary developments required for the successful introduction of such options in these arcas. A
case study has been done on Gaza with an cconomic assessment of two specific desalination

technologies (a Seawater Greenhouse - Light Works Ltd and a PV powered reverse osmosis plant -
Dulas Led).

Summary

Water scarcity in semi-arid areas may often reflect poor water management and economic constraints
rather than a shortage of water resources. An integrated water resources management strategy
appropriate to local circunistances can often reduce demands by making more effective use of existing
sources of supply. Although a wide range of measures are available, implementing such a strategy may
depend on institutional, Tegal or other reforms which may require a decade or more before significant
improvements can be made.

In the past, increased water demands were usually met by developing new surface water and
groundwater supplies. However, this has often had adverse impacts on the environment and
sustainability. Due to the rapid increase in population, rising living standards, industrialisation and the
degradation of existing sources, water resources managenient must also consider the role of less
conventional sources of supply, such as desalination, or importing supplics from elsewhere. Valid cost
compansons between conventional and non-conventional sources should take account of the water
resources available to future generations.

There are a variety of technologies available for the desalination of seawater or brackish water using
rencwable energy (RE) sources. Numerous research and demonstration plants have been built with
a view to overconmung the problems of matching a discontinuous energy source to a desalination
process, which in all cases are best suited for continuous operation.  However, there is still much to
be done before such plants can be classed as being commercial.

Seawater is much more expensive to desalinate than brackish water.  The cost of water produced by
desalination technology using conventional fossil fuels is usually much higher than most cconomies
can afford and much higher than naturally occurring water.  Hence the only countries that have
invested senously in desalination are the oil nch Gulf countries.  The cost of water produced by
desalination using a renewable energy source is normally more expensive than using a conventional
fossil fucl if an electnic gnid is already in place. However, renewable energy driven desalination can
be competitive in remote areas where there is no developed electrical gnid or where fossil fuel prices
are high. The encergy cfficiency of desalination processes is improving and the costs associated with
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renewable energy are falling, and are expected to continue to fall, which will make RE powcered
desalination plant more viable in the future.

In the absence of gnd electricity or waste heat, the most likely renewable energy sources to be
coupled to desalimation plants using current technology are wind, solar energy and combustion of
municipal solid waste or agncultural waste (biomass). Solar energy plants tend to cover large areas
which can be a problem on small 1slands or in areas where land prices are high.  The availability of
biomass is questionable if there 1s a lack of water for agriculture, as given the cost of the water
produced by desalination systems it 1s unlikely that it can be used for agriculture. But, there can be a
good market for small desalination plants using renewable energy sources in specific remote locations.
In remote coastal communities, without access to altermative water supplies and without access to gnd
electricity, the PV/wind reverse osmosis (RQ) and the Seawater Greenhouse concepts developed for
desalination using alternative energy may prove cost effecuve. Longer term, vapour compression
(VC) processes could be developed with lower energy consumption than RO. The viability of the
Seawater Greenhouse will depend on the specific topogrphy of the coast, 1ts climate and local
demand for, and pncing of, horticultural produce. Qceanic 1slands with seasonal demand from
tounsm will probably be currently the most appropriate targets for the technology. As the technology
1s developed they may have wider application.

General Recommendations

Whether water scarcity 1s already existing, occurring occasionally due to drought or due to
foreseeable nsing demands, it is recommended that:

_ * an integrated water resources management strategy should be developed for areas subject to water
scarcity 1n order to reduce demands. An integrated strategy makes more efficient use of existing
water resources, and considers the potential contnbution from less conventional and external
sources of supply. The integrated planning and management strategy should cover the following
arcas: fiscal policy, legal matters, institutional structure, infrastructural needs, environmental
management, water demand and supply issues and the availability and costs of energy for water
pumping and treatment.

* the strategy should i1dentify any constraints on 1ts implementation, a timescale for its introduction
and take account of cost-benefits, the equitable distribution of supplies and intergenerational
transfer of resources.

* whilst a range of demand reduction and water supply management measures are available, further
work 15 nceded to identfy the cost-benefits and water savings for individual measures as well as
combinations of measures. A water management planning manual containing information on
these aspects, on the factors to be considered, and the phnning steps to be taken would aid those
responsible for water management in developing countnes. It would also be useful to include
contact details for organisations and institutions able to provide further advice and information on
water management strategies. .

* aselection of in-depth case studies should be camed out on existing schemes to identify the cnucal
success factors for water management strategies in developing countries. This would help planners
to assess their specific situation and learn from the expenence of others.
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* the case study on Gaza included in this report would be complemented by similar case studies for
representative oceanic islands which may be more appropriate locations for deploying renewable
energy desalination systems.

* R&D 15 needed to overcome the problems with desalination technologies associated with
intermittent running of plant.

¢ R&D is needed for combining renewable energy technology with desalination plants such that
there 1s suitable energy back up and switching technology for a stcady power supply.

+ R&D is needed ro optimise energy efficiency (use of energy) in small to medium sized RO plants
using RES.

¢ R&D is needed on PV as a power source combined with VC desalination technology (including
developments in VC energy efficiency).

* A survey of the potenual market for renewable energy powered desalination plants needs to be
undertaken in order to give commercial companies the confidence to invest in product
development.

The recommendations marked with an astenisk should be given prionity.
Gaza

The combination of climate, topography, population pressure and politics give Gaza unique water
scarcity problems. Existing water resources are already overexploited, leading to quandfiable
degradation of the aquifer. Demands from all sectors are increasing. The legacy of occupation has
been a laissez-faire institutional e¢nvironment without incentives for conservation or . effective
ln.‘nmgt:lncnt OfWIltCl' resources.

Given the scale of Gaza’s problems any solution will need to be based on both supply management
and demand management measures. The supply management options are limited to the import of
water from outside Gaza, the exploitation of wastewater or the desalination of water within Gaza.
While there is some scope for managing domestic and industrial demand through programmes of leak
reduction and the installation of water efficient appliances, the bulk of demand is generated by the
agncultural sector. The replacement of inefficient imgation practices by modem methods and crop
substitution could reduce demand, but in practice farmers will often seek to recoup investment in
efficient irmgation technology by increasing the arca imigated, and high value crops use large
quantities of potentially polluting agrochemicals.

Significant resolution of water scarcity in Gaza will require the reallocation of watcer, allowing
transfers of water from low return agriculture to high retum domestic and industnal use, coupled
with integrated resource management to protect the aquifer from further deterioration. This will
require institutional and legal developments that can only be addressed by the Palestinian authorities.

Desalination is one technology that is under active consideration within Gaza to augment supplics.
Desalination of secawater would provide a genuinely new source of water. Desalinadon of brackish
water, while cheaper than desalination of scawater, needs to be managed carefully if it is not to
precipitate further aquifer degradation. There are no power generation plants in Gaza at present, the
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electnicity gnd is powered from generation plant in Israel, so combining desalination plant with
existing power plant in Gaza is not an option.

Given the current and foreseeable price of renewable energy, it is unlikely that PV RO or other
renewable energy based RO options will have a role of any significance within Gaza in the short to
medium term. The factors mitgating against this are:

low wind speeds

high cost of land for solar collection

developed grid for both electricity and water
plans for power generation using gas from Egypt

The Seawater Greenhouse is possibly a feasible option for Gaza, although its viability depends to a
large extent on prices in a highly volatile agnicultural market. The low cost option, which does not
rely on a long pipeline to extract cold secawater, would be most appropnate, but would produce a
relatively small amount of fresh water purely for agricultural use, while demanding significant areas of
expensive land.

Recommendations for Gaza

The ODA should discuss with the Palestine Water Authonty potential water projects within Gaza
with a view to sclecting projects that are consistent with the authonities’ development of an
integrated water resource management plan.

If the effectiveness of investment in the water sector in an area of great scarcity is measured by the
production of water at low cost, then the development of leak reduction programmes, the
installation of water saving devices and the treatment of wastewater are the most attractive options
for investment.

Present local conditions mitigate against PV desalination as an option. It should not be pursued
until costs come down sufficientdy to make it a competitive option.

Disposal of solid waste in Gaza is a problem. Solid waste combustion with associated power
generation and desalination should be investigated in greater detail.

The greenhouse option may be viable, but within an agncultural context rather than as a
substantive water supply project. A more detailed study should be carnied out for constructing a
comumercial sized plant in Gaza, addressing issues of land cost and real agncultural retums.

Investigate options for combining the planned gas fired power station in Gaza with a desalination
plant.

The recommendations marked with an asterisk should be given prionty.
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GLOSSARY

Aquifer

Dunum
Drip irrigation
dS/m

Ec

Economic analysis

Financial analysis

Furrow irrigation

1/p/d

Marginal cost

Medusa bag

Opportunity cost

Sprinkler irrigation

A geological formation, or part of a formation, that contains
sufficient saturated matenal to yicld economic quantities of water to
wells and springs

Unit area of land equivalent to 0.24 acres (0.1 hectare)

Piped itngation distribution system in which water is delivered
cither above or below ground via small holes in pipes

deci-Siemens/metre (conductivity)
mean soil salinity

A cost-benefit analysis done by converting market prices to
efficiency, or shadow prices, typically undertaken when market
prices are judged to be a poor estimate of economic value

A cost-benefit analysis done using market prices

System of irmgation in which water flows in open channels between
rows of plants

litres per person per day

The incremental cost associated with producing one more unit of
output

large synthetic bag towed behind a ship to transport fresh water

The benefit foregone by using a scarce resource in one use instead of
its next best alternative use

Piped irmigation distribution system delivering water via a variety of
arrangements of pressurised spray nozzles

Page vii



Warter Management and Desalimtion (Gaza)

RYEA/18655007/Final/issue 1

04/ 11196

Page viii



Water Management and Detalination (Gaza) RYEA/ 18655007 /Final/issuce 1 41179

CONTENTS

PREFACE ... ree st s e seesssasssses s venaememeesaassbsa RS bas s bne s memsseeateesras et amemensesrreenssasmsnsssssssssese ssssesssenenrresanananns i
EXECUTIVE SUMDDARY ..ottt irassre st e tetestsetretrirs raste st st aeassssasstssissssses sesessansnsses s ssstnesssossntsnsons iii
LS S A RY ...ttt vt esteeeesterssrsssssaasssnresresiastasbassasasns s sssnsssnssssarsnes soestonstsnsesnssnssnsnsasnnsssssssessersseeeeneens vii
1. WATER RESCOURCES MANAGEMENT OPTIONS. ... itirvieteisesesieriensssssssssssssssssrsssonssrnnss 1-1
1] DT OIYUCTION e e eieeeee e s tet e ee s e e s aa s e e et sns s e ae s e s iesa s aesa e sa s s sestesa sesa e s aame s o s ant s asaanesesaneeenans
1.2 WATER MANAGEMENT O P T IONS. .o ovuiiit it ieeseereee e et e ee e et eetsreanteeesarassestesrsta s st eeeeneannsnrssnsansersnneesenten
1.2.1 Water Demand ReAUCHION MeEQSTIeS ...c.....oo oot eeeeteee e e e ettt e e et e et

a) Reducing agncultural water demands ..o e
Improving irrigation cfﬁcicncy
Low water use crops...
Price controls...
b) Reducing dcmands in mumctpal areas..
1.2.2 Supply management OpUons.................c.ccoiiiimeiei e
Use and re-use of poor quality water for imigation
Groundwater abstraction CONIOl MEASUIES ...........oooouiiii it e a s beees s s s ars et sba s b essassssscsnon s nnens | =
Non-conventional sources ..

1.3 QUTLINE MFTII()IJ()LO(‘Y FOR II\TR()I)U(‘H\(’ A WA I'ER MANA( EMENT S TRATEGY «oecenereeceesceieneceeeerenns 1-11
2. TECHNICAL OPTIONS FOR WATER RESOURCES........oirreececrrarrmnernestoetectrsassssnsnissisasansens 2-1
2.1 BIIEF COMPARISON OF DESALINATION PROECESSES ..ottt tte i st teent ettt e ass vasiaaaa e s saea s 2-3
208 Thermal DiStillQUiOn ..ot oot ettt bt e e ae e peeet 2 eeea e e e n e e e e et e e 2-3
2.1.2 Mulditi Stage Flash Evaporation (MSF}..........ccooiii et 2-3
213 MUll-EfOCt BOIIRG. ........covooiiioeeiirt ettt bbb 2-3
214 Vapour COMPIreSSION. .........cccccoiviiiiitiie it ettt e 2-7
2.1.5 Solar Distillation..........c.c.ccoovoomiioevicieeeieeeeee e e e ——————— e 2.8
2.1.6 Reverse OSmosis (RO) ..o ittt o1t e 4o 12 eaee e e ettt et s ene e cene s 2-9
217 Electrodialysis ... .cocoooviiiiiiiiiciiiie e s ettt e 2-13
2.1.8 Energy Consumption of Desalingtion ProCesses.............ooeeciivociicciiiiciiiciii e 2-14
2 2THEENERGY SOURGCES (..o oo rarve e seee s e et et e ceea et s emeebreab s st e ae e b b tb b ae s e e ab s e e e s 2-15
220 Grid ELeCIFICITY. ...ttt e 2-16
222 SOMAI ..ottt a1 a e e ettt ner e e e ans 2-16
223 IR oo e e e e ———t s et ettt e et e baee et saeeee 2-17
228 WAVE......coiiiiiii e ettt ek e e eere bt e et et et e e e r e 2-17
228 WASIE HEOAE ... oot ettt et e e s n s 2-18
22206 BUOMASS .. oo e e s rre e e 2-18
D27 BAUEFIES ..o ettt e e U OSSPSR 2-18
2.2.8 Diesel Generators ................. e ettt te e e eeaeeeaeaeeeteeaeeie ettt tes e aeea e ess e e re e e n e nmee et e e et e naame e 2-18
229 SUMIAIY ... e bttt ettt b e e e et 2-19
2.3 REVIEW OF COMBINATIONS OF DESALINATION TECHNOLOGY & E\luu.v SOURCES.....ooiie e 2-19
2.3.1 Grid Electricity............. OO U SO TSPV SO OO SO PU U OT PRSP

23 280IAF ... e et e e et a s s sb et s
501ar Thermal ENCTEY . oottt eae s v b s ee e be bt st eraia
Photovoltaic/RO - EDR ... e eee e cem e oo aa s e b s bbb g
233 IR .o e SO U OO USSP PR TP ROUPROP PO
3G WaSIE QU ... e e e
235 BiomaSs ..o TSRO UU TS URUTUROUUUSTUROTTN et aae s
2.4 DISCUSSION AND CONCLUSIONS Lottt e it ariaiestebmeo st einaessrass emtessst s aeas saesr st e s ae e s eeaeeeareaaeaeeraaes s abinsess
2.4.1 Operating Problems in Desalination Processes
2082 COREIUSEONS ...t ettt et e et e ettt et s

Page ix



Water Management and Desalination (Gaza) RYEA/18655007/Final/isue 1 R 04/11/96
J.ECONODMICGS ...ttt tee st raee st bat e s e s assenssrsrraests 2500 0r sestbras abisasssasansnenersntbnsbosansass 3-1
3.1 DESALINATION OF SEAWATER .....coitiiirieieeiicaeeeeeereee s saestasaseesasasantsissrsssasnsssnssn oemsasessnsmnsese seasssnsnstesssinsanresassesneeens 3-1
3.2 DESALINATION OF BRACKISH WATER ..ottt ittt ettt amas e e e aba e ae s eeteeebas tebaesass smaamrasaaeennnenens 3-4
3.3 SEAWATER GREENHOUSE SYSTEM Le.oiitiiiieiiitieneoeiitess ittt eoseeesecesessssessinsaesassmssss s eos e ssmasseseban or b s sassessessssssssnsenon 3-6
3.4 PV REVERSE OSMOSIS PLANT .ottt ittt sttt s st ese e et eeee e s s eesae s esesemsbs s e artbesraa ombssesseac et tansessesnsens 3-7
4. APPROPRIATE LOCATIONS AND CIRCUMSTANCES ... cciciicimcsirece s snisestsassisassossssss 4-1
4.1 KEY REQUIREMENTS FOR SUCCESSFUL WATER MANAGEMENT OPTIONS. o coivveveeecie e eerrceieie e ene e e 4-1
4.2 KEY REQUIREMENTS FOR SUCCESSFUL OPTIONS FOR DESALINATION .....oiivitiiniiirrene i oisinemeienassicecssnaeaseseseon 4-4
B 2.0 General ... e 4-4
4.2.2 Water Resources antd IDemand .. ... i o rtn e e eimamr s et e et e et e eaa s 4-7
4.2 .3 Energy Sonsrces ... U T e s 4-7
4.2.4 Sonrtes of MMEE .. oo e e SRS . 4-9
4.2.5 Environmental ._........... PSS e 4-10
4.2.6 Technical Support ... ... e e e e 4-10

5. BRIEF CASE STUDY OF THE GAZA AREA ... iiimmsmiissessisrnsimsiimstaisiisssosssesosssssassssss sssns 1-1
.1 IINTRODUGCTION . eveteeiveetirteerisuiararastasseesesesseas s nsasesasnsnssasnoaeestenenbobetbeatbassssasbnsssis srmrers aeesararans pas s s sanssasass siosasnssnns 1-1
S.Z BACKGROUND . ooriieeitiie e ecets et esete s eeeeaaeeesaessesssee e asasasssrasanbars s ehes s b £t £ eee e e e ese oo Sraetasbe st pas et esieseenss s sas e s e 1-2
5.2.1 Climatic conditions in Gaza..................coocoeeeiioiiiei e e e e !-2
5.2.2 Existing Warer Resources and Demands....................cc.c.ccoiiiiiiiiiii e /-4
B) W aLET TESOUTCES e v et e et s s ene s as e amenabat e a e e 1-4
b} Water demands. ..o vcvueeee seeeacerreanriersemcsees reeeee st e en e e e OOV SO PP UUUOTSTUTUOTUUPIPRRIURSRIOUR Py )
5.3 WATER RESOURCE MANAGEMENT L iiiii it iiteesie st are s abbasssaatstiararesess s omtasesatasens somsssetenssmtansmertcsesssssstessssssis 1-8
5.3.1 Addressing Water SCAFCIHY ..o oo e et e e e e {-8
a) [dentifying NEW [ESOUICES ..oeriviirereieee et e O OO OO U O O UUUO VPP OO DTOTPUTTUUUPTUUUUUIOUUTUTRPVRRRRRY P
b} Improved management of existing supphes 1-10

1. Reducing agricultural water use and contaminant [02diNg. .........ccc.ococeiceiviecnre e eecren s e b= 10

2. Reducing municipal water use and contaminant 10ading ..o e 12 14
5.3.2 Desalination's role in Gaza
a) Desalination of brackiSh WAICT ........cco.coorviiiniens e eom e ceemssce e eses e saeisntesnss s cansssosmncsensenes e 1= 1O

D) WASIE WALET TECOVETY ..coiteceemteiaietiatsceessnsties sttt bs et ses o st re s et sesommmsmamsmncnscsos et simesntsnsssnsssmesneecannenssnenss k=10

c¢) Desalination of scawater. ; 1-16

5.4 COMPARING THE OPTIONS o ettt iieetieiiies et stutasasssrasasssssarsrsss e srernsenremmtrarssnss srassssosssneasasoemstieneennnnnanrmsisssssssssssass 1-17
5.4.1 Conventional approaches.......... R 1Yt 4 s e e b e et e e eh e e e bt e e 117
5.4.2 Technical Options ..................cccccoiieoniiieeeriene e, VUUTUSRO et b e 1-20
5.5 CONCLUSIONS AND RECOMMENDATIONS FOR GAZA ..o.oooviiriiieiievsicteiees e viscamsensensessnsesssesasssseseessinssnmasenssrssense 1221
5.5.1 Conclusions JOr GAza...............c.occoimiveeiiie e et e e e e 1-21
5.5.2 Recommendations JOr GAZA .............uemiiciiuiimiacore ettt et b s et e {-23

6 CONCLUSIONS AND RECOMMENDATIONS. ...t iiiiiniiiinicittieiisisescsssrsisesensnsessserststanannsenses 6-1
6.1 GENERAL CONCLUSIONS AND RIEECOMMENIATIONS c.ititiritinersiaiiaian e enesiaramismtiens sasisasrsasnssssrmnrassassssassanensnss 6-1
6.1.1 General Conclusions ................. RO RIS et ee e e 6-1
6.1.2 General Recommendations . ..........coivreriiiimreini et et e et aa s e e e 6-2
6.2 CONCLUSIONS AN RECOMMENDATIONS FOI GAZA 1vivneeeneieinioreiieaeaeianiasiereesasaestsassinsersssanistnsnsinarsnsinss 6-3
6.2. 1 Condusions for Gaza . ..........ccccooiviviiiiiiiiiii e e e 6-3
6.2.2 Recommendations for GaZa@ .......cccooviiiiiiii it e e et e e e 6-4

REFERENCES
ANNEX A - ECONOMIC ASSESSMENT OF THE LIGHT WORKS SEAWATER GREENHOUSE

ANNEX B - ECONOMIC ASSESSMENT OF THE DULAS PY POWERED REVERSE OSMOSIS
DESALINATION PLANT

Page x



Water Management and Desalination (Gaza) RYEA/18655007/Final/issue 1 (3711790

1. WATER RESOURCES MANAGEMENT OPTIONS
1.1 Introduction

Populanon increases and higher living standards in developing countries will result in considerably
increased demands for water and consequent pressures on available resources, especially in and and
scrmu-and regions where the water resources are often limited and vulnerable to drought.

In all arcas, rapidly increasing water demands need to be addressed both by good water resources
management practices to reduce water demands, and by more effective use of existing water sources.
In recent years, there has been a reabisation that addressing the demand side is as important as the
corresponding supply side of water scarcity. However, where there is limited scope for improvement,
existing water sources may have to be supplemented by non-conventional sources such as importing
supplies into the area or by converting seawater or brackish water into potable water using modemn
desalination technology.

Industrial processes for the desalination of scawater have been used for the past three decades in some
water-starved countries with sources of cheap energy. Thus has been the case in some oil-rich
countnies in the Eastern Mediterrancan, notably Saudi Arabia. However, since the early seventies
considerable efforts have been made to develop viable renewable energy resources. Sonmie of these,
wind in particular, have reached the stage of being commercially viable under certain circumstances.
Coupled with this there have been useful developments in the field of desabination technology and in
the development of less encrgy intensive desalination processes that can be used with renewable
energy sources. A number of small demonstration plants have been constructed and tested.

Future technology developments and associated reductions in costs will make desalination powered
by renewable energy an increasingly viable option in some arcas. Areas that will be able to exploit this
are those with good renewable energy resources and acute water shortages. The water that such
systems produce will still be relatively expensive and if used for irrigation will have to be used to
produce high value crops.

Chapter 1 presents an outline of water resource management options that could be applied in semi-
and regions to reduce water demands and to make better use of existing sources. Chapter 2 describes
modem desalination technologies altemative energy options and combinations of energy sources and
desalination technologics.

1.2 Water Management Options

Water management is concerned primarily with finding an acceptable balince between the benchits
of water use and the costs of supply whilst taking into account socio-economic factors, the
intergenerational transfer of resources and protection of the environment.

The two main components of water resources management are:

a) demand reduction measures, which attempt to reduce demands in each water sector and provide a
more equitable distribution of supplices;

b) supply management measures, which aim to make better use of existing sources as well as
identfying other possible sources of supply.
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Some of the more common management measures are listed in Table 1.1

Table 1.1

Water Management Measures

RPN AN -

I Demand Reduction Measures

A Agnculture

1. R educe area under irngation.
2 Improve imgaton efficiency.
3 Encourage low water use crops, more appropriate cropping patterns and methods to reduce

cvapontion losses in horticultural areas.

4 Scaled warer tarifk, metenng of supplies and govemnment conuolled schemes.

5. Reduction in livestock numbers,

B, Industry

1 Introduce licensing and scaled water arifi.

2. Encourage low water use industries.

3 Introduce incenaves for water recovery and re-use.

4 Leakage minimisation, target and monitor consumpton.

C. Domestic

1. R educe system leakage and illegal connections.

2. Introduce scaled water taniffs, water meters and efficient revenue collection.

3. Raise public awareness for water conservaton by publicity campaigns.

4. Encourage and support domestic water saving appliances, whilst discouraging high water use
appliances.

5. Reduce garden or patio watering.

6. Reeduce water pressure or provide supplies on a rota basis.

7. Provide basic water requirements (BWR) only.

Other municipal measures include reduced watenng of streets, roadside verges and public parks.

I1 Water Supply Measures

Conjuncuve use of surface water and groundwater supplies.
Amifical recharge of surplus surface water.

Use of brackish groundwater.

Re-use of wastewater and irmigation drainage water.

Small dams in upland areas for local, short-term supplics
Saline intrusion control methods.

Freshwater “skimming’ in coastal areas.

Small-scale non-conventonal sources (e.g. rinfall harvesting).
Smuall and large scale desalinadon.

Large-scale import of water from water-rich areas.
Blending of fresh and poor quality water

Groundwater abstraction control measures.

Transfer of water rights from agriculture to urban use.

Benefits denved from improved water management include (UN, 1991):

® postponing Investment in NEW sources.
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® 1 more equitable allocation of supplies and economic efficiency. Government policy or pricing

and vanous restriction methods can promote water use in some sectors while discouraging it in
others, usually in order to improve the economic retum to water.

e generating water sector revenues. Through the analysis of water use and adoption of appropriate
tanff structures, revenues denved from the water sector can be used to improve supplies and data
collection.

e drought management. R educing demands can lower the nisk of disruption and costs resulting from
water shortages and water can be allocated to the more important users during droughts.

e reduction in wastage. Metenng, pncing, leak detection and monitoring of the distribution system
to identify illegal connections can improve the operation and maintenance of the whole water
distnbunon system.

1.2.1 Water Demand Reduction Measures

a) Reducing agricultural water demands

The agricultunal sector usually accounts for 75 to 90% of the total water demand in many semi-and
countries, which generally need to rely on imiganon for crop production. Many of these countnies
have agnculturally based economies and a high proportion of the labour force in the agnculwral
sector. Measures to reduce irrigation water demands in particular can release significant supplies for
other users, although other agricultural water demands can be important, for example the daily water
requirements for cattle are about 30 I/head.

Examples of the average per capita water requirement for food production are shown in Table 1.2
(Barthelemy, 1993):

Table 1.2 Average Water Requirements for Food Production

Per Capita Water Requirements Egypt Tunisia
Total daily water input I/p/d 3242 2904
Percent of water needed to produce meat in diet 21.4 26.9
Percent of total daily input met by imgation 09.0 57.3

[mproving imeation efficiency

Vanous imgation methods and sources of supply are used in senu-and countries. These range from
traditional methods (such as spate imganon) to modem, integrated dnp irmigation schemes, The
choice of system depends mainly on climate, availability of water and hbour, costs, simplicity of

installation and operation and tradition (i.¢. what people are farmbiar with and used to using).

Water use efficiencies using subsurface and drip irrigation methods are reported to be 80 to 90%
compared to 50 to 70% for spnnkler irrigation and only 30 to 40% for floed imgation. However, in
practice imgation efficiencies are often lower than indicated by these figures (world average 37%).

Traditional irrigation systems typically lose 20-30% of the water supply in the distribution system,
which can be reduced by low cost measures, such as the lining of secondary canals. Modem systems
that deliver water more directly to the root zone result in less salt deposits, higher crop yields and
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reduced water demands (Shalhevet, 1994). Poor water scheduling often results in the inefficient use
of water and for this reason modem irrigation systems may incorporate tensiometers or other
equipment to monitor and improve water application.

In Jordan considerable success has been achieved in replacing the traditional “dowaleeb' (or furrow)
imgation method by dnp irmigation systems to produce high value crops with export potential,
However, the water saved by improving the imgation efficiency has been used to expand the area
under imgation in order to increase the economic retum. An economic analysis of the benefits of
modernising an irrigation system in Jordan showed that whilst the net income of a 40 ha plot
increased tenfold after modemisation, this was due in part to a change in crop mix. It was estimated
that traditional crop yiclds would increase by 50% whereas an increase i yield of 100% would
actually be required to justify the investment in modernisanon (Reegev et al., 1990).

Other government assistance to promote better water use could include government-controlled
unified water collection systems {e.g. groups of boreholes linked to a covered reservoir or tank) and
drip imgation systems fitted with meters at the farm tumout to allow cost recovery. This type of
scheme has been implemented for example in the Messara Valley in Crete to reduce groundwater
abstraction.

Low water use crops

At the farm level, the choice of crop tends to be determined by market pnices as well as the
availability and quality of water. Vegetables and fruits generate a higher income than more traditional
field and forage crops, but have a higher water requirement. However, agricultural water demands
can be reduced by converting to lower water use crops where possible.

v

Self-sufficiency in food production and agnicultural employment are major issues for governments in
developing countries. Hence, whilst importing cereals or high water use crops may be desirable from
a water management point of view, this may be unaccepuble politically due to foreign exchange
considerations or concerns for food securnity and employment.

Price controls

Excessive water use for agriculture often reflects the lack of an appropnate pricing structure, a
reluctance by government to levy a realistic price for water supplies, or the lack of an organisational
framework to collect revenues. Pricing (or water tanffs) can improve the efficiency of water use as
well as encouraging a more equitable use of water supplies, adthough revenue collection is not always
easy to achieve or enforce.

The use of energy prices to regulate water demands may be applicd on an energy unit basis, espeaially
for groundwater abstraction schemes. In Gujarat, India, electricity charges for running imgation
pumps are based on an annual fee related to pump horsepower (Moench, 1992). However, once the
fee 1s paid the farmer has no incentive to invest in either electrical or water efficiency so that the more
water the farmer uses, the lower the cost per unit volume of water. Pump cnergy cefficiencies
measured in the field in Gujarat typically range from only 13 to 27% as opposed to more than 50%
usually found elsewhere in the world (Patel, 1989).

The prce clsucity of water demand vanes from place to place and therefore so does the effectivencss
of price adjustment on the quantities used. Taxes, or prices based on energy consumption, could be
used 1n water short areas. In Gujarat, some farmers use diesel pumps whose running costs are much
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higher (and a direct function of water use) and consequently efficiency in water use in these areas is
much greater.

If encrgy pricing is impractical or does not have the desired effect, fees could be based on the area
imgated, by crop type or by the volume of water delivered. Charges could also be levied on the
operation and maintenance costs, the ability of the farmers to pay or the value of the crops grown.

Each pricing armangement will have a different impact on water allocation efficiency, distributional
equity, case of fee collection and cost of implementation. It may also be beneficial to impose
additional costs if the farming activities cause water logging, salinization or pollution.

Other possible measures to reduce water demands in the agrnicultural sector include:

rescarch into alternative irfigation methods (e.g. bubbler systems)

removal of subsidies or import controls that might promote higher water use
low cost loans to farmers to purchase drip or other modern irriganon equipment
mmproved agricultural extension services

improved marketing and infrastructure

preferential minimum prices for low water use crops

import of high water use agncultural produce

transfer of water nghts to low water users.

b) Reducing demands in municipal areas

The population growth rates in many less developed semi-and countries are amongst thc highest 1n
the world, and are increasing faster than improvements can be made to water availability. Demands
will increase further as biving standards improve.,

Domestic water use depends on climate, living standards, water charges, water availability, and the
distance to the supply. In dry regions of developing countries rural household water use ranges from
30 to 40 1/p/d with public standpipes to 60 to 80 1/p/d with house connections (but without flush
toilets or gardens).

Recommendations for drinking water and sanitation needs vary from 20 to 40 1/p/d (USAID, World
Bank, WHO), increasing to about 100 1/p/d in water scarce regions if bathing and cooking needs are
included (Falkenmark, 1991). However, it has been suggested recently thata basic water requirement
(BWR) of 50 1/p/d should be adopted for drinking, cooking, cleaning and sanitation needs (Gleick,
1996).

Domestic water demands in urban areas can be reduced by a range of measures. These include
metering of household supplies, scaled water tanffs, reducing the number of illegal connections,
reduced water pressure, leakage reduction and publicity campaigns.

Most houschold water savings are accomplished by some type of device. Appliances, water closets
and showers can be adjusted or changed resulting in less water being used while accomplishing the
same task. Promoting the implementation of these measures results in lower demand and may
include:
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e Shower spray nozzles which restrict the flow of water while increasing the velocity can reduce
the water use significantly. In the UK, showers use on average 35 litres per use compared to 80
litres per use for baths (NRA, 1995).

e Clothes washers where water requirements for a standard load varies between 144 and 261 litres
(UN, 1991). A dishwasher wastes comparatively less water than a clothes washer, using only 25
litres per use compared to 17 litres per day using a sink (NRA, 1995).

¢ Using a smaller cistern on a toilet reduces the flush volume, or a simpler measure is to insert a
displacement device in the existing cisten. A dual flush fixture allows for a low-volume flush
for liquid waste. Up to 3.5 litres per flush may be saved with this technique. In the UK the
average rate of use is 10.5 flushes/houschold/day.

® Some countries such as Hong Kong, Saudi Arabia and parts of the US have dual systems
whereby sea water or treated wastewater is used for flushing toilets or garden watering. In
Venice, Flonda, water demand was reduced by 20% by introducing a dual distnbution system
(NRA, 1995),

e Some countries use water-based evaporation air conditioning systems which would work
equally effectively with non-potable water.

Examples of effective demand management programmes in municipal areas include [World Bank,

1993):

* In Mexico City the replacement of 350 000 toilets by smaller six-litre models saved enough
water to meet the household needs of 250 000 residents.

¢ In Beiing, China, a new pricing system linked to the amount of water used contains regulations
that set quotas on consumption and impose fines on excessive use.

e Water use in Jerusalem was reduced by 14% over two years by the introduction of water-saving
devices, a programme of leak detection and repair, and more efficient imgation of municipal

parks.

e In Bogor, Indonesia, water consumption was decreased by 29% following an increase in water

charges of 30%. A subsequent campaign aimed at heavier users (>100 m3/month) which
included advice and water-saving devices produced a further decrease of 29% in three months.

Significant losses occur in urban water supply systems throughout the world (Khadam et al., 1991).

Losses in pressurised potable water supply networks may vary between 5 and 50% depending on local
conditions, and nse exponentially with increasing water pressure. Common causes of pipe leakage
include poor construction, corrosion and pressure variations. Besides being a direct economic loss and
a loss of often scarce resources, there may be indirect economic losses from damage to structures as
well as environmental problems. In genenal, losses exceeding 25% of the water supplied at source are
‘considered unsatisfactory whilst losses of less than 15% are considered reasonable. Leakage control can
be cost-ceffective in reducing demands at source. Measures include:

® reduced pressure at times of lowest demand
e routine leak detection and repair
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strategy (Lloyd and Bradford, 1993)

Page 1-8



Water Management and Desalination (Gaza) RYEA/18655007/Final/issue 1 04/11/96

e installation of “district meters' to detect abnormal changes.

Industrial water demands in most semi-arid countries are still relatively low but increasing rapidly.
Supplies may be derived from individual boreholes or from the urban supply network. Water quality
and supply requirements of different industries show a wide varation.

Measures to reduce industrial water demands include scaled water tanffs, incentives for water re-use
and discouraging high water use industries, such as food canning.

1.2.2 Supply management options

Often more effective use can be made of existing water resources. Examples include conjunctive use
of surface and groundwater supplies, re-use of urban wastewater and irrigation drainage water,
groundwater abstraction control measures, and artificial and enhanced recharge. Various techniques
are also available to optimise the use of fresh groundwater in coastal areas at risk from saline intrusion,
such as scavenger wells and artificial recharge.

Use and re-use of poor quality water for irrigation

Crop vyields are partly determined by water quality. However, water with quite high salinity levels
can be used for irrigation if the following changes in the normal irrigation practice are applied (Oster,
1994):

e selection of appropriate salt-tolerant crops

e improvement in water management and, in some cases, the adoption of innovative irrigation
technology

e proper maintenance of soil physical properties.

The relative tolerance of various crop types to salinity concentrations is shown in Figure 1.1 where
the EC threshold is expressed in terms of deci-siemens per meter (conductivity) denoted by ds/m.

Sources of poor quality water include urban wastewater, low salinity (<2000 mg/l) irrigation
drainage water or poor quality groundwater, all of which could be blended with freshwater supplies.

In Egypt, where water from the Nile is recycled three or four times over in the eastern part of the
Nile Delta, government controlled drainage re-use schemes prowded 4.7 billion m>/y of irrigation
water in 1990 and there are plans to increase this to 7.0 billion m % y by the year 2000. Improvements
in irrigation efficiency would, however, reduce the amount of drainage water.

In Teheran, Iran, road runoff is collected in “jubes' and canals and used to irrigate vegetable crops in
the adjacent Varamin Plain. Where wastewater is collected in a unified sewerage system, there is the
possibility of water re-use. Treatment involves the removal of sediment using screens and filters,
breakdown of biodegradable materials and removal of contaminants to minimise the health risk. A
large number of projects have indicated that waste water re-use is feasible \mth minimal health risks.

The cost of treating wastewater (at 1996 prices) is of the order £0. 17/m’, but only an additional
£0.07/m” is needed to produce water of sufficient quality for irrigation (including additional storage,

pumping and treatment costs) (Assaf et al., 1993).
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Groundwater abstraction control measures

Groundwater supplies are widely used in senu-and areas, in part because they provide more
controlled and secure sources of supply. These supplies may be obtained from springs, niver baseflows,
honzonul gallenes, dug wells and boreholes. Over the past 40 years the introduction of motonsed
pumps and modem drilling techniques has resulted in a rapid increase in the number of boreholes and
often uncontrolled groundwater development.

A vancty of groundwater management measures are available to reduce groundwater abstraction.
These include:

phasing out subsidies on diesel fuel and credit facilities for pumps and well matenals

restricting the size of pumps or introducing minimum spacing between wells

establishing groundwater control zones where a ban on drilling of new wells or the decpening of
existing wells 1s strictly controlled

oblhigatory licensing of wells, fitting of water meters and scaled water tanffs

introducing penalties for non-licensed abstraction

licensing of drilling companies

introducing low cost loans for water saving measures (c.g. plastic hose).

Public awareness campaigns, particularly through farmer cooperatives, can also assist in regulating
abstraction.

Ideally the amount abstracted should not cxceed the long-term, average safe yield of the aquifer.
However, in semi-arid arcas this may provide limited scope for development and recharge estimates
may be uncertain. There may also be overnding socio-cconomic or political reasons for using
groundwater in aquifer storage, which is often referred to as an “optimal yield' groundwater
nanagement strategy.

Figure 1.2 shows onc approach to groundwater management in these circumstances where over
abstraction is taking place and there are competing urban and agniculural demands. Continued
depletion of storage would eventually result in a reduction mn abstraction due to increased pumping
costs or water quality constraints. Altermatively, after introducing groundwater abstraction control
measures and giving fist priority to abstraction for domestic supplies, the amount of abstraction
allowed for agriculture and industry would be decided by the controlling authorities depending on
the rate at which they would allow storage to be depleted (Lloyd and Bradford, 1993).

Non-conventional sources
By providing additional supplics of water in water-short, and regions, non-conventional water
resources may offer an opportunity for development previously constdered impossible.

Non-conventional sources of larger scale supplies include the import of water from water-rich areas
perhaps from ouwside the country by pipeline or tankers, and large-scale or small-scale desalination
techniques (see section 1.3).

A number of schemes have been proposed in the Middle East for the intemational sharing of water
resources from water-rich countnts (¢.g. Turkey} using pipelines, water conveyors or t:mkcm For
example, a 200 Million m*/y pipeline from the Nile to Gaza would cost £0. 32/m’ of water
delivered. A canal conveying water at the same rate would cost of the order of £0. 11/m” (Assaf,
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1993). However, in general the cost of such supplies can be high and this option may not be
politically acceptable for water security reasons.

A UN seminar on non-conventional water resources in developing countries also concluded that

(UN, 1985):

e the costs of non-conventional water resources technologies are difficult to determine with
accuracy and are not comparable from place to place.
no partcular non-conventional solution is suitable to all water-short areas.

® in any situation where a conventional source of water can be developed, it will almost always be
preferred to a non-conventional source.

® non-conventional sources are usually more complex to develop-and operate than conventional
sources, and are almost always more expensive.

® sclection and implementation of a non-conventional water project should be carried out with
caution since most require large capital expenditure, long term technical and financial support,
chemicals and spare parts,

Where conditions permit, it may be feasible to supplement Jocal supplies by various less conventional
techniques, such as the following:

e water skimming' techmiques using shallow drainage systems in coastal areas (e.g. at Rafah on the
Mediterranean coast of Sinai in Egypt).

directing local runoff to water cisterns for livestock use (e.g. western Egypt)
terracing 1n upland areas for irrigation (e.g. Yemen)

collecting run-off from roofs (c.g. New Zealand)

mist nets (¢.g. Chile) and dew collection in upland areas (e.g. central Sinai)

Table 1.3 presents some typical costs of various non-conventional water sources.

Table 1.3 Costs of selected non-conventional water supplies

Source Cost range/ m’
Sea water desalination £0.73 - £1.00
Brackish water desalination £0.10 - £047
Reclimed wastewater (agriculture only)” £0.10- £027
Import by long-distance pipeline” £0.07 - £0.27
Import by tanker or 'Medusa' bag £3.20- £4.00

-

All currency figures are in 1996 LUK. Some figures have been modified to the 1996
baseline rate based on average unit value (quantum) indices for exported manufactured
goods of developing nations. This is obtained from "Commodity Markets and the
Developing Countries”, International Monetary Fund. 1996.

Note that these figures are reduced if some form of waste treatment is already taking
place. The cost in this case is closer to £0.07/m”.

«urw

Pipeline schemes in Eastern Mediterranean countries.-

(UN, 1985; Assaf, 1993)

Page 1-10



Water Management and Desalination (Gaza)

RYEA/18655007/Final/issue 1

04/11/96

1.3 Outline Methodology for Introducing a Water Management Strategy

A water management strategy should be selected that is appropriate to a particular location where
demands exceed supply and adverse consequences of overexploitation are occurring. A simplified
procedure for developing such a strategy is shown in Figure 1.3. It should be stressed that
management options and associated measures for reducing demands, improving the use of existing
resources or for introducing new or non-conventional sources of supply need to be considered

simultaneously.

Figure 1.3 General Procedure for Selecting aWater Management Strategy
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The following background information is usually required to select the most appropriate combination

of management options for a particular area:

e an inventory of the resources available from existing and potential sources (both conventional and

non-conventional)

® an assessment of the current level of exploitation of each source, gaps in information and of any

adverse trends

Other relevant considerations include government policies, inequalities in distribution, cost-benefits,
existing national, religious and local laws, and the planning horizon. The success of water

the availability and quality of monitoring information

analysis of present water use and projections of future water demands
an assessment of the occurrence and reasons for any water shortages
an analysis of trends in the real price of water and cost recovery.

Strategy
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management measures may also depend on legislative and institutional reforms and progress in other
related aspects, such as reducing the rate of population growth. Allowance should be made for the
time required to implement and benefit from water management measures.

The successful introduction of water demand management options usually requires the following
actions:

a)

f)

identify the current situation, data availability, planning honizon and future water demands (based
on current water use)

identify locations and reasons for excessive demands, and when and where water shortages occur

consider where savings can be nuade in water use and which mieasures would produce the greatest
saving in water demands for least cost and maximum economic benefit

identify any constraints on the introduction and success of the selected water management options,
taking into account the costs and time required for the water management measures to produce
water savings, other relevant government policies, technical feasibility, environmental benefits ete

instigate any necessary reforms in the institutional framework, legislation, water tanff structure or
other relevant aspects in order to allow water saving measures to be introduced

establish the necessary monitoring and institutional requirements to make any future adjustments
or improvements in the adopted strategy.

The cntena, appropriateness and applicability of each option depends on location and the particular
circumstances at that location. Each option is likely to involve a different combination of measures
and possible alternatives depending on the existing sources of supply, future water demands, socio-
economic and poliical factors and seriousness of the situaton. The overall methodology can be
applied at different scales.
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2. TECHNICAL OPTIONS FOR WATER RESOURCES - DESALINATION

Introduction

During the last 25 years there has been an explosive growth of desalination plants as shown in Fig
2.1. Most of this growth has been in the oil rich Middle East and is based on distillation
technology. However alternative processes, most notably reverse osmosis (RO), have also been
developed during this time. Reverse osmosis has grown spectacularly over this period and now
dominates some sectors of the market, particularly the small plant sector. Given that we now have
the technology to produce fresh water from seawater in significant quantities and that we have
abundant supplies of seawater, why do we still have water shortages in arid areas ?

Figure 2.1  World Desalination Capacity
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The answer is twofold. Firstly, the equipment is expensive. However this is a once off cost and
can be recovered in many instances. Secondly, there is the cost of energy. All seawater based
desalination processes require significant quantities of energy to achieve the separation of the
potable water. This is more significant as it is a recurrent cost which few of the water-short arid
areas of the world can afford. The Middle East is a unique arid area in that, because of oil income,
it has enough money to invest in the desalination equipment and to run the energy consuming
equipment. In this region, oil, or its associated gas, is the energy source used to drive the plants.
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Many other arid areas of the world have neither the cash nor the indigenous fossil fuel resources to
allow them to develop in a similar manner. These countries do however often possess significant
renewable energy resources which advancing technology may allow them to use to produce
potable water from seawater or brackish water.

Desalination Processes

One convenient and useful way to classify desalination processes is to separate them into those
which involve a change of phase to separate the pure water from the feed water and those which
accomplish this separation without a change of phase. The phase-change processes include:

a) Multi-Stage Flash (MSF) (a distillation process)
b) Mult Effect Boiling(MEB) (a distillation process)
¢) Vapour compression(VC) (a distillation process)
d) Solar Distillation (a distillation process)

Those in the single-phase category include:

e) Reverse Osmosis (RO) (a membrane process)
f) Electrodialysis (ED) (a membrane process)

Energy requirements for thermal processes are normally defined in terms of units of water
produced per unit of steam consumed. This is known as the performance ratio (PR). For power-
consuming processes the energy consumptions are usually expressed in kWh/m’. Processes
involving a phase change are normally more energy intensive than those not requiring one.

Process Choice.

Figure 2.2  Desalination Process Applicability Ranges
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The ranges of applicability of the various desalination processes are shown in Figure 2.2. From this
figure it can be seen that, in general, the phase change processes tend to be used for the treatment
of high salinity waters, particularly seawater, while the membrane processes are used over a wide
range of sahinities from brackish water to seawater. Ocean seawater has a salinity of around 35,000
ppm (parts per million) total dissolved solids (TDS). Brackish water is usually defined as having a
TDS of up to 5000 ppm. Application of the electrodialysis process is limited to brackish water
applications. With the membrane processes, energy consumption is directly related to the salinity
of the feed water.

2.1 Brief Comparison Of Desalination Processes

Generally speaking, in all of the above phase separation processes there are few restrictions on the
type of water which can be treated. The only effects that increased feed water salinity have on the
process are:

1} the boiling point elevation (or freezing point depression) is increased
2) the permissible concentration ratio to avoid scale formation is reduced

Consequently, the cost of the energy to drive the separation processes at cconomic rates is only
loosely related to feed water salinity. Whereas in the membrane processes the product water costs
are very definitely related to both the feed water salinity and the destred product water purity.

2.1.1 Thermal Distillation

There are two ways in which vapour can be generated from a liquid at its boiling point:

either  heat can be added BOILING
or pressure can be reduced FLASHING

On this premise two types of evaporator have been developed - Multi-Stage Flash (MSF and
Multi-Eftect Boiling (MEB). The thermal processes are normally driven by low pressure steam
(most typically pass-out or back pressure steam from a power plant) but can cqually well be
operated with other hot fluids available at similar temperatures.  Because of chemical scaling
problems distillation processes operate up to 120°C maximum.

-2.1.2 Multi Stage Flash Evaporation (MSF)

The principle of the MSF process is illustrated in Figure 2.3. In this process seawater is taken into
the plant and fed through a series of Heat Recovery Sections. This water is passed through a series
of heat exchangers, raising its temperature.  After passing through the last of these, the water enters
the brine heater and is heated further, by the supply steam or heating fluid, to the top brine
temperature.

The water then enters the first recovery stage through an orifice and in so domng undergoes a

decompression to a pressure below its saturation pressure.  As the water was already at the

saturation temperature for a higher pressure, it becomes superheated and has to give off vapour to
become saturated again ac the lower pressure. This is known as ‘flashing’. The vapour produced
passes through a wire mesh (demister) to remove any entrained brine droplets and thence into the
heat exchanger where it condenses, giving up its energy to heat the upcoming brine flow. This
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process of decompression, flashing and condensation is then repeated all the way down the plant by
both the brine and distillate streams as they flow down through the subsequent stages which are at
successively lower pressures. The process illustrated in Figure 2.3 is known as the once through
process. As shown in Figure 2.3-a,b,c the process can have any number of stages. Large modern
plants usually have between 14-20 heat recovery stages. It is the simplest form of the MSF process
and is favoured for small plants. The process efficiency can be enhanced by recirculating some of
the brine discharge and mixing it with the incoming seawater. This requires the addition of a heat
rejection section (2-4 stages) and a brine recirculation pump. All of the large plants are of this type.

Figure 2.3  Multi-Stage Flash Process
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All evaporation distillation processes can be prone to scaling unless action is taken to prevent it.
Scaling is caused by the solids in solution coming out of solution because of increased
concentration or in some cases because of the increased temperature affecting compounds with
inverse solubility. An important characteristic with the MSF process is that scaling does not affect
plant output but does reduce thermal efficiency. With MSF the number of stages employed is not
tied rigidly to the performance ratio of the plant. The minimum must just be greater than the
performance ratio, while the maximum is imposed by the boiling point elevation (BPE-the
increase of the boiling point due to the presence of the salt). The minimum interstage temperature
drop must exceed the BPE for flashing to occur at a finite rate. Within these limits, one is free to
vary the number of stages. This is advantageous because as the number of stages is increased, the
terminal temperature difference over the heat exchangers increases and less heat transfer surface is
required, with obvious savings in plant capital cost.

MSF is the most widely used desalination process, in terms of capacity. This is in part due to the
simplicity of the process, the performance characteristics and scale control. The process is the basic
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workhorse of the Gulf countries where reliability and simplicity count for more than thermal
efficiency. The process normally uses pass-out steam from power generation steam turbines.

The maximum performance ratio that can be obtained from this process is around 13 units of
water per unit of steam. In practice this is seldom achieved. Most large plants currently in
operation (10,000 - 50,000 m>/ day) have performance ratios of 8-10.

Small MSF Plants

The process is relatively simple to operate and once set up is stable in operation. Because of the
thermal inertia of the plant and vacuum considerations the process is best suited for continuous
operation. For continuous operation using an intermittent renewable energy source would require
a substantial investment in energy storage. The equipment is usually robust. As seawater is
corrosive to carbon steel, there is an increasing tendency to construct plants, particularly small
ones, using stainless steels and copper nickel alloys. The process is not usually deemed suitable for
very small capacities although some small units of 10 - 20 m’/ day have been constructed to operate
in conjunction with solar collectors. Once through plants of 250 n13/dzly are commercially
available. Small units with large numbers of stages are expensive to construct and to maintain
unless made of expensive materials which drive the cost up further.

2.1.3 Multi-Effect Boiling

The MEB process is used widely in the chemical industry where the process was originally
developed. MSF has replaced MEB as the most important thermal desalination process. However,
the MEB process still accounts for a significant number of installations. The process has the
potential of giving higher performance ratios. PRs of 20 have been achieved.

Figure 2.4 MEB Evaporator 4 Effects
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In this process vapour is produced by two means, by flashing and by boiling, but the majority of
the distillate is produced by boiling.

The MEB process usually operates on a once through system having no large mass of brine
recirculating round the plant. This reduces the pumping requirements and has a major (beneficial)
effect on the scaling tendencies in the plant.

In an MEB plant, the incoming feed passes through a series of feed heaters (which also serve as
partial condensers for the vapour) and after passing through the last of these, enters the top “effect”
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where the heating steam brings it up to its boiling point and then evaporates a significant portion
of it. The vapour produced is then condensed, in part, in the feed heater and in part by providing
the heat supply for the second effect which is at a lower pressure and receives its feed from the
brine of the first effect. This process is repeated all the way down the plant. The distillate also
passes down the plant. Both the brine and the distillate flash as they travel down the plant due to
the progressive reduction in pressure.

Unlike MSF, the performance ratio for an MEB plant is more rigidly linked to, and cannot exceed,
the number of effects in the plant. For an instance, a plant with 13 effects might typically have a
performance ratio of ten. However, an MSF plant with a performance ratio of ten could have 13
to 35 stages depending on the design. There are many possible variations of MEB plants,
depending of the combinations of heat transfer configurations and flowsheet arrangements used.
Early plants were of the submerged tube design, and only used two or three effects, and so had
small performance ratios. Modern systems have got round the problem of hydrostatic head by
making use of thin film designs with the feed liquid distributed on the heating surface in the form
of a thin film instead of a deep pool of water. Such plants may have vertical or horizontal tubes.
In the long tube vertical, LTV, plants the brine boils inside the tubes and the steam condenses
outside. In the horizontal tube falling film design the steam condenses inside the tube with the
brine evaporating on the outside.

The use of horizontal tubes lends itself to a stacked design where effects are built one on top of the
other with gravity providing the motive force to transfer liquid to successive effects. A typical
arrangement is shown in Figure 2.5. Such designs are suitable for small capacity high performance
units.

Figure 2.5 Stacked MEB Distillation Plant

MEB plants commonly have performance ratios as high as 12 to 14 but can be made higher.
Actual performance ratios are determined by optimising capital cost against operating costs. Small
single and multiple effect units are available. As with all thermal processes, it does not lend itself to
intermittent use. For use with renewables, energy storage is required. High performance units
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require many effects which increases manufacturing costs. The process usually requires interstage
pumps to transfer the brine through the plant. This increases the maintenance costs.

2.1.4 Vapour Compression

Figure 2.6 = Mechanical Vapour Compression Distillation
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In the MSF and MEB processes, the energy input to drive the distillation was accomplished by
simply heating one end of the plant and cooling the other, whereas in the vapour compression
process this input is accomplished by using a heat pump to upgrade the low-temperature energy
rejected from the distiller and to recycle it back to the hot end as the energy input. The heat pump
may take the form of either a mechanical compressor (see Figure 2.6) or a thermo-compressor (see
Figure 2.7). Vapour compression can thus be referred to as mechanical vapour compression
(MVC) or thermal vapour compression (TVC).

Typically the inlet feed is initially pre-heated in liquid/liquid heat exchangers by the blowdown
and product streams and may be further warmed by thermal rejection from the compressor engine.
It then enters the evaporator/condenser (or the top effect in a multi-effect plant). The
arrangement shown is based on the Horizontal Falling Film Evaporator but any other type of
boiling evaporator can be used. As in a conventional MEB system, in multi-effect systems the
vapour produced in the first effect is used as the heat input to the second effect which is at a lower
pressure. The vapour produced in the last effect is then passed to the vapour compressor where it
1s compressed, its saturation temperature being raised in the process, before being returned to the
first effect. The compressor represents the major energy input to the system and as the latent heat
is effectively recycled around the plant, the process has the potential for delivering high
performance ratios. It is not, however, a straight-forward matter to compare the performance ratio
of a vapour compression plant with that of an MSF or an MEB plant. In these latter cases, the
required input is ‘thermal’ energy which costs about one third of the price of the ‘mechanical’
energy used by vapour compression plant.
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The process is particularly suited for relatively small output plants. Plants of 25 m’/ day are
commercially available. One of the largest plants built to date is shown below in Figure 2.7. The
thermo-compressor can be seen running along the top of the plant from the last to the first effect.

Figure 2.7 5000 m’/day 4 - Effect Thermo Vapour Compression. (Sidem Ltd)

Mechanical compressors are expensive but can be relatively efficient. Thermo-compressors are
cheaper but less efficient and require high pressure steam as the motive fluid. Both types are
extensively used. Fairly large (5,000 m’/ d) thermo-compression plants are now being installed as
single purpose water producing stations. Mechanical VC has limitations in the size of the plant due
to compressor capacities.

Small units are commercially available but usually have high energy consumptions. Energy
consumption is directly proportional to the temperature difference across the heat transfer surface.
Lowering this means increasing the surface area to produce the same quantity of water.
Historically the compressors have been expensive and troublesome, particularly with small units
where compressor speeds are often very high ( 8 -12000 rpm). Designs have been proposed
(Grimes et al., 1996)with very low energy consumptions (2-3 k'Wh/m’) but no viable plants have
yet been produced.

2.1.5 Solar Distillation

Solar distillation has been used for many years, usually for comparatively small plant outputs. Over
100 years ago a plant producing 27 t/day was built in Chile but it was not until the 1950’s that
substantial research was started into improving the efficiency of the process. This research work
has been carried out in many parts of the world particularly Australia and the US. Solar distillation
utilises, in common with all distillation processes, the evaporation and condensation modes, but
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unlike other processes energy consumption is not a recurrent cost but is incorporated in the capital
cost of the solar collector. The solar still is basically a low “green-house” providing simplicity of
construction and equally importantly, simplicity of maintenance. Obviously it is most suited for
those areas of the world with high solar radiation intensities and plenty of low cost land area.

Figure 2.8  Simple Solar Still
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The principle of operation is based on the fact that glass and other transparent materials have the
property of transmitting incident short-wave solar radiation. Thus this ‘visible’ radiation passes
though the glass into the still and heats the water. However, the re-radiated wavelengths from the
heated water surface are infra-red and very little of it is transmitted back through the glass.

This style of desalination system is only suitable for small product rates as the output rate per unit
area of the still is small. Large capacity plants, although having practically no energy running costs,
would cover large areas. So capital, land and civil engineering costs would be high. Well designed
units can produce around 2.5 1/m’ per day with a thermal efficiency of 50%. The equipment is
very simple to construct and to operate, which lends itself to remote installations. Consumption of
electrical power is minimal. Drawbacks are the large amount of space required, high civil costs and
high capital costs. Keeping the glass clean on both sides is a recurring maintenance problem.
Evaporative trays and pipe work also have to be kept clean.

2.1.6 Reverse Osmosis (RO)

Reverse osmosis utilises semi-permeable membranes through which water is forced under
hydraulic pressure. Water is transported through the membrane in this pressure driven process,
excluding ions and most organic molecules. When one places solutions of two differing
concentrations on either side of a semi-permeable membrane, water passes through the membrane
toward the more concentrated side in an effort to equalise the concentrations. The equilibrium
reached is termed osmotic equilibrium. If mechanical force is applied to the more concentrated
side, once the osmotic pressure is overcome, water is transported though the membrane (Figure
2.9). This phenomenon is called ‘reverse osmosis’ and may be used to separate pure water from
brackish or saline solutions. The energy required is directly related to the salinity of the water
being treated.
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Figure 2.9 Reverse Osmosis Principle
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Advances in Reverse Osmosis have been directly linked to advances in membrane technology. A
good membrane should be able to pass a high flow of water (high flux) and limit the amount of salt
flow (good rejection). Before the formation of the Office of Saline Water in the US in 1952,
membranes generally gave low fluxes and low rejections. With the aid of a large amount of
sponsored research, commercial membranes were developed which could first of all desalt brackish

water and then later seawater. The first commercial seawater RO plants are commissioned in the
late 1970’s.

As shown in Figure 2.10, purification by RO consists of placing a semi-permeable membrane in
contact with a saline solution under a pressure higher than the solution osmotic pressure, typically
50 to 80 atmospheres for seawater. The feed is pressurised by a high pressure pump and is made to
flow across the membrane surface. Part of this feed, the permeate, passes through the membrane
which removes the majority of the dissolved solids. The remainder together with the rejected salt
emerges from the membrane modules as a concentrated reject stream, still at high pressure. In
large plants, the reject brine pressure energy is recovered in a turbine or pressure exchanger. The
pre-treatment required is a function of the scaling tendency of the water and the level of
undisolved solids. The key to the successful operation of this process is in the pre-treatment
section.

Figure 2.10 Simple Reverse Osmosis Plant
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Important considerations in reverse osmosis are salt rejection, flux and membrane life and energy
recovery. Usually, high salt rejection is achieved at the expense of low flux and vice versa. The
membranes themselves can be purchased in a variety of forms. The major module configurations
being of hollow fibre (Figure 2.11) or spiral wound (Figure 2.12). The membranes, being in effect
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very fine filters, are very sensitive to fouling, both biological and non-biological. To avoid fouling,
careful pre-treatment of the feed is necessary before it is allowed to come into contact with the
membrane surface.

Figure 2.11 Hollow Filament Reverse Osmosis Module Detail (Du Pont)
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Figure 2.13 shows a small containerised unit which contains everything necessary for the operation
of the plant except an electrical supply. Reverse Osmosis plants are of modular construction with
modules being connected in parallel to give the required output. Manufacturers produce a range
of module sizes. Large plants are made up of hundreds and occasionally thousands of modules
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which are accommodated in racks. Very small units are also available for marine purposes in small
sailing craft where the output may be down to 0.1 m’/day.

Figure 2.13 Containerised R.O. Plant

pditioning

Because of the modular construction, the capacity of the process is very adaptable. It is also a very
energy efficient process which is important where energy is expensive. This tends to be the case
with renewable energy sources. It is important to maximise the water produced for a given
quantity of electricity. The energy economy of the plant can be improved by adding a water
turbine to extract the energy from the discharge brine stream which leaves the plant at full
pressure. In sea water plants, the brine discharge is usually around 70% of the feed flow. Energy
recovery turbines are expensive and the decision to include one must be based on economics. The
process is not as sensitive to stopping and starting as the thermal processes which is a distinct
advantage when using renewable energy. The process uses mechanical energy usually translated
into electrical power although there is no reason that a plant could not be driven directly by a wind
turbine.

The process is straightforward in operation and unskilled operatives can be trained to operate such
units. However satisfactory management of RO does require a knowledge of chemistry. The
instrumentation is critical and requires the attention of competent personnel for maintenance. The
membranes are relatively fragile and cannot be cleaned physically. They have to be cleaned
chemically. The technology of cleaning is improving, but some fouling conditions are difficult to
overcome. Membranes can be replaced but are expensive comprising some 10% of the overall
cost. Membrane life is typically in excess of 5 years. In badly maintained plants it can be a great
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deal shorter. The feed pump has to develop around 60 bar pressure when running on seawater and
can require frequent maintenance.

2.1.7 Electrodialysis

ED is the only desalination process which uses electricity as the fundamental process energy. Ifa
D.C. current 1s passed through an 1onic solution, cations, positively charged ions, will migrate to
the cathode and anions, negatively charged ions, will migrate to the anode. Now, if between the
anode and the cathode a pair of membranes are placed one of which only allows the passage of
cations and the other of which only allows the passage of anions, then a region of low salinity will
be created between the membrane pair, see Figure 2.14. This is the principle of the process known
as ‘electrodialysis’.

The principles of the process were known from the beginning of this century, but the membranes
used were only slightly selective and so the process was only used for pH control. Developments
progressed slowly with synthetic membranes being produced in 1940. With the formation of the
Office of Saline water in the USA (0.S.W) and the further research into membranes, commercial
plants for the treatment of brackish water began to be introduced from 1954. These were usually
of standard packages up to about 1000 tons/day. These have rapidly grown in size and several
plants of 40,000 tons/day have been built.

Figure 2.14 Electrodialysis Cell
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The basis of any electrodialysis plant is the ‘cell pair’, around 300 of which may be located in a
plant separated by spacers for support (Figure 2.15). The membranes are normally about 1 metre
square and are very thin to minimise the electrical resistance of the ‘stack’. As in any membrane
process the feed water has to be very carefully pre-treated before entry to the stack to prevent
fouling of the membranes.
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Figure 2.15 ED Process
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Previous limitations on this process were due to the energy cost being directly proportional to the
amount of salt removed and so it was principally used for brackish water applications. Recent
developments in high temperature membranes and polarity reversal, which goes a long way
towards reducing fouling, have extended the range of applicability of the process to higher salinity
levels. The viability of the process has been significantly increased with the development of EDR
(Electrodialysis Reversal). In this process the polarity of the electrodes is changed after a given
time period. This reverses the flow through the membrane and has the effect of negating any
tendency for the membrane to foul. There is a slight loss in productivity immediately following
the change but this is more than offset by the increased flow from the membranes.

Manufacture of the systems is limited to only a few companies which include, Asahi Chemical
Industry Company, Japan and Ionics Incorporated from the USA. The process is not as widely
used as RO partly because of the limitation of salinities that it can be used with and partly because
of the fact that only two companies supply these membranes. Unlike RO membranes EDR
membranes are very robust and can be scrubbed clean. It is an attractive process for small
applications treating brackish water of low salinity. Operational and maintenance requirements are
similar to RO save that with EDR the membranes are less sensitive to fouling and there is no high
pressure pump to maintain. Another important factor is that with EDR no scale prevention
chemicals are required. Limited scaling is allowed to develop and the process is reversed removing
any scale. This is an important advantage as getting chemicals to remote locations can be
expensive. The membranes can be physically cleaned if necessary.

2.1.8 Energy Consumption of Desalination Processes

Table 2.1 below compares energy consumption for different desalination plant processing seawater.
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Table 2.1 Energy Consumption of Desalination Processes using Seawater

Process i Performance ; Heat to Process : Consumption | Prime Energy Consumption

Ratio k]/kg kWh/m3 Single Purpose | Dual Purpose
k]/ke k]/keg

MSF 8 206 - 39 39 1758
MED/TVC 8" 2906 TR A 63|
MVC - - 0 I00 -
MVC T - .80 i 800 A
RO - I SR O S R
RO+ERT* : - - : 6.5 65.0 -
Boiler Efficiency - (Single Purposce) 0.85 Wade 1992

Power plant Efficiency -(Dual Purpost) 0.36

*ERT - Energy Recovery Turbine

The single purpose plant produces only heat which is turned into steam, 1.e. no waste heat. The
dual purpose plant produces clectricity and the waste heat from this process is converted tnto steam
to dnve the desalination plant.

2.2 The Energy Sources

As indicated in the previous section the, different desalination processes require energy in different
forms, notably electrical, mechanical or thermal. As will be shown later, the commercial viability
of a desalination process 1s to a large extent dependent on energy costs. For this reason,
desalination processes are often compared on their energy consumption. However this is only half
the story, the ‘quality’ of the energy is also important. High grade energy in the form of electricity
1s much more valuable than the same quantity of energy in the form of low grade heat. Therefore
it Is iImportant to recognise that energy consumption 1s not the most important criteria for selecting
a desalination process.

The basic problem in coupling a renewable energy source (RES) to a desalination process 1s the
variability of the power output of the RES and its availability over time. This problem applies to
wind, solar and wave energy but not to geothermal encrgy or energy from biomass which can be
regarded as firm. But, as water can be stored relatively casily, the intermittent production of water
is not a problem from a water supply point of view. If desalination technology can be run
sausfactonly (technically and economically) with regular periods of shut down, then renewable
energy resources could play a major role in supplying energy to desalination plant.

In this section we propose to examine the following energy sources:

Gnd Electnicity
Solar

Wind

Wave

Waste Heat

Biomass
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e Battenes
e Diesel

2.2.1 Grid Electricity

Grid delivered electricity can be regarded as a high grade fuel.  In developing countries it is usually
obtained from the burning of hydrocarbons, and if oil or gas is used the conversion efficiency is
typically around 35%. Gnd clectncity based on fossil fuel generation is usually cheaper than
clectricity produced from renewables, although this is not always the case, particularly where
electricity transmission costs are high, for example in remote locations.

Where casily accessible, grid electricity is presently the preferred source of energy for desalination
processes based on electncal or mechanical energy, (namely RO, EDR and MVC), in that it is
usually relatively cheap and it is firm, i.e. it is available constantly. Gnd electncity costs vary
considerably from country to country dependent upon the price of the fuel used to generarte it and

distribution costs. A typical generation cost for grid supplied clectnicity which is widely used as a
benchmark is 4p/kWh (around 6 cents/kWh).

2.2.2 Solar

Solar energy can be used in two forms. Either as thermal energy by heating a fluid or as electricity
by convertng it using photovoltaic arrays (PV). Solar energy is a relatively diffuse source of energy
which can require large collector areas to deliver significant quantities of energy. Cost
effectiveness is strongly influenced by the amount of solar mdiation available at the site. However,
most developing countries have a high availability of solar radiation.

Solar Thermal

With a simple still, it is possible to combine the cnergy capture with the distillation process (see
section 2.1.5). This is simple, relatively cheap but not particularly efficient. Alternatives have been
developed to produce higher grade encrgy in the form of hot fluids which can then be used to
drive more thermally efficient desalination processes such as MSF and MEB. These are deep solar
ponds and concentrating parabolic collectors. In all of these, the energy collected 1s proportional
to the area of the collectors and the efficiency of the device. Energy storage of the thermal energy
i1s relatively cheap in the fonm of a hot fluid in insulated tanks or in the case of solar ponds - within
the solar pond. This is important if it is connected to a continuously operating desalination
process.

Solar - Photovoltaic

In this process, the sunlight 1s converted into electricity using (typically silicon) PV cells. These are
deployed in armays and can be cither static or tracking. Static devices are cheaper and by far the
most common, but tracking devices are obviously more cfheient at collecting energy. PV is
widely deployed as a battery charging source for radio and telephone relay stations where the
energy consumption 1s usually small.  Typical costs are now around £3-5 per peak Wartt of
“installed capacity (around $5-8), however, the costs of PV devices continue to fall and costs of less
than 1 per peak Watt have been projected for the year 2010.  Encrgy storage in batteries is really
only practical for relatively small amounts of encrgy duc to the cost of the batteries.

Solar ¢nergy in whatever form has the drawback of being only available for a fraction of the time.
This means that any device using solar energy has to have back-up storage or it has to shut down at
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night. However, many arcas which are short of water have very good solar energy resources and it
tends to be highly predictable.

2.2.3 Wind

Wind can be used to supply cither electricity or mechanical power, electricity being the usual
output. Wind gencrators can be supplied in any capacity from a few kW to 750 kW, although
MW scale prototypes are under development. They come in a variety of configurations, however,
most designs are for hornizontal axis with either two or three blades. They can be deployed singly,
in clusters or in farms. Good wind energy is often available on an intermittent basis in arid arcas,
particularly islands.  As electricity is the normal output, the desalination processes suitable for use
are RO, EDR and VC. For continuous desalination plant operation some other form of
generation, such as a diesel generator is required as a back up.

The last twenty years have seen considerable developments in wind turbine technology. Wind
turbines have fallen in price (now approximately £800/kW installed capacity) and increased in size
and reliability. In the UK wind turbines are generating power at around 4p/kWh for large schemes
(>1.6 MW) based on 15 year NFFO contracts and 1n areas where the mean annual wind speed is
in excess of 8Bm/sec. This is close to being commercially viable in the UK and at this price would
make wind energy viable in many areas of the world, especially in remote locations without gnd

supply.
2.2.4 Wave

Several types of wave energy device have been deployed, albeit most of them have been not been
commercial schemes (Thorpe, 1992; ETSU, 1992). Some of the most noteworthy schemes are
outlined below:

¢ Perhaps the most successful wave energy device to date is the Norwegian Tapchan (Mcehlum et
al, 1988). A scheme with an output of 350 kW was built in 1985 and operated successfully for
several years before being blown up.  However, this type of device places stnngent
requirements on the coastline topography and udal range, resultng in limited replication
potential.

¢ ART in Inverness built a 2 MW near shore device in 1995 (Thorpe 1995) but this suffered
catastrophic structural failure soon after deployment. [t is understood that a new 2- MW device
will be deployed in 1997, which will also include a 1 MW wind wrbine. The output energy
will be in the form of electricity but could be in the form of pressure energy.

e The Queen’s University of Belfast built a prototype shoreline device on the island of Islay
(Whittaker et al, 1987). This was rated at 75 kW but ncver achieved its theoretical
performance. A new, more widely applicable design for a shoreline device has since been
produced but, as yet, it has not been built.

e A wave energy device has been built into a breakwater in Vizhinjam Fisheries harbour, near
Trivandrum in India (Raju, et al, 1991). The original device was lost during deployment but a
new one has since been deployed and is operating successfully.

As can be seen from these examples, wave energy is not yet at the stage where it can be exploited
commercially either for power generation or for desalination.
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'2.2.5 Waste Heat

This is the normal source of energy for MSF plants, which in many cases use the waste heat from
power generation systems, this is also true of many MEB plants.  If thermo-compression VC or
MEB is involved then this is less likely to be the case. Thermo-compression requires high pressure
steam which is not usually classed as waste heat as it can be usefully used in a number of industrial
applications.

If there is an available high grade source of waste heat and no demand for electrical power, this can
be used to generate steam or a hot fluid which dependent on quality could be used to drive a
distillation process.

In Gibraltar, municipal solid waste i1s burnt in an incinerator, the heat is used to produce steam
which is then used to generate electricity. Pass-out steam is then used in a five effect MEB process
to produce potable water.

2.2.6 Biomass

This 1s unlikely to be a common option in small arid and semi-arid communities in coastal regions,
as availability of biomass suggests that water 1s available for growing the biomass and therefore a
desalination plant is not required. However there may be circumstances where biomass s available
and potable water is in short supply. In this event a biomass combustion based energy conversion
process could be used to produce firm clectnical power. Biomass tends to be seasonal but it would
be possible to stockpile material for use out of season, at a cost.

2.2.7 Batteries

Commercially available battery systems have very limited capacity and are a relatively expensive
way of storing energy. They are therefore not practical as a prmary source of energy for
desalination. However, batteries can be used on small scale units in conjunction with renewables
to provide backup power. For example, they can be used to power the instrumentation system
when the encergy plant is down or may be used to smooth the power supply in small systems. In
small plants they can also be used to run the system for short periods when the renewable energy
source is not available.

2.2.8 Diesel Generators

Diesel generators can provide a continuous supply of electneiry. In this sense, a desalination plant
coupled to a diesel generator s equivalent to being coupled to a grid supply. i.c. it is firm power.
They are therefore a perfectly acceptable source of energy for a desalination plant.  As electricity is
the principle output, desalination plants using clectricity are appropnate.  These are EDR, RO or
VC.

Diesel generators normally run with an efficiency of around 33%. The rest of the energy is
dissipated in the exhaust (33%) and in jacket cooling water (33%). [f the generator is large enough
it may be possible to run a thermal process (MSF or MEB) using this waste heat.  The jacket
cooling water is the casiest to use.

Dicesel generators can be used in conjunction with a renewable energy driven process to supply
‘energy during the periods that the renewable source is unavailable.  An interface is required to
enable the diesel to cut in and out matching supply and demand.
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In remote areas, diesel fuel can be expensive because of shipping costs. For example clectricity
generated by diesel in island communities vardes in cost from 5-20 cents/kWh (around 3-
13p/kWh).

2.2.9 Summary

All desalination processes use clectricity in their operation, both for plant monitoring and control
and most importantly for water pumping. Quite often water pumping can use a significant
amount of the total energy consumption. For all desalination processes it is better if the plant can
be operated continuously rather than intermittendy. Thus a firm power supply in most cases is
preferable to a variable power source, unless the variable source has adequate energy storage or a
suitable backup system.

Table 2.2 summarises information relating to the different energy sources discussed above,

Table 2.2 Energy Sources Summary

Energy Form of energy Steady Location Resource constraints

Source Electricity Heat | supply specific

Gnd v v transmission distance

Solar PV v v solar regime

Solar v v solar regime -

Thermal

Wind v v wind regime

Wave v v wave regime

Waste Heat v v v proxinuty to industrial plant

Biomass v v v v availability, storage and transport of suitable
biomass

Batteries v size

Diesel v v'x transport of diesel

* Steady supply can be achieved with good resource management.

2.3 Review of Combinations of Desalination Technology & Energy Sources

Encrgv Options

There are a number of possible energy source/desalination plant combinations. A selection of
combinations are shown in Table 2.3
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Table 2.3 Different Energy Source and Desalination Plant Combinations.

Gnd Electncity Reverse Qsmosis
EDR
Mechanical Vapour Compression
Solar Thermal MSF
MEB
Direct Solar Suill
Solar PV ' Reverse Osimosis
EDR
Wind Energy Reverse Osmosis
EDR
MVC
Waste Heat Multi-Suge-Flash
Multiple-Effect-Boiling
Biomass MSF
MEB

Looking at these in tum:
2.3.1 Grid Electricity

Commercially proven equipment for RO, EDR and VC can be obtained which can be connected
to a grid supply and which will operate satisfactorily with no more than the normal problems
associated with such plants. For these processes this should be considered as the base case.

2.3.2 Solar

‘Solar Thermal Energy

Direct Solar Stills

As stated earlier thermal energy can be used in a simple direct solar still. They use very large areas
of flat ground. Land can be expensive even in and areas and can often be expensive to level.
Once the ground has been prepared they are casy to construct and simple to operate. A number
have been built by enthusiastic amateurs. Some universities continue to research them as they are
technically interesting and cheap to construct. There are no companies manufacturing units for
commercial purposes. A study carried out in North Amenca Manwell et a,1993 suggested that the
process was attractive for small domestic usage in remote areas. Given the high per capita
consumption of water in North America this could be extrapolated to include villages in remote
areas in third world countries.

Concentrating collectors and Evacuated Tube Collectors

Higher grade thermal energy can be collected using cither concentrating solar collectors, which
~normally employ parabolic reflectors, or evacuated tubular collectors. The energy is collected as a
hot fluid, either hot brine or hot oil depending upon the wmperature.  This can then be used in
conjunction with MSF or MEB plints. A number of plants have been constructed using these
technologies. Although it is possible to obtain higher performance ratios with MEB plants, most of
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the untts constructed to date have been MSF plants.  This is largely because they are more readily
available. The main problems associated with these plants are the cost and size of the collectors,
and the operating and maintenance costs of the collector field {concentrating collectors need to
track the sun during the day, and must therefore be fitted with motorised mountings and controls).
Most commercially available evacuated tubular collectors employ heat pipes which are designed to
heat water to temperatures below 100°C. To work at higher temperatures, they need to be filled
with different fluids. Whilst such collectors have been buile for research purposes, little operating
experience is available with full scale systems.

Deep Solar Ponds

Some work has been carried out in Ismel on-the use of deep. solar ponds in connection with
desalination (Posnansky, 1989), where construction. costs have been quoted at around $20/m’.
{The cost of the land has to be added to this figure) Deep solar ponds have the advantage of
having in-built energy storage which facilitates continuous operation of the desalination plant.
However, the long term operation of such ponds has been dogged by problems associated with the
stability of the temperature stratification, caused either by storms and wind or by the growthy of
algae and other pollutants.

Flat plate Collectors

Flat plate collectors are cheaper to construct and provide heat at lower temperatures. A number of
manufacturers design MEB plants to operate at 70°C or lower.  Such plants could be coupled to
flat plate collectors.

Photovoltaic /RO - EDR,

Electricity provided by PV is expensive and hence should only be used in conjunction “with
processes which have high energy cfficiencies. This means RO for seawater and EDR for brackish
waters. A number of PV-RO plants have been constructed, notably in Cadarache (Maurel, 1991)
France , Lampedusa, Italy (Palma, 1991)and Almeria, Spain (Andujar Penal, A. et al.). All of the
plants proved to be reliable.  Other plants have also been built elsewhere.  Generally all of these
plants have been for small scale production.

PV plants are virtually maintenance free. However, the surface of the cells should be kept clean
and free from dust. If cleaning is not carried out it can lead to problems in dusty arid areas.  The
plants will operate in diffuse sunlight but output drops. The RO plant requires the attendance of
an operator with some training and some knowledge of chemistry. Most of the problems with
RO plants stem from inadequate pre-treatment of the feed water.  This results in membrane
fouling which reduces the output of the plant. This can be remediced by replacing the membrane
clement but this is a last resort and is expensive. The system requires the provision of an interface
control. As power output vanes throughout the day a number of control scenarios have been
developed. One solution has been to split the plant into 3 modules with cach module having its
own high pressure pump. The number of modules in openation being related to the available
power.

EDR plants are less common and there is therefore less experience with PV-EDR. However there
1s no reason to suppose that this is not a perfectly viable combination. Membranes for EDR are
substantially more robust than RO membranes.. If they become fouled, which is unlikely because
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of the flow reversal, they can be cleaned physically by removing them and scrubbing them with
chemicals and detergents.

2.3.3 Wind

Wind/RO - EDR

The cost of wind energy has dropped considerably over the last 15 years. Large machines (up to 1
MW are now available. There have been a number of wind/R O plants constructed.

In 1982/3 GKSS from Hamburg coupled an 11 kW wind turbine to a small RO plant with an
output of 2.64 m’/day on a small island.in the Baltic. A major problem was the erratic nature of
the wind causing frequent start-ups and shut-downs. This caused mechanical damage to the plant.
This was reduced by building in a requirement for the wind to exceed the cut in speed for 20
minutes before allowing the RO plant to be brought on line.

In 198273 the CEA in France operated a 4kW wind turbine coupled to a 0.5 InJ/d.-ny RO plant.
Frequent stopping and starting was again a problem. This was solved by installing batteries to
smooth out the fluctuations in the wind speed.

In 1988 a 1.2 MW wind turbine was coupled to a 960 m“,'/day RO plant on the istand of
Helgoland. The unit was later dismanded after repeated damage by lightening.

Obviously these systems have all of the problems associated with their specific technologies.

The problems associated with wind turbines are being reduced as time goes by, The reliability of
wind turbines has improved considerably over the last 20 years. However there are the usual
maintenance requirements that such machines have.  In particular the electronic controls of these
machines requires skilled technicians which may not be readily available in the locations where this
type of plant is deployed.

RO desalination plants require trained operators to maintain the equipment in good operational
order. Many of the problems with seawater RO stem from the quality of the water being passed
to the membrane. If this is not in good condition then the membrane will foul and the output will
fall. Fouling can be either chemical or bacterial. Irreparable damage to the membrane can casily
take place. Membrane cleaning systems can sometimes overcome these problems but not always.

The main problem in combining the two technologies lies with the rapid change of power input
to the system that can occur.  Start up and shut down of the system put strains on many of the
pressure components which may ultimately result in mechanical failure.  There is a particular
problem when the wind speed is around the cut-in speed for the wind turbine.  Unless action is
taken this can result in the system switching on and off with sufficient frequency to cause fatigue
damage to the membranes. To overcome this it has been suggested that the system should not be
switched on until the wind speed has been in excess of the cut-in speed for 20 minutes. During
operation the power output will also vary as the wind speed vanies.  Various cnergy storage systems
have been tried in order to smooth this out. These include, flywheels, batteries storage or
pumped hydro power. All of these add to the cost of the system. System shut down also requires
the membranes to be flushed out with fresh water, otherwise conventional osmosis will take place
within the membrane module which may rupture the membrane. If the membranes are shut
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down for long periods then the membrane may need to be filled with a preserving fluid to prevent
biological growth on the membrane surface. Some wind RO systems have included a diesel back
up. When this i1s done it effectively means that the RO plant is gnd connected.

Wind/EDR

No wind powered EDR plants have been built as far as is known. The combination should be
simpler to operate than wind RO as the system would not require to be flushed out at every shut
down. EDR should be an attractive option to couple to wind to desalinate brackish water.

Wind/MVC

This 15 an unusual combination. Wind turbines and mechanical vapour compressors have many
similar charactenistics in that they are both involved with compressible fluid flow. This
combination copes well with the large changes in powcr output that are associated with wind
turbines. A prototype plant capable of producing 48 m /d'uy using a 70 MW wind turbine was
built on the German island of Borkum in the North Sea.(Bier, R et al., 1991). Since then a larger
plant with a rated output of 300 m /day has been constructed on the island of Ruegen (Germany).

As has been stated earlier, MVC has the potential of very low energy consumption, even Iowa
than RO, hence this is a very interesting process.  Units with energy consumption of 10 kWh/m’

now becoming available. Units with cnergy consumption of between 2-3 kWh/m® are being
discussed for use with Seawater.

2.3.4 Waste Heat

Many chemical processes produce large quantities of waste heat.  Usually this is discarded using
cooling towers or other devices. Depending upon the temperature and the form of the waste heat,
it may be possible to utilise it for desalination. Hot water down to 80°C is potentially useful.

Oil refineries produce large quantitics of low grade thermal energy and many of these situated in
and areas use this to produce clean water using either MEB or MSF plants.

The major desalination plants around the Arabian Gulf utilise the waste heat from power
generation.  The production of water and electricity is closely linked in all of the Gulf countries
usually through a combined Ministry of Water & Electricity. Many of the power stations use gas
turbines (gas being less exportable than oil in most of these countries) which operate with
efficiencices of around 30%. The waste heat in the exhaust gases from the gas turbines is used to
produce HP steam. This is passed through steam turbines to produce electricity and the pass-out
steam is then used to provide the energy for the desalination plants.  Almost without exception
these are MSF plants. In these, the brine is heated to a temperature between 90 -115°C. Thus the
stcam from the turbine has to have a condensing temperature some 5-10°C above this. While this
1s referred to as waste heat this is not strictly accurate. The extracted steam could have been used
to produce more electricity. However, within the region it is often referred to as waste heat.

In Gibralar an incinerator has been constructed to burn municipal solid waste (MSW). The
rcasons for building this were two-fold. Firstly there was a problem in disposing of MSW.  There
were no landfill sites.  The MSW was being dumped directly into the sea which was

Page 2-23



Water Management and Dealination (Gaza) RYEAZ1BOSHI0T7 /Final/issue 1 .- /11796

environmentally unacceptable.  There was also a water shortage. No water was being imported
from Spain because of political problems.

The waste heat from the incinerator is used to fire a boiler to produce medium pressure steam.
This in turn is passed to a stcam turbine to produce electnicity.  Pass-out steam is extracted from
the turbine and used in a six effecc MEB plant to produce potable water. There were a few
problems in the commuissioning of this plant but it is now understood to be operating normally
with few problems. In the absence of MSW, auxiliary oil firing of the boiler can be undertaken.
The technology is conventional and there are no problems in linking the encrgy technology to the
desalination plant.

2.3.5 Biomass

Biomass can be used as an energy source by combusting it to produce heat and thus steam and
clectricity to drive desalination processes. Combustible municipal solid waste (MSW) can also be
burnt to produce steam and electricity.  Suitable biomass, such as Bagasse, 1s usually seasonal, so
storage of biomass is important if a biomass combustion plant is to operate all year round. Biomass
transport and storage are important factors in the total energy cost.

2.4 Discussion and Conclusions

2.4.1 Operating Problems in Desalination Processes
MSF

This is a mature technology and if the materials of construction are selected carefully should give
few problems in operation.  The process is simple to operate and plants are usually stable in
continuous steady state operation. Most plants are designed to operate at full load and are unstable
at low flow outputs. i.e. <50%

MEB

This is also a mature technology but there are more variants available.  Selection of matenals of
construction is very important with consequent effects on capital cost.  The process is simple to
‘operate and has much better turn down characteristics than MSF.  The performance ratio can be
higher than with MSF but the capital cost 1s increased.

vC

There are only a few manufacturers of MVC plants. Some of these have been more successful than
others. The key to success is in the compressor designs coupled to cheap heat transfer surfaces.
Small units often involve very high speed compressors which give problems and have high
maintenance costs. Such units are not attracuve for use in remote locations. MVC has the
potential of having lower energy costs than RO but to date no one has produced a design that is
practical and cconomically viable. There is renewed interest in this area and a number of
companies are attempting to develop designs which will compete with RO.

RO
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This is the process that has been most frequently coupled to wind or PV.  The process can be
started up quickly and shutdown quickly but frequent stoppages can result in premature failure of
many components due to the large changes in pressure involved. Most of the problems with RO
plants involve inadequate pre-treatment of the feedwater. The process requires the attention of
trained operatives preferably with some knowledge of chemistry.  The process requires chemicals
for feed treatment which can be expensive to transport to remote locations.  Experience with
plants in remote locations suggest that they are prone to failure through lack of attention and
inexpenence of the operators.  For example the RO plant supplied by Israel to Gaza at Dir El
Ballah to desalinate brackish water has only been in occasional use through lack of chemicals.

2.4.2 Conclusions .

There are now available a variety of renewable energy (RE) systems that can be considered
mature and that can be coupled to a desalination process. A variety of desalination processes which
can be matched to some of the RE systems are also available,

Most parts of the world which have water problems have access to some renewable energy sources
(RES). Solar energy is likely to be the most common RES.

Some experience has been gained in coupling RES to desalination processes.  This has usually
been on a small scale. The most popular combination has been cither wind or PV with RO.. The
combinations in Table 2.4 may be attractive for some locations.

Photovoltaic powered VC is not included’in Table 2.47 as it has not received ‘'much attention.
However, as VC has the potential to become a much more energy efficient technology, PV VC
may be a viable option in the future, '
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Table 2.4 Summary of Energy and Desalination Technology Combinations
Energy Source Desalination Energy Storage Back-up
Process
SOIar..... T P SO RS OPRUPTN TR
Thermal Systems MSF Hot fluid in insulated | Oil or gas
Parabolic collectors MEB tanks
Flat plates MEB-TC
Evacuated tubes
Deep ponds
Electrical Systems | .
Solar thermal electric | EDR Batteries & or Gnd or diesel
power generation RO Jnsulated tanks 1.
Photovoltaic RO Battenes Gnd or diesel
EDR
ind e
Wind turbine RO Battenes Grid or diescl
EDR Fly wheel
MVC Pumped storage
WaAVE e R N
Wells Turbine RO. Battenies Gnd or diesel
' EDR Fly wheel
MVC Puimped storage
Waste Heat &
Bilomass e A S
Thermal MSF Oil or gas
MEB
. MEB-TC .. et
Thermal electne RO Oil or gas
power generation MVC
EDR

Note: MEB-TC refers to MEB using thermal compression
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3. ECONOMICS OF DESALINATION

The design of renewable energy powered desalination plants is complicated and is dependent on
many factors. The optimisation of such plants is beyond the scope of this study. A complicating
factor in the design of such plants is the varation of the energy source both in terms of duration
and intensity.  Other factors are the amount of energy storage required to ensure steady power, or
alternately whether or not to install a diesel back-up or grid connection. The size of diesel
generator installed can range from being just large enough to keep the system ticking over, to the
point where the diesel 1s the principal encrgy source with the renewable contribution reduced to a
fuel substitution role.

Cost figures for desalination have-always been difficult to obtain.  Even when data is available it s
often difficult to make sensible comparnisons as prices are site specific in many cases.  Figures
published 1n 1992 (Wade. N) give a cost comparison for water produced by large power and water
plants which is still valid. This paper gave the costs MSF 1.44 $/m’, MEB 1.31 $/m’ and RO
1.39 $/m°, which are for large plants (i.c. 15,000m3/day).

On the 1sland of Malta, where 45% of the water 1s produced from seawater reverse osmosis plants,
. ) . 3 . ) ) .
the production cost of water is estimated at $1/m”.  Elsewhere in the literature desalinated water
: : 3
costs using conventional energy sources vary from 80c¢ to $8/m”.

There 15 hittle information in the literature concerning the cost of water from renewable energy
dniven desalination plants.  This is largely because almost all of the renewable energy powered
plants were built for R&D purposes and thus have higher costs than if they were commercially
deployed and manufactured on a large scale.

The cost of water and the price that individuals are prepared to pay depends largely on how much
of it that they need and what they propose to do with it.  Hotels in remote locations can afford to
build their own desalination plants producing water at $2/m” on the basis that it is a small overhead
in the hotel costs.  Individuals drink bottled water from $0.5/litre to $1.50/litre (or $500/ m’ to
$1500/m” on the basis that they drink very little of it. It follows therefore that in order to deade
whether or not desalination by renewables or any other means is economiic, there has to be some
mnsight into what the water is going to be used for.

3.1 Desalination of Seawater

Reverse osmosis is regarded by many as the most cost competitive desalination process.  Most of
the renewable energy powered desalination plants use this process.  For this reason the costs of this
process will be used as an example.

The table and chart in Figure 3.1 above give a reasonable idea of the cost breakdown of a scawater
RO plant operated by electricity at 8 cents/kWh.  If the source of the electricity is a renewable
source then most of the power cost is capital related.

The cost of PV will vary from location to location. The values in Figure 3.2 above have been
adjusted to reflect the climatic conditions in Gaza. They do not take into account land pnces
which in the case of Gaza would increase the cost.  As can be seen from the chart above the cost of
clectricity from PV with an 8% discount factor is around 15-20 cents/kWh. On this basis 1t 1s
unlikely that PV can compete with a grid system operating at any reasonable scale.  In this example
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an electricity consumption of 7.5 kWh/m” has been assumed. Some RO plants are being run with
lower energy consumption than this. 5 kWh/m” is the lowest figure quoted (Glueckstern. P,
1994). This would reduce the energy figure to $1.75/m’ which can be taken as a base figure.
Obviously for installations with less solar energy or where higher discount factors prevail a higher
energy cost would have to be used.

Extrapolating the above chart (Figure 3.3), a 5% discount factor and a mean annual wind speed of
around 6.5 m/s will give a cost of electricity of about 8 cents/kWh. A 15% discount factor would
require an average wind speed of 9 m/s to achieve a the same cost. The mean annual wind speed
in Gaza is 4m/s which is clearly far too low to make wind energy a viable proposition. The Greek
islands are known to have good wind regimes, mean annual speeds vary from 5.5 - 9.0 m/s but
they are exceptional. Wind farms in the UK have to have a mean annual wind speed of around 9
m/s or higher to justify commercial development.

Figure 3.1 Economics of Desalination - Seawater

Seawater RO Costs

Spares Chemicals
4% 4%

Power
(8 cents/kWh)
31%
Capital
44%
Membrane
replacement Staff

9% 8%

McBride, Morris & Hanbury

Item Cents/m3
Chemicals 0.08
Capital 0.86

Staff 0.16
Membrane replacement 0.17
Power (8 cents/kWh) 0.6

Spares 0.08

Total 1.95
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Figure 3.2 Cost of PV Electricity
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Figure 3.3 Wind Energy Prices
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3.2 Desalination of Brackish Water

In remote communities at the end of long transmission lines or areas served by diesel generators
electricity prices can be greater than 8 cents/kWh.

Operating Costs

Figure 3.4 shows a typical split.

Figure 3.4 Economics of Desalination - Brackish Water

Brackish Water RO Cost

Spares
4%

Staff

Capital
34%

Membrane
replacemen
8%

— Chemicals
12%
(8 cents/kWh) :
21%

Hanbury, Hodgkies & Morris. Desalination Technology 1993

Item Cents/m3
Capital 0.18
Chemicals 0.06
Power (8 cents/kWh) 0.11
Membrane replacement 0.04
Staff 0.11
Spares 0.02
Total 0.52

The following data in Table 3.1 refers to the brackish water desalination plant constructed at Dir
Al-Ballah in the Gaza Strip in 1993. The plant had an output of 45 m’/hr.
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Table 3.1 Brackish Water Desalination plant.

Item Operating Cost
Suff costs $2083/month
Chemicals $458/month
Maintenance $670/month
Electrical Power $2183/month{based on 7 cents/kWh)
Total $5394/month
Cost/m> $0.18/m3 assuming 100% output over the period
The cost of the unit is made up as follows: Capitl Cost
Equipment cost $400,000 including membranes
Membrane replacement cost $70,000
Well pump & clectricals $100,000
Clivil costs (Water tower, foundations etc.) $150.000
Total project capital cost $650,000

These costs need some qualification.  The electrical costs included the supply of a stand-by
generator which should not be necessary in future installations.  Similarly the civil costs were
increased significantly because of the security situation. A fair estimate for a future plant of this size

would be $500,000 and this is the figure used in the following economic appraisal (Table 3.2).

The following assumptions have been included.

Membrane life S years

Plant life 20 years
[nterest rate 8%

Power cost 7 cents/kWh

Plant availability 95%

Table 3.2 Water Production cost from Brackish Water.

Depreciation on Plant 21500]8/yr.
Depreciation on membranes 14000|8/yr.
Total depreciation cost 3550018 /yr.
Depreciation cost 0.09[s/m’
Interest cost on plant 344008/ yr.
Interest cost on membranes 5600|8/yr.
Total interest cost 40000|8/yr.
Interest cost 0.11/$/m’
Operating cost 0.18/$/m’
Total water cost 0.38$/m’

Based on this information the water cost would be $0.38/m”. This is a production cost not a
distributed cost.




Water Management and Desalination {Gaza) RYEA/THOSSO07 /1sue 1 T 04/11/96

As this plant was producing water with a better quality than was required, it was possible to dilute
the product water with raw water and increase the plant output to 60 m>/hr. This had the effect

of reducing the cost of the water proportionately, i.e. $0.28/m’.

These difference in cost in Table 3.2 and Figure 3.4 are mainly due to a difference in salinity, even
though both are classified as brackish water. The salimty in Gaza (Table 3.1) 1s approximately
3,000 ppm, where as figure 3.4 assumes as salinity of between 6,000 - 8,000 ppm. Scawater has a
salinity of approximately 35,000 ppm.

3.3 Seawater Greenhouse System

The Scawater Greenhouse represents 2 new approach to providing fresh water for growing crops
in anid coastal regions. It is based on a Greenhouse, which provides a controlled environment
where sea water is used to cool and hunudify air, so that fresh water can be condensed from the
humid air using heat exchangers. The fresh water is used to irmgate the ground both within the
Greenhouse and in a2 shaded tent area behind the Greenhouse. The principles have been
demonstrated at a small-scale over two years, which has ¢nabled the performance of the Seawater
Greenhouse to be modelled on a computer.

The likely capital and operating costs of a full sized Reference Scheme (2 1 ha Greenhouse with 16
ha of shaded tent, located in Oman) have been estimated using the predictions from this model and
costs based on estimates made in conjunction with experts which have worked extensively in the
region. Assuming replication of this scheme, (i.¢. a low cost of capital and cconomies of scale), the
fully developed scheme should be moderately profitable (6% annual rate of return over 20 years).
However, the profitability depends greatly on the local geography, sea bed topography and the
productivity of the scheme and so reasonably conservative assumptions have been used in the
“analysis presented below.

The Reference Scheme’s applicability is limited by the need to draw sea water from a depth of
about 1 km. An alternative concept has been developed: the “Low Costs Solution”, which avoids
the need for a deep sea water pipe. This uses a deeper Greenhouse (100 m front to back), in which
the cooling is provided by recirculating sea water, which would make it suitable for locations such
as Gaza. The amount of excess water produced per hectare is lower than in the Reference Scheme
and so 2 smaller shaded tent area is adopted. This scheme has not yet been tested at a
demonstration scale and so the results from the computer modelling should be treated with
caution. However, if it achieves the predicted performance levels, the rate of retum on the
scheme should be significantly improved (e.g. 23% per annum).

The most important vanable in both schemes is the value of the crops produced. The reference
values were also chosen in discussion with experts who have worked in the region. However, by
locating the Greenhouse in an area which minimises competntion and by choosing to grow very
‘high value produce, the Reference Scheme could be capable of producing far higher rates of
retumn (~53% per annum). Confirmation of these higher rates of return would require a detailed
regional evaluation of the demand and supply situation for horticultural products.

A more detailed analysis of the Seawater Greenhouse can be found in Annex A of thus report.
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3.4 PV Reverse Osmosis Plant

Dulas Ltd. has proposed a reverse osmosis (RO) system, which utilises well proven RO technology
but with a photovoltaics energy supply and an enhanicement to improve the overall efficiency of
the scheme by recovering energy from the RO process.

In Annex B of this report, the economics of this approach have been evaluated for two sizes of
scheme (producing 5 and 32 m’ of fresh water daily) for both the prototype and mass produced
systems. The costs used in the analysis were obtained primarily from direct quotations from
manufacturers, whilst the efliciencies of various aspects of the scheme were based on previous
expenence of similar technologies.

The resulting costs of the various schemes have been listed below. The most important external
varable effecting the production costs is the rate of finance, which was taken to be 20 % for the
prototype schemes and 10% for the replicated schemes.

These costs are high compared to the cost of production from exising RO plant.  This is
attributable primarily to the small-scale of the scheme (which could not benefit from economics of
size) and the vuse of PV cells for energy generation, which have a high capital cost.  Further cost
reductions might be achieved by going to a larger scale plant but this could present problems in
finding sufficient arca for the PV cells in some locations.

Table 3.3 Costs of Fresh Water from the Various RO/PV Schemes

Scheme Daily Output Rate of Cost of Fresh
(m’) Finance (%)  Water (£/m”)
Prototype 5 20 9.7
Prototype 32 20 6.9
Replicated 32 10 3.3
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4. APPROPRIATE LOCATIONS AND CIRCUMSTANCES

Desalination schemes provide a means of using water that would otherwise be unsuitable for
human use in coastal areas where other sources are limited. However, because of their cost and the
conditions required for their introduction, the potential for desalination needs to be considered
within the framework of an overall water resources management plan. This chapter outlines some
of the background requirements for undertaking a water management review and establishing
where small-scale desalination plants would be appropriate.

4.1 Key Requirements for Successful Water Management Options

Communities within semi-and coastal regions have a wide variety of water needs and thus scales of
demand. They also have varying levels of water resources availability, development and water
management, as well as a range of supply options or access to altemative sources. The cost of water
supply varies between communities according to these factors. Many coastal communities depend

“on a combination of runoff from inland upland arcas and groundwater from coastal aquifers, which

are often at risk from saline intrusion and contamination.

For example, in Malta saline intrusion has already affected the quality of potable supplics. Pumping
rates would need to be reduced by at least 10% to avoid further deterioration and would need to be
reduced by 45% to gain any improvement. Inefficient water use was encouraged by low water
tnffs, which were only 10% of the true cost. Malta loses 30% of its water through leaks and a
further 30% by illegal connections. Most of Malta’s water supply now comes from desalination, in
particular to meet summer tourist demands when the population increases threefold and demand
can exceed 200,000 m*/d. There are five desalination plants (with plans for a sixth) which
consume 15% of the electricity supply. The costs of the desalinated water, however, are three
times those of groundwater (Pearce, 1993).

The vulnerability of a region to water resources scarcity depends on the inter-relationship of a
varicty of factors, as illustrated in Figure 4.1 (FAQ, 1995). Semi-arid and arid regions with low
incomes and a high rate of population growth are especially vulnerable. A ‘water exploitation
index’ can be used to indicate water resources vulnenbility. This is a measure of the amount of
water a country (or locality) uses as a percentage of the renewable water resources available: a high
vulnerability to water shortages would be indicated if this exceeds 50%.

In the past, water resources management has tended to focus only on the supply-side. An
appropriate water management strategy that also addresses the demand-side is essential. Supporting
hydrological and other relevant information, such as present and predicted water demands are

-required for planning purposes over selected planning horizons (typically 10, 25 and 50 years).

Despite water shortages, the misuse of water is common and, all too often, water management
measures are not applied untl water shortages result in adverse socio-economic or environmental
consequences. This may reflect:
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Figure 4.1 Factors influencing water resources vulnerability
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» 2 weak institutional framework

e government policies

 the lack of an appropnate or enforceable water legislation and water mnﬁ' structure
s competition between different water sectors

o and a supply or project-onientated approach to development.

Before water management measures can be selected it may be necessary o undertake a review of
the existing water sector policy to (FAQ, 1995):

show the importance of water in national, social and economic life
identify problems and cntical issucs

quantify and prioritise pressures on water resources-

and to identify options for mitigating these pressures.

An assessment of critical issues would normally require an assessment of the following (for a more
complete checklist see FAO, 1995):

» supply-demand balance and trends by sector due to growth in population, increase per capita
demand, over exploitation of groundwater, climate change, etc;

¢ level and quality of service due to shortage of investment, rapid growth of peri-urban
scttlements, etc; -

e cconomic and financial importance of the water sector;

e water quality duce to polluting industries, weak legislation, poor-irrigation practices, ctc;

» future water supply options and costs, such as the lack of alternative supply options,
insufficient demand management, poor cost recovery, etc;

» cfficiency of present water use, such as pipe leakage or poor irrigation practices;

e any conflicts in water use, such as competition between agricultural and urban users and the
lack of a legal framework to scttle disputes;

e environmental impacts, such as loss of wetland habitats;

e structural and institutional arrangements;

¢ any international sensitivity and commitments;

e data availability, such as population statistics and resource evaluations;

+ and monitonng requirements, including water use and hydrological data.

Different emphasis would be placed on each issue depending. on the importance that each
government places on the respective issues and in relation to other govemment policies (e.g. self-
sufficiency in food production). The review should formulate a water strategy and define an action
programme and management monitoring plan.

The selection of water resources management measures should be guided by certain criteria, with
the underlying basis that water should be considered as an cconomic resource. These include (after
FAQO, 1995):

effectiveness and efhiciency

equity and distnbution

public health benefits and risks (including nutrition)

environmental impact

fiscal impact

political and public acceptability (e.g. willingness to pay or water quality acceptability)
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* sustainability
e sccurity of supply
e investment and operating costs
e and administrative feasibility.

A balance should be sought between economic incentives (e.g. taxes) and control measures (e.g.
regulations). For example, measures to reduce groundwater abstraction could include prices and
charges (e.g. metering, taxes), controls on the quantity abstracted (c.g. permits, pumping quotas),
or the transfer of entitlements (e.g. water markets in Spain, water ‘banking’ in California).

A realistic water pricing structure can promote a more efficient and equitable use of water as well
as generating revenues for infrastructure, training, monitoring and other costs of supply. However,
the most appropriate tariff structure may be difficult to identfy. In countnies where pumped
groundwater forms an important source of supply, adjustments to the cost of energy and the
formation of local water-user groups may be a more practical way of controlling water use.
Government support for water saving technologies and publicity campaigns can result in benefits
throughout the water sector.

The agricultural sector is often the main consumer of water supplies, yet it is also a relatively low
value, low-efficiency and highly subsidised (both directly and indirectly) water user. Changes in
policy, institutional reforms and improved agricultural techniques may be needed to reduce water
demands in the agricultural sector whilst enhancing the economic benefits using an approach based
on crop yield per unit of water rather than per unit of land.

Significant savings in water demands are usually also possible in the industrial sector where a water
tanff is not already imposed. Often, however, there is a lack of relable information on industnal
water use. Measures to encourage water recycling and low water use industries combined with a
scaled water tanff structure can achieve significant water reductions in water demands and reduce
potenual pollution nisks. For example water savings of 40 to 60% were achieved over two years in
three industries in Sao Paulo, Brazil, by the introduction of pollution charges related to the volume
and quantity of effluent produced. In Taijin, China, prescnptive norms based on reasonable usage
are sct for industrial users which are reinforced by higher water charges if these are exceeded (Israel
has adopted a similar approach to curb agricultural use).

4.2 Key Requirements for Successful Technical Options for Desalination

4.2.1 General

The world-wide distribution of coastal arcas (excluding islinds) having less than 200 mm/y of
rainfall (and and hyperand) is indicated in Figure 4.2. The length of coastline in each country
within these zones i1s given in Table 4.1 and totals nearly 35000 km (UNDCTCD, 1985 after
Bradonovic, 1982).
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Figure 4.2 Arid and hyperarid coastal areas of the world

Source: UNDTCD, 1985

Table 4.1 Countries with significant lengths of arid (A) and very arid (HA) coastline

Location Estimated length of arid
(see Fig. 4.2) coastline (km)
Africa: Afars and Issas 4 A 244
Egypt 4,6 A-HA 2420
Ethiopia 4 A 1010
Libya 6 A 1685
Mauritania 7 A 666
Morocco 7 A 452
Namibia 8 HA 1385
Somalia 5 A 2955
Sudan 4 A 716
Tunisia 6 A 500
Western Sahara 7 A 907
Subtotal 12940
Australia: 9,10 A 4700
Asia: India 1 A 1105
Iran, Islamic Republic 1,2 A 1834
of 1 A 753
Pakistan 2,4 A 2437
Saudi Arabia 3 A-HA 1666
Subtotal 7791
Central and South America: Argentina 14 A 1700
Chile 13 A-HA 1574
Mexico 11 A 3800
Peru 12 A-HA 2329
Subtotal 9403
TOTAL 34834
Source: UNDTCD, 1985 after Bradanovic, 1982
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Communities within arid to semi-arid coastal regions are often situated on extensive coastal plains
(e.g. Hodeida on the Tihama Plain of Yemen) or along the coasts of islands. Initially, these
communities relied on shallow groundwater supplies or, more directly, on seasonal or perennial
nvers draining the interior. Coastal alluvial plain aquifers may contain brackish groundwater at
depth inland and saline groundwater intrusion at the coast. Unconsolidated aquifers bordering
islands tend to be limited in extent and thickness, but may have saline groundwater at the coast in
the underlying formations and access to deep water within a relatively short distance offshore.

Over 7500 desalination plants now operate world-wide with a total production of 4.8 billion
m’/ y. The number of land-based desalination plants producing more than 100 m’/ day in selected
countries with low rainfall is shown in Figure 4.3 (after Wangnick, 1994). Operational difficulties,
such as corrosion or lack of technical personnel, have been a common problem with desalination
plants in many countries. However, the greater reliability of modern systems has been an important
factor in their growing use in developing countries as this has reduced maintenance costs and the
need for skilled personnel. The cost of solar power units has also reduced considerably in recent
years and increased the potential for small-scale plants serving local communities, hotels etc.

Figure 4.3 Number of desalination units in selected countries
No of units >100 m3/d
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The locations of the energy source, the water source, the desalination plant and the disposal of
concentrated salt water after desalination need to be identified at an early stage. The factors
influencing the site of the desalination plant may differ from those affecting the selection of a
renewable energy site.

Whilst most major schemes, such as those in the Middle East, rely on seawater supplies, the
opportunities for exploiting the considerable reserves of (usually non-renewable) brackish
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groundwater (e.g. Middle East) have yet to be fully exploited, in part because of the water
composition. The desalination of brackish water is a rapidly growing area as costs can be less than
half those of seawater desalination. For example, there are now more than 100 small RO plants
using brackish groundwater operating in Florida. The various sources of poor quality water
influence the choice of desalination technology. RO and ED (physical) methods are more suited
to brackish water whilst RO and disullation (boiling and condensation) methods are more
commonly used for seawater desalination:

In general small-scale desalination schemes are most appropniate for:

providing supplies at locations where no other sources ate available

special supplies, such as where high quality water is required (e.g. hospitals)

supplementing other sources of potable water supply to meet peak demands

conjunctive usc with existing conventional sources, especially in areas suffering from actual or
potential water shortages and to sustain or promote socio-economic development.

However, because present desalination methods can involve a substantial investment and high
operating costs, they are likely to be suitable only at particular locations and under certain
circumstances. Whilst economic considerations and reliability are usually the most important
factors governing the use of desalination schemes and type of method, other conditions that need
to be taken into account in assessing the introduction of small-scale desalination schemes include:

e opportunities for and costs of further development of conventional sources, recycling and
for implementing other water resource management options

e purpose, water demands (daily, seasonal, future) and present unit water costs

= availability of suitable physical locations

e sourcce of supply (manne, brackish or combinations)

s cnergy source (non-renewable, renewable or combinations)

e environmental (disposal of salt and other products)

e technical support, maintenance, protection and security of supply

o and other factors, such as public perception of water costs, scope for private investment or
side benefits (e.g. opportunitics for greenhouse or hydroponic cultivation).

4.2.2 Water Resources and Demands

Current and future water demands should be assessed to identify where water savings can be
achieved and the potential for water re-use, as outhned in Chapter 1 and Section 4.1 above. This
may identify cheaper options than desalination or allow investment in desalination schemes to be
postponed.

4.2.3 Energy Sources

Individual componcents of renewable energy or continuously powered desalination systems can be
considered as mature technology. However, the combination of energy source and desalination
process is still novel and most of the renewable energy sources are vartable in power output and
availabiliey. This has required the processes to cater for short-term and long-term energy storage
systems or frequent shutdowns. For the thermal processes this can be overcome as thermal energy
in the form of hot liquids can be stored easily in insulated vessels. However, for the electneally-
based systems this has been more difficult.  Electricity is expensive to store in battenies and hence
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this approach has only been used for small systems to even out transient variations and to keep the
plant running for short periods. Flywheels have also been used but again only on small systems. A
more novel approach to store eclectrical power has been to use pumped storage hydropower,
. although this is very site specific, expensive and inefficient. Where it is paramount to keep the
system operational overnight or for long periods, diesel powered back-up has been used, which
cffectively makes the desalination plant equivalent to being grid-connected, although a diesel
supply does not offer the same security as a grid system and this combination requires a load
management interface to control diesel power input to the system.

An audit of potential sources of renewable energy should be undertaken. These include wind,
solar, wave, geothermal, hydropower, biomass and waste incincration. The appropriateness of the
renewable energy source will depend on the climate, geography and topography of the location.
Some renewable sources, such as wind power, are rather site specific but combinations, such as
solar-power by day and wind power by night, may be possible. In many areas site-specific climatic
data are often lacking. Where this is the case, data collection should commence as soon as possible
by installing measuring equipment. General data may be available from global databases, such as the
Global Ecosystems Database (Kinman and Ohrenschall, 1992), although this may be on a rather
coarse gnd (e.g. 0.5 degree).

Semi-and and and regions are normally characterised by high solar radiation intensity, particularly
in coastal desert areas and the Middle East. However, seasonal vanations can be as high as 50% and

increase with latitude. Average levels of solar intensity are given in Table 4.2 for selected locations
(Lawand, 1985).

Table 4.2 Average annual solar radiation in selected countries
Country Solar radiation (watt hours/m*/day)
Yemen (Aden) 0006
Australia (Sydney) 4446
Chile (Atacama Desert) 7159
Egypt (Giza) 5622
Maurntania (Nouackchott) 6507
Phillipines (Quezon) 4316
Trinidad (Port of Spain) 5634
Tunisia (Tunis) 5121
Wake Island 6495

Coastal locations are often suitable for wind energy. Wind speeds exceeding 4 m/s are normally
required. The power available in the wind can be estimated from the following:-

1

P= 5 pU:; Ap
Where:- P = power available in the wind [W]
p = density of the air [ke/m’]
U’ = Free stream velocity of the air [m/s]
Ap = Swept area of the rotor [m]
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However different turbines exhibit different power curves and local topography and other factors
can effect wind capture, so the actual power derived is some proportion of this. The encrgy
extracted from the wind by a wind turbine depends mostly on the following factors:

Swept area of the rotor

Cube of the free-stream wind velocity (which also increases with height above the ground)
The rating of the turbine: design wind speed and design power

Losses associated with turbulent wind

Losses from interactions between turbines (e.g. wake interactions)

Electrical and mechanical losses

Downtime: maintenance and breakdown

Distributton of wind speeds at the site

» & & & & 0 8 0

Choosing a wind turbine is a complicated process, the larger the machine the more cnergy
extracted for a given wind speed. Larger turbines are mounted higher from the ground where the
wind speed is higher also. Choosing a turbine with a design wind speed that 1s too low will mean
that much of the wind will be wasted (passed through the turbine without producing power).
Whereas choosing one with a design wind speed that is too high will mean that there will be too
many thmes when the turbine is not running at all because there is insufficient wind.

Different arcas have different ranges and distributions of wind speeds and in each instance the
choice of turbine vanes. Matching the distnbution of wind speeds to the power curves of the
turbine is important. The size of a wind turbine is usually denoted by its rated power (kW) which
determines the length of the blades and the hub height. Modern wind turbines are typically
honzontal axis designs.

Biomass production is normally low in semi-arid and and areas. However, houschold waste may
provide an alternative source of energy (with other environmental benefits) in more populated
arcas. For example, Gibraltar used to regularly import water by tanker but in 1992 a new ‘waste-

-to-water’ plant was opened which incinerates houschold waste to power the desalination plant.

The plant now produces 1800 m’/d, or about two-thirds of Gibraltar’s water requirement.

Having undertaken an audit of various potential sources of energy (or combinations of energy), it
should be possible to identify the size of plant required. For example, a very small plant would
indicate a membrane desalination process. The availability of a grid supply would also possibly
chminate the need for a diesel back up or the use of a renewable energy source.

4.2.4 Sources of Water

Where seawater is used as the source of water supply, a protected flat area of land as near as possible
to the sea with good access and large enough to accommodate any future expansion should be
sclected. The quality of the scawater is important and the intake should be situated so that the
intake water 1s not disturbed by sand, turbid water or seaweed.

Where subsurface conditions are suitable, saline water abstracted from boreholes at the coast should

-be considered: many successful RO plants have adopted this approach as pre-treatment costs are

reduced and membrane life increased. Distillation-plants are less sensittve and mostdy use open
intakes or submerged intakes taken out to deep, quiet water.
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The size of plant could be reduced if the output can be mixed with other conventional sources to
provide an acceptable water quality. For example, a desalination plant at Deir Al-Balah (Gaza) has
the capacity to produce 45 m™/h of water with a salinity of 50 mg/1 from a borehole with a salinity
1050 mg/l. The desalinated water is then blended with the borehole water before being pumped
into the distnbution system.

Some form of reservoir will be required for the product water. This can be sited at the plant or
nearer the point of consumption. It should be sized conservatively to ensure that a supply can be
maintained when supplies are interrupted, for example during adverse weather conditions or for
maintenance. It may be possible to store the excess water within an underlying aquifer during
times of low demand, although this should be given careful consideration since 1t is not always
possible to fully recover the amount stored in this way and there may be risks of groundwater
contamination.

4.2.5 Environmental

The concentrated salt water produced as a waste stream from a desalination plant can be
environmentally damaging if not disposed of appropriately. This can be expensive if it has to be
pumped long distances. There is also a risk of contaminating brackish water or seawater with the
concentrate if disposal is not carefully planned. The concentrate could be disposed of in deep wells
where subsurface conditions allow or it could be used for salt production.

4.2.6 Technical Support

All desalination plants require some level of technical support covering tnstrumentation,
electronics, mechanical engineering, welding and machining. Sources of chemicals and parts, their
supply and costs nced to be taken into account. Costs of any pretreatment and supervision can be
high and the more local and comprehensive this support can be, the better. For remote locations,
plants using proven equipment, minimum chemicals ete. should be preferred.
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5. BRIEF CASE STUDY OF THE GAZA AREA
5.1 Introduction

This Chapter seeks to explore the potential of new desalination technologies to contribute to the
development of water resources in the Gaza Stnp, an area faced with considerable challenges, both
in adapting administratively to the development of sclf governance under the peace process, and in
managing scarce natural resources under extreme population pressures.

The Gaza Stnip faces many serious econonuc and environmental problems. 'Within an extremely
limited land area of 365 km’® there is an average population density. of over 2,000 persons/kmy?,
reaching around 100,000 persons/km in Beach (refugee) Camp ouside Gaza City. The
population of the Gaza Stnp has increased approximately twenty-fold since 1920 and, although
current levels are uncertain, most estimates suggest a figure of around 850,000 (PEPA, 1994a).
Migration has been a major contributory factor, with large influxes in the years around 1948 and
1967. The natural rate of population growth is around 4.8%/year, one of the highest figures in the
world. Over 80% of the population of the Strip has been designated as urban (FAFO, 1993), with
approximately 60% of the population living in over-crowded refugee camps. The cconomic fabric
of the Gaza Strip has been considerably distorted by the legacy of its occupation by the Israelis, and
by continuing restrictions, arising from Israch security fears, on the movement of goods, services
and labour between Gaza and Israel.  As a result, the cconomy is dominated by a relauvely
unproductive agncultural sector, there has been little industnal development, and incomes are
heavily dependent on wage labour in Israel (and therefore subject to the politics of Israeli border
control practices).

Under Israeli occupation government attention to water resource issues was focused on
agnculture, and there was a water department within the Gaza Agriculture Department.  Stoct
water licensing and quota policies were enforced for agriculture with all abstraction metered, at
least until the beginning of the Intifada when administration of the system became extremely
difficult. Public water supply was generally administered by municipal or private utilities, although
the United Nations Relief and Works Authority (UNRWA) plays an important role within the
refugee camps. With self governing status the Palestinian authorities have fonmed the Palestinian
Water Authonty (PWA) which is responsible for planning and regulation within the sector.
Pending the further development of a Palestinian bulk water undertaking and greater municipal
“involvement in water supply and waste water treatment, the PWA also manage and operate water
supply institutions left behind by the Israclis.

Despite the environmental problems water and electrical grids are well developed within the stnp.
Most urban areas, even within small communities have access to the infrastructure, even if quality
and reliability of supply are suspect. Major investment in power generating capacity is likely in the
near future. At present there are no power plant in Gaza, all electricity is supplied to the grid from
power plant in Isracl.

‘The climate of the Gaza Strip is arid, and there are no significant surfice water resources,  As a
result, supply is almost exclusively drawn from groundwater resources, with limited and localised
rainwater harvesting and water import. There is also a small desalination plant near Gaza City, but
operation s infrequent. Groundwater resources have been heavily over-exploited over the last 50
years or so, with the result that significant water quality deterioration has occurred through saline
intrusion. Agncultural intensification and inadequate provision for wastewater disposal have also
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led to increased contamunant loading on the aquifer. As demographic and ¢conomic growth
increase the pressure on scarce groundwater resources, the need to identify new water resources for
the Strip and manage remaining resources more effectively has never been greater. It is, however,
unlikely that water resource development will be in any way sufficient to meet demands, or to halt
aquifer degradation. Demand management, including both conservation of water within sectors
and reallocation of water from lower to higher value uses, would therefore seem essential
component of any comprehensive water resources development and management strategy.

Novel desalination technologies can be regarded as having two roles within Gaza, subject to the
limitations outlined below. The first would be to make an important, 1f limited, contnbution to
water supply in some communities. In areas where the aquifer has been degraded and brackish
water is present, desalination may provide water for blending water extracted as part of a salinity
management strategy. The second role would see the technology acting as a focus for public
education with respect to the extent of the Strip’s water resource problems and the vanous
solutions that may be adopted to manage resources.

There are three main factors that will tend to limit the use of desalination technologies in the Gaza
strip;

The high population density means that while there are small communities within the Strip, any
comnunity will be within 5-10 km of on¢ or more major population centres.  Against this
background, it is unlikely that self sufficiency in water abstraction and treatment within a small
community can compete with the: cconomies of scale inherent in water supply to the larger
communities, especially as most houscholds are already served by mains supply.  In addition, the
marginal cost of supplying very limited volumes of water to such communities from larger scale
‘supply augmentation proposals designed to mect the needs of much larger numbers of people in
the cities is likely to be extremely small.

There may well be political resistance to the introduction of high technology solutions. There 1s a
worry that these may prejudice the Palestinian negotiating position in the final settlement talks.

High land costs in Gaza, especially along the seashore, may make desalination options requinng
large land areas (e.g. PV RO desalination) uneconomic. However, it should be noted that the
greenhouses required for greenhouse desalination could, in theory, be located a little distance
away from the coast if pipelines could be constructed at reasonable cost.

5.2 Background
5.2.1 Climatic conditions in Gaza

‘Meteorological data in the Gaza Stnp is available from a single comprehensive climate station
operated by the Ministry of Transport. This is located very close to the shoreline, and data may
‘not be representative for some purposes.  For assessing desalinaton technologies, however,
especially the solar greenhouse option, proximity to the sea may be an advantage.

The climate of Gaza is of middle latitude arid type, with a hot dry summer and only moderate
rainfall during the winter months. The average total annual. rminfall is 312 mm,_but there are
considerable inter-annual fluctuations. Evaporation is very high, reaching 1900 mm/year (see
Figure 5.1).
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Figure 5.1 Gaza climate data
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While on shore winds predominate, during the dry season a significant diurnal varation is
apparent, with onshore breezes during the day and offshore breczes at night.  Mean annual wind
speed is 4m/sec. Figure 5.2 illustrates variations in wind direction during the year.
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5.2.2 Existing Water Resources and Demands
a) Water resources

The climate and topography of the Gaza Strip limit the potential water resources available within
its borders. High agricultural groundwater abstraction and increasing municipal demand have
therefore resulted in growing water scarcity,

Surface water resources

Surface water resources are very limited. There is one non-perennial surface water course - Wadt
Gaza - that flows into the Strip, but flows are rare and upstreamn exploitation means that it can not
be considered as a water supply source. It may be explotted as an element of an artificial
groundwater recharge programme.

Groundwater resources

The Gaza Strip is underlain by a thick sequence of Quatemary, Neogene and Paleogene sediments,
but at present only the Quaternary sands and poorly consolidated shelly sandstones are used for
water supply. The base of the Quaternary aquifer consists of impermeable Pliocene marls. These
in turn are underlain at depth by Eocene limestones but their water quality 1s uniformly poor and
unsuitable for supply purposes. Figure 5.3 shows the genenl configuration of the Gaza aquifer.

Estimates of available groundwater resources are sensitive to many factors that are difficult to
precisely quantify. Recharge to the aquifer from rainfall has been estimated at between 40 and 65
million cubic metres per annum (mem/year). In addition, 10 - 20 mem/year may flow from Israel
and a further 20 mem/year infiltrates from leaking domestic pipes, irrigation retums and waste
water recharge. This implies that, ignoning water quality issues, berween 70 and 105 mem/year
might be available for extraction without depletion of the aquifer (see Table 5.1).

In practice the primary constraint on groundwater exploitation in the Gaza Strip is not the absolute
quantity of water avatlable, but rather its quality. Much of the water in the Quaternary aquifer has
already been degraded, cither through intrusion of saline groundwater or through the poor quality
of recharged irmgation retumns and waste water. In addition, recharge estimates from minfall do not
take into consideration the quality or spatial distribution of recharging water. Although rainfall is
of good quality, only a small proportion of it will fall on the sections of aquifer containing potable
water. ‘Some will recharge areas with very saline water and, as a consequence, its quality and value
will be lost.

‘Saline intrusion occurs 1n freshwater aquifers where water levels in the aquifer are reduced by
pumping to such an extent that saline water cither flows horizontally in to an aquifer in contact
with the sea, or flows upwards from deep saline waters. Saline intrusion of both kinds is already
widespread in the Gaza Swunp, and all evidence suggests that intrusion will continue until robust
management measures are implemented, alternauve supplies are provided or the quality
deteriorates to such a level that the aquifer is unusable. In 1994 it was estimated that, by land area,
16% of the Strip was underlain by good quality water, 34% by water of moderate quality and 50%
by water with-more than 750 mgl”' of Chloride, whichsis:too saline for either-domestic or

‘agnicultural usage (Calow et al, 1996).
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Figure 5.3 Land Area Underlain By Saline Groundwater - Gaza 1974 to 1994
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Figure 5.4 Lenses of Fresh Water in Gaza
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Section showing the general configuration of aquifers in Gaza. The
numbers refer to routes of saline intrusion.

1 - Flow from sea
2 - Flow from deeper saline aquifers
3 - Flow from saline aquifers
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Figure 5.3 shows the increase in the land area underlain by saline groundwater from 1974 to 1994.
The land arca underlain by fresh water has been declining at approximately 1%/year in recent
decades, and Figure 5.4 illustrates how only two lenses of freshwater remain: one on the north,
and one in the south west. Farmers are already abandoning imgation in areas of increased salinity,
with citrus cultivation suffering most.

The spatial distribution of fresh water within the aquifer is constrained mainly by vanations in the
soil type and in the thickness of the unsaturated zone, either allowing rapid recharge of rainfall or
limiting the recharge potential. The freshest water, in areas where recharge is most rapid, is also
often the most vulnerable to contamination. Seventy seven per cent of urban boreholes in the
Strip had Nitrate concentrations above World Health Organisation recommended limits of 50 mgl”
', and 44% were above 100 mgl™' (Shawwa, 1994).

Other water resources
While groundwater plays a dominant role, other sources of water used in Gaza include:

5 mem/year imported water derived from the Isracli national carrier, and supplied by the Israeh
national water undertaking, Mekerot, to 3 refugee camps and 6 towns and villages;

A pilot scale RO brackish water desalination plant, that while often non-operational, has a capacity
of 0.5 mem/year;

Limited rainwater harvesting programmes in some villages.
b) Water demands

There are over 2,000 wells pumping groundwater in the Gaza Strip.  Figures for total abstraction

-cited in the literature vary greatly, with estimates ranging between 80-130 mcm/year (Grey,

1994). This reflects uncentaintics over the number of unlicensed wells drilled in recent years,
trends in agricultural abstraction since Isracli withdrawal, and levels of abstraction within the Isracli
scttlements. Whatever the exact figures, however, several consistent messages emerge:

Total abstraction significantly exceeds recharge, with irrigated agnculture the major consumer;

Municipal demands are increasing rapidly with population growth. In 1970, domestic and

-industral demand was cstimated at 10 mem/year. By 1991/92, the figure had risen to 30

mcm/year (SAAR, 1992) and it may now be around 35 mcm/year. Fora population of 850,000,
this gives a per capita municipal consumption level, including unaccounted for losses and leakage,
of just over 100 litres per capita per day {led), compared to around 300 led in Israel, or roughly 60
lcd assuming 40% distribution losses (see Section 5.3). Because of the small size of the industrial
sector, most municipal water use (perhaps 32 mem/year) is for domestic purposes.

Table 5.1 below illustrates a simple water balance derived for the Gaza Stip based on recharge and
consumption estimates made by WRAP in 1994,
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Table 5.1 Simple water balance for the Gaza Strip.

Recharge

Net precipitation 50 mcm/year
Irrigation return flow 20 mcm/year
Total 70 mom/year
Consumption

Municipal 30 mem/year
Agricultural 80 mcm/year
Israeli settlements 5 mem/year
Total 115 mcem/year
Groundwater balance | - 45 mom/year

Note: the balance ignores the quality and spatial distribution of groundwater recharge.

Even under the most optimistic recharge scenarios (assuming recharge of 105 mem/year that is
both recoverable and of adequate quality), there is an annual deficit of 10 mem/year. In practice it
is estimated that abstraction from the aquifer would need to be reduced to 50% of current levels for
sustainable management.

Demand projections are difficult to make in view of uncerinties over current consumption levels
and projected trends in cconomic activity, demographic change and institutional arrangements
shaping patterns of water use. Nevertheless, it is clear that demand will increase significantly in
future, even if the increases in per capita consumption required for development in a modern state
are discounted. For example, an overall population growth rate of 4%/ycar would result in
domestic demand almost doubling by the year 2010.

5.3 Water Resource Management
5.3.1 Addressing water scarcity

Addressing the problem of growing water scarcity within the Strip necessitates measures to manage
demand as well as supplement existing supplies. A prerequisite is strong institutions and the
political will to address conflicts of interest between different users and uses.

In many ways the political difficultes of pursuing a supply-led agenda are considerably less than
those involved in demand management: managing demand through the promotion of conservation
and reallocation inevitably requires that some users lose out at the expense of others, and there are
powerful vested interests at work. This is particularly so for irrigated agriculture, the sector that
stands to lose most. Nevertheless, augmenting existing supplies with costly alternatives, without
consideration of short to medium term demand management options, would seem both short-
sighted and economically wasteful.

In light of the above, management strategies can be broadly classified as follows:

e [dendfication of new resources within or outside the territory.
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Improved management and conservation of existing resources, including reallocation of water
within and between uses and users. A prerequisite for this is the creation of an enabling
institutional and economic environment.

In the following sections these broad strategies, and the different policy options associated with
them, are considered in more detail.

a) Identifying new resources

Several studies have been carried out within Gaza to identify potential new water resources. Each
option nceds to be placed in the context not only of its technical and financial viability, but also its
political and institutional feasibility. In particular several commentators on the Peace negotiations
have noted the implicit linkages between Palestinian rights to waters from the West Bank
mountain aquifers and water supply to the Gaza Strip. Any technological option that leaves Gaza
beholden to an outside party, especially Israel, will be viewed as a risk to the security of the
Palestinian administration. It will also be viewed as potentially damaging to the Palestinian
negotiating position in discussions of equitable access to the region’s water resources.

Possible new resources include:

1. Rainwater Harvesting.- Rainwater is currently used by several communities, but its utility is
limited by the low rainfall and high rates of evaporation. :

2. Surface Water, - No cxploitable surface water resources are available within the Gaza Strip.

3. Ground Water. - Existing over exploitation negates any possibility of increasing abstraction
rates.

4. Waste water reuse.~ Waste water in Gaza is currently under used and inappropriately managed.
Its use in the past has been limited by the lack of infrastructure for sewage treatment, and by
consumer resistance. These factors are changing and it is likely that treated waste water use will
increase markedly

5. Desalination. - With its coastal location, and with access to a productive brackish water aquifer
the potential for desalination is limited only by its cost and by the need for energy to be
imported in any large scale scheme. This option is dealt with in greater detail in Section 5.3.2
below. Desalination based on the treatment of brackish water from the Gaza aquifer would
need to be planned carefully to ensure that pumping did not accelerate degradation of the
aquifer.

6. Import by tanker.- Scveral schemes have been suggested involving import of water by sea,
generally from sources in Turkey. The economics of these schemes are usually linked to the
scale of the programme. Supply of the relatively small quantities required for public supply
would involve very high costs per m>. Larger schemes with more realistic unit costs of US$
0.17/m? - US$0.23/m” for 200 mcm/year would involve the use of water in the agricultural
sector (Assaf, 1993). However, it is unlikely that such costs could be borne by farmers given
current groundwater pumping costs of only around US$ 0.13/m? - US$0.15/m?, and water
values in agriculture as low as US$ 0.2/m? (Calow et al, 1996; 1995 prices).
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7. Import by pipeline. - Water could be imported by pipeline from several sources. The
economics of such schemes are similar to those of import by sea, and any pipeline scheme
would depend on regional cooperation for success. A frequently neglected option is purchase
of additional water from the Israelis via the national water carrier. This strategy is probably the
simplest in terms of engineering, but the most dependent on political relationships between the
interested parties. Water currently bought from Mckerot varies in price according to location
and the margin taken by the municipal or village council that purchases and distributes the
water. In March 1995, prices of up to NIS 1.8/m® were reported (approximately US$ 0.6/m?
at the March 1995 exchange rate)

b) Improved management of existing supplies

Improved management and conservation of existing resources is an essential prionity within the
Gaza Stnp, although it is unrealistic to suppose that existing sources will meet anything other than
a proportion of future needs. Management and conservation should focus on the aquifer, on
distnbution systems and on end users.

The degradation of the aquifer is exacerbated by a proliferation of unlicensed and unregulated
boreholes, ineffective waste water management in municipal arcas and unmanaged and
unregulated use of fertilisers, pesticides and herbicides in agricultural areas. Unmanaged abstraction
increases drawdown and hastens the intrusion of saline water into the aquifer, whilst the majornity
of waste water is allowed to infiltrate without treatment into some of the more productive parts of
the aquifer, polluting an already limited resource. In addition, the substitution of less intensive
agricultural systems for highly intensive, horticultural 'ones on some of the most vulnerable areas of
the aquifer has introduced greater contaminant loading. Thisis a relatively recent phenomenon.

Management options can be grouped by sector and within sectors can be divided into technical
measures and their supporting policies.  Technical measures are concermned with altering or
reducing water use and contaminant loading. Supporting policies - including economic incentives
and mandatory controls - serve as inducements to conserve water and reduce load by encouraging
the adoption of the technical measures. In view of the nature of this report, an attempt is only
made to provide an overview of the options available. More detailed discussion can be found
-elsewhere (e.g. Calow et al, 1996).

All options will require an enabling institutional environment, with effective and efficient
organisations both to manage water resources and to deliver water to consumers and agricultural
wsers. This is an area being addressed both by the Palestinian authorities and by donors, through
the creation of the Palestinian Water Authority and strengthening of municipal capabilitics.

1. Reducing agricultural water use and contaminant loading.

Although the economic returns of using water in irrigated agriculture are typically lower than in
other uses, and within the sector there are wide disparities in water values for different crops
(WRAP, 1994; Calow et al 1996), the agricultural sector is by far the largest user of groundwater
in the Strip. In addition, agriculture consumes more groundwater than other sectors due to
¢vaporation and transpiration losses, although a sizeable proportion is recharged to groundwater as
(poor quality) irngation retums.  This indicates that even modest reductions in agncultural water
use could potentially liberate relatively large percentage increases for other uses, assuming that the
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quality of conserved water was suitable for its intended use and that quality could be maintained
(see Section 5.4 below).

Agncultural intensification, in particular the rapid growth of horticulture, has raised concems
about the impact of emerging forms of agriculture on groundwater resources. High background
levels of Nitrate across the Stnp (in some cases over 10 times WHO limits) indicate diffuse
pollution from excess application of fertilisers, and similar concerns have been expressed about high
pesticide levels. While comprehensive testing for these pollutants does not yet take place, the
amounts reportedly used and the inherent vulnerability of the aquifer suggest that contamination is
likely to be a growing problem.

Current groundwater usage by all sectors, but especially the agricultural, benefits from an implicit
subsidy. Farmers do not pay the full economic cost of groundwater use, which would include the
opportunity cost of water in non-agricultural uses, and no users are curently confronted with the

“user cost’ which will be imposed on future generations denied use of the aquifer. In circumstances

such as these, and in the absence of any form of cooperative (groundwater user) management and
regulation, the case for government intervention in the public interest is a strong one. Measures
that address the issue of efficient use of water in the agricultural sector, without complementary
regulation, may just serve to increase demands as farmers seek to expand production to finance for
the new technology needed. -

a) Technical options

Measures for reducing agricultural water use and contaminant loading are closcly related, and
include the following:

e Reducing the irrigated area: There are approximately 184,000 dunums of cultivated land
within the Strip, of which roughly 114,000 dunums (62%) are imigated. Although the
proportion of irrigated land has increased considerably this century, present trends are difficult
to gauge. In some areas, typically those affected by deteriorating water quality, the trend is
being reversed and traditional rainfed systems are rcappearing.  In others, particularly in the
dune areas along the coast, irrigated greenhouse systems are developing in hitherto undeveloped
areas. Nevertheless, as competition for scarce land increases, it would seem that agnculture is
the likely loser.

e Changing the crop mix to favour less water and agrochemical-consuming crops: This

option is closely related to the previous one. In the Gaza Strip, the growth in the importance of
citrus has been a main dniver of increased agricultural abstraction. Citrus is a very water
dun:mdmg crop, and with traditional open furrow irrigation systems, water use can approach
1,000 m*/ dunum/year. The importance of citrus is now declining as horticulture has become
more profitable. However, even though horticulture gencerally requires more controlled water
applications by means of sprinkler and drip 1rngat10n water use can still be very high. For
example, flowers may require up to 3,000 m>/dunum/year, and horticulture is associated with
much higher rates of agrochemical use. This illustrates how the economic environment within
the sector does not, at present, provide the incentives necessary for water conservation. It also
illustrates how the use of modern imrigation methods are not . necessarily associated with
reductions in water use if cropping patterns change.
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o Increasing water use efficiency in irrigation: Al other things being equal, increasing
imgation efficiency reduces the amount of water applied through substitution of capital and/or
labour for water. As noted above, the use of modem methods does not automatically bring
reductions in use if a change in cropping patterns and agricultural systems serves to increase
water demands. Nevertheless, substantial water savings within existing cropping patterns could
undoubtedly be made. For example, roughly 13,000 dunums of citrus may still be irrigated
using traditional, open furrow methods (SAAR, 1992). In view of the fact that fully irrigated
citrus groves under drip or sprinkler systems consume around 30% less water than similar groves
under furrow, water savings of almost 4 mcm/year could theoretically be realised through a
change in technology alone. Going considerably further, substituting all remaining citrus groves
with rainfed systems would yield around 30 mem/year. Given the fact that citrus is demanding
in terms of both water quality and quantity, the water made available would be of a high value.
However, it should be borne in mind that the principal source of agricultural load is likely to be
horticultural.

e Substituting saline water for freshwater in irrigation: The benefits of using saline water for
irrigation are clear as, in theory, cach m’ of saline water used will liberate the same volume of
freshwater for other purposes. In addition, agrochemicals applied would not contaminate
higher quality sources, assuming that sensitive recharge areas for the freshwater lenses remaining
could be protected. Other countries in the Middle East already have experience with the use of
salt tolerant cultivars.

e Substituting wastewater for freshwater. As with the use of saline rather than freshwater for
irrigation, the use of waste water could potentially release fresh water for other (higher value)
uses. The Gaza North area alone produces over 10 mem/year of waste water that could be
substituted for groundwater of roughly the same quantity currently used for irrigation in Beit
Hanoun and Beit Lahia (Grey, 1994). PWA estimate that 50% of agricultural demands could,
in theory, be met by the reuse of waste water by the year 2010 (Myers, 1996). In addition to
the cultural and educational barriers to adoption noted earlier, however, farmers are also likely
to be concerned about relinquishing long established groundwater rights.

e Reallocating water from irrigation to municipal uses and users: Limited reallocation of
groundwater within the agricultural sector already occurs in Gaza by means of local, informal,
water markets. In this way, water is already being allowed to gravitate towards higher value
uses. However, reallocation between sectors, from agncultural to municipal users, does not
appear to be occurring. Reasons could include lack of the necessary physical 'plumbing', in
terms of pipelines and distribution systems, needed to link regions and_sectors, and
administrative barmers which might cffectively preclude competition between municipal
utilities and private pumpers. Altematively agricultural users could, in theory, sell their water
rights to municipalities. However, there are significant political and institutional barriers to such
trade, including ambiguities over the legalities and traditions of water rights, and difficulties in
determining compensation arrangements for the water 'losers' {e.g. level of direct cash payment;
provision of indirect compensation via alternative employment). The issue of groundwater
rights and legality is a politically sensitive one, as many Palestinians (particularly those who have
sunk 'unlicensed and illegal' wells since Israeli withdrawal) would question the validity of legal
nights introduced by an occupying power.
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Reallocation does not necessanly imply reduced abstraction.  Without restnictions on
abstraction, agricultural users maintairung title to water might simply decide to increase the rate
of pumping in line with the demands of an increasing number of uses, and water intensive {and
chemical intensive) agriculture could continue to flourish.

The discussion above raises complex issues for groundwater management as it is clear that,
under present institutional and economic arrangements, some of the options described above do
not by themselves guarantee reduced water use and reduced pollutant loading.  This indicates a
nced for the creation of an enabling economic and insttutional environment in which
groundwater conservation, reallocation and protection can take place.

b) Supporting policies

e Economic inducements: At present agnicultural water is effectively free to pumpers, as farmers
wishing to sink a well must only pay for the capital costs of well construction and the operation
and maintenance costs of pumping. In March 1995, pumping costs were reported at around
NIS 0.4/n® - NIS 0.45m> (US$0.13/m>-US$0.15/m?* at the March 1995 exchange rate),
roughly the same as those quoted by Awartani (1994) for 1990, suggesting that energy pnces
have remained more or less the same.  Israeli settlers in the Strip reportedly benefit from
investment and operating subsidies and may therefore pay considenbly less for groundwater
(PEPA, 1994a), even though agricultural water charges in Israel itself are considerably higher at
around US$%$0.20/m>.

While charging users the full economic cost of groundwater (including the opportunity cost of
water in alternative (non-agricultural) uses, and 'user cost' imposed on future generations denied
use of the aquifer) might be the economist's preferred solution, administering such a system and
the setting of an appropriate tariff would seem problematic at best. In all probability; it would
also lead to the complete elimination of irrigated agriculture in the Stnp.  Alternatives, apart
from: mandatory controls, could include direct cconomic interventions through, for example,
the provision of grants for those making the transition from irngated to rainfed agriculture, and
extension advice on marketing and husbandry. Disincentives could also be used to dissuade
farmers from growing ‘new’ water intensive crops such as flowers. For example, subsidies could
be removed for those wanting to grow flowers. In short, moves to grow less water intensive
(and agrochemical intensive) crops need encouragement. At present, some farmers are
abandoning citrus in favour of water and chemical intensive horticulture.

® Regulatory framework: The new administration is currently grappling with the sensitive issue of
borehole licensing, and most commentators are agreed that the existing ‘open access' situation
has to end if the remaining lenses of freshwater are to be preserved. A water quota system was
fast applied under Isracli occupation and such a system, if enforced and given the legitimacy of
Palestinian authority, would represent perhaps the simplest method of restricting abstraction, at
least within those arcas deemed sensitive and requiring careful management. Restrictions (and
education) are also required to manage agrochemical use within the horticultural sector.
Measures may include limits on land use and restrictions placed on applications within sensitive
recharge areas, as well as absolute restrictions on the use of certin chemicals, such as soil
fumigants.

e Education: public education and the raising of awareness on the importance of groundwater
conservation and protection already form an important component of PWA policy. To what
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extent agricultural users are targeted is not clear, but there is an obvious need to improve the
quality of agricultural extension in terms of both advice on fertliser and pesticide use, and in
terms of irigation management and water conservation.

2. Reducing municipal water use and contaminant loading

Municipal water use accounts for a relatively small proportion of groundwater use in the Strip, but
can be considered as the most important and valuable use of water. Domestic water used for
drinking and washing must be of high quality and is therefore the most expensive water to supply.
For these reasons, losses and waste in the municipal scctor are very costly to society. Most
houscholds in the Strip are connected to a mains system. Kahan (1987) reports that piped supplies
have been made available to 90% of the population living-in cities, and about 60% of the
population living in small towns and villages.

The majonity of houscholds in the Gaza Strip are not served by a sewerage system, but rely on
unsealed brick-lined vaults to dispose of waste from latrines.  Solid waste is removed periodically
by vacuum tankers, but liquid waste can seep through the vaults and reach the aquifer below.
Only three communities have reticulated sewerage systems: Gaza City, Jabalia-Nazla village, and
Jabalia refugee camp. These are genenally in a poor state of repair, and none of the three waste
water treatment plants in the Gaza Strip are functioning properly. Instead, they act more as
collection stations, discharging waste onto adjacent land where it collects in large pools and
infiltrates the aquifer.

a) Technical options

® Reducing leakage: Unaccounted for losses - including leakage and illegal connections - are
estimated at around 40% in Gaza City, and similar losses could be expected to occur throughout
the Strip. City authorities recognise the problem, but are unable to do much about it with
limited human and financial resources. Lack of long term investment in water distnbution
systems have led to high leakage rates from mains networks. The effect of leakage has been, to
an extent, mitigated by consequent recharge to the aquifer.  Leakage will, however, limit the
economic viability of any new water resource pumped through old pipes, and it is possible that
an entirely new distribution network would need to be built to convey new sources of high
cost, high value water. Studies carned out in Isracl and California indicate that the costs of
water saved through leakage control vary significandy, from US$0.15/m* - US20.35/m’
(Arlosoroff, 1995).

o Installation of water efficient devices: A large number of water saving devices have been
developed around the world, including low-flush toilets and low volume shower heads. The
appropriate question for Gaza is ‘which of these devices makes sense in the local context?” The
exact types of fixtures to be installed would depend on their relative cost and the water savings
of each type. Experience from other countries such as Israel and the US indicate that significant
water savings can be made at relatively low cost. For example, retrofitting buildings with water
conservation kits (including toilet flush reductdon, two-volume flushing, regulated shower
heads, and flow regulators in kitchen and bathroom sink taps) has achieved demand reductions
of 10-20% at an approximate cost of US80.10/m?* - US80.15/m? (Arlosoroff, 1995).

® Managing wastewater: this would involve either the repair or replicement of existing systems,
and/or the extension of systems into areas currently unserved. Efforts are currently being made
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to improve the efficiency of the over-loaded waste water treatment plants, and the PWA have
plans to build a further three plants with tertiary treatment.

b) Supporting policies

e Economic: Per capita domestic water consumption in Gaza is already low at around 60 led, and
it is unlikely that price rises which reflected the real cost of water provision and kept pace with
inflation would have much effect on demand. However, it seems clear that municipal
authorities are currently trapped in a spiral of low prices, poor cost recovery, and consequent
failure of operation and maintenance. Consumers in the Gaza Strip pay different tanffs
according to the supplier (UNWRA, Mekerot, or municipal water department), but most taniff
structures include a fixed charge for the first 10, 20 or 30 m?, with a progressive ncrease in rates
for every 10m? there after. Reports suggest that households in the Gaza Stnp gencrally pay
considerably less for water that those in the West Bank, with prices constrained by concerns
over consumer ability and willingness to pay.

While significant price increases may be politically unacceptable, more effective cost recovery
would undoubtedly help provide funds for much needed leakage reduction programmes and
new infrastructure.  Nevertheless, massive investment over and above what could be collected
from users would seem essential. It is also worth noting that water conservation is associated
with reductions in wastewater production.

e Regulatory framework: The judicious use of building codes and regulations could be used to
ensure that new buildings are equipped with water efficient devices.

4

e Consumer education.- Consumer education to reduce domestic demand and encourage water
conservation will be important, but given the extremely low per capita rates of water supply and
existing scarcity it is unrealistic to expect significant reductions in demand through educational
programmes alone. However, such campaigns have an important auxiliary role to play in
mobilising public support for difficult reforms, such as pricing. There may be more scope for
environmental education to reduce pollution.

c) Other measures

In addition to the scctor specific policies discussed above there is some scope for generalised
measures, addressing the management of the aquifer itself.

e Artificial recharge: The Gaza aquifer is suitable for artificial recharge, and a project to utilise the
occasional flash floods of the Wadi Gaza for recharge is under consideration. Large scale
artificial recharge schemes would require a source of water for recharge, and other
commentators have suggested that excess seasonal waters from the Ismeli national water carrier
could be stored in the Gaza aquifer for later release. Such schemes have an obvious attraction in
areas of high evaporation and land scarcity.

e Salinity control measures: Sevenl engineering options to control and limit saline intrusion might
be considered. These include: artificial recharge to generally raisc water levels; the
establishment of a line of boreholes to create an injection barrier; an extraction barrier that
would pump brackish water from near the coast and discharge it to the sea; physical grout
curtains; and scavenger wells that would skim fresh water from the aquifer before it discharges
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to the sea.  Such options are likely to be ineffective unless current pumping rates can be
reduced.

5.3.2 Desalination’s role in Gaza

If a decision is reached to build a large scale power plant involving steam generation, then MSF or
MEB may be the preferred option. If diesel generation is involved the low temperature MEB
process may be advantageous.

Desalination technology can play a useful role in helping produce potable water from
contaminated aquifers, seawater or waste water.

a) Desalination of brackish water

A small RO plant with a capacity of 45 m>/hr at a cost of $1.15 million was installed in 1994 in the
town of Dir-El-Ballah to improve the quality of the dnnking water being extracted from the
aquifer. In recent years the salinity has increased to 2500 ppm TDS which 1s substantially higher
than the WHO recommendation of 500 ppm TDS max. The plant improves water quality very
successfully but has only operated intermittently mainly because of problems with the supply of
chemicals necessary for its operation.  These problems are not fundamental and there is no doubt
that water quality in Gaza could be improved using this technology. The cost of treating the water
in this way added 35¢/ m” to the cost of the water. This very minor treatment was therefore quite
expensive. However if this solution were adopted more widely it would lead to more rapid
depletion of the aquifer. To produce a litre of potable water requires the extraction of 1.33 litres
of raw water. This is therefore only a short term fix. A more fundamental solution is needed
involving many of the management options outlined in this report.

b) Waste water recovery

Desalination technology can be used to recover potable water from sewage waste water. This is
done in a number of areas. In Isracl around 66% of the waste water from Tel Aviv is recovered
and taken to potable standards. It is not in fact used for drnking, but technically it could be. The
water 1s piped to Beer-sheba and used for agricultural imganon.  In Orange County in California,
Water Factory 21 recovers water to potable standards and re-injects it into the aquifer as a barmer
to sea water ingress. The Califomian project uses membrane processes to treat the water, UK
technology is well suited to do this. This would be a good solution for Gaza cither to re-inject the
water into the aquifer or to use the water for irngation. It would be more environmentally
friendly than building a sewage outfall into the sea.

‘Gaza City currently has a sewage system which covers 65% of the city, with refugee camps only
partly sewered. Elsewhere vaults or septic tanks are used which have to be empued by tanker.
This 1s expensive and is done on an irregular basis which results in sewage overflows. The sewage
plants that exist were seldom in operation due to breakdowns and lack of trained operators and
were, therefore, by-passed with raw sewage going directly into the sea.

The development of the peace process has focused attention on this problem and efforts are being
made to bnng the existing plants back into operation. Ambitious plans for new sewers and new
sewage treatment plants are underway. Various options for dealing with the sludge are under
consideration including using it to enhance the soil either directly or as part of a composting
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project. Various options for recovering and treating the waste water for use in irrnigation schemes
are being considered. Such projects will be funded by donor countries or the international aid
agencies.

c) Desalination of seawater

As a part of the Middle East Peace Process, there are plans to build a gas pipeline from Egypt to
Istacl with a spur into Gaza. This will give Gaza access to relatively cheap energy. There are also
plans to complete the electrical grid round the Mediterranean including 2 line from Gaza into
Egypt. At the moment Gaza is about to sign a contract for the construction of a 170 MW gas
turbine power station. Present plans are that this will be a single purpose station on  a simple cycle.
Consideration is being given to converting this at a later stage to a combined cycle operation.
Coupling this to a thermal desalination process is clearly an option but as far as is known no
decision has been taken on this at present. Such plants may be able to produce water at a cost of
$1.00/m” depending on how the charges are split between clectricity and water.

Water quality problems can be solved by desalination technology but only at a price which the
people of Gaza may not be able to afford.

5.4 Comparing the options .

Against a background of finite resources and growing and competing demands for water, the
Palestinian authorities and donor agencies working in the Strip face a considerable challenge in
planning water resource development and management. The task of comparing and contrasting
options, and of assessing the viability of particular strategies is complicated by the paolitical and
economic constraints imposed by the dynamic nature of the peace process. In particular, the
resources available to reconstruct the region's economies, especially Palestine’s, make ambitious
capital schemes attractive because of the potential ‘peace dividend’. At the same time pragmatic
solutions such as import of water from the Israeli bulk carmier may be politically unacceptable.

5.4.1 Conventional approaches

As discussed above, water scarcity in Gaza is such a serious problern that its resolution will require a
comprehensive package of supply side and demand side measures.

With all demand management options, it is important to compare the quality as well as the
quantity of water saved or made available. In addition, it is important to compare the likely
locations of liberated water in relation to intended (alternative) uses, the value of water in its
intended use in relation to the costs of conserving the water, and the opportunity cost of the
measure. From the above discussion, several important points emerge:

e The quality of water that could potentially be saved in the agricultural sector is likely to be
vaniable, and therefore not all of the same value. In the Gaza Strip two lenses of freshwater
remain. There 1s a pressing need to protect these lenses from further degradation and ¢nsure
that this high quality, high value water is conserved for municipal nther than agricultural use.
This implies a need for aquifer protection policies focusing on land use, agrochemical use and
water use in these two zones.
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e In comparing options, economic rather than financial cost-benefit analysis needs to be

undertaken. The difference can be illustrated with reference to municipal and agricultural
water conservation decisions. From the perspective of the individual living in an urban area,
investments in water saving would only be worthwhile if the cost of water saved is less than the
cost of water supply. If prices are very low, then investments may not make financial sense.
From the perspective of society, however, improving water use efficiency is economic if the
cost of conserved water is less than the cost of new supplies (including the opportunity cost of
water in an alternative use). When comparing against supply alternatives, it therefore makes
economic sense to implement all conservation measures whose cost of conserved water is less than
the marginal cost of new supplies. Similarly in the agricultural sector, while it may not make
financial sense for the individual farmer to invest in modemn imgation systems to conscrve
water, if 2 wider perspective is taken and the scarcity value of water to society is considered, the
decision may well make economic sense. This is an argument for government intervention in
the water sector to ensure that decisions are made according to economic (societal) cntena
rather than just the ‘private’ costs and benefits facing individuals.

When a number of different options for new supplies or conservation schemes are to be
evaluated, a tabulation of the cost of water and its characteristics can be used to rank
alternatives. Table 5.2 lists some of the supply augmentation alternatives for the Gaza Strip,
whilst Table 5.3 illustrates one way in which different demand management options can begin
to be compared. Accurate quantification of the costs is impossible without a detailed case by
case examination of each option and site specific factors such as labour, material and land costs.
Nevertheless some attempt is made to indicate the likely relative costs of different demand and
supply options using 1995 figures from different published and unpublished sources,

‘Table 5.2 Supply Augmentation Options for the Gaza Strip

OPTION APPLICABILITY COST NOTES
US$/m?
Import by tanker Only practical as partofalarge | 0.17- 0.23 | Would require an
scale project aimed at total | investment of US$300
substitution of groundwater for million, probably
all sectors impractical
Import of water from | This is already the practice in 0.14-0.60 Limited by political and
Mekerot several communities. sccurty implications
Desalinadon, Practcal for medium scale 1.25-1.7 May be an opton ifa
conventional projects. major power station is
distillation constructed
Desalination, Practical for small communiaes, | 1.1-1.7 Desalinating brackish
conventiomal RO but potendally expensive to water cheaper, but may
operate if seawater is used. lead to aquifer
depradadon.
Greenhouse Proposed schemes produce small | 1.7-2.8 Economic viability
desalination quantities of water for depends on agricultural
agricultural use only. markets
Desalinadon PV RO Only suitable for small 51-7 Availability of grid
communities electricity in-Gaza reduces
incentive for use of PV.
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5.4.2 Technical Options

All decisions have to be taken against a background of a developed distribution system for water
and a grid system for electncity. There are no areas of Gaza that either do not have these facilities
or could not be readily coupled to them. This makes the case for renewable energy very difficult.

Energy

The best renewable energy source for Gaza is undoubtedly solar energy. This is already widely
used in Gaza for heating. domestic water. As a point of interest, it is against the law in Israel to
construct a house in Israel without a solar water heater. In Gaza land is in very short supply and
therefore is commanding premier prices. It is therefore unlikely that there will be great enthusiasm
for a renewable energy process which, if it is going to make a significant impact, will utilise a
considerable area of lJand. This applies both to solar ponds and photovoltaics. Were this analysis
being carried out in northern Sinai, the answer might be very different due to the vast areas of land
available.

Disposal of municipal and agricultural waste is currently a problem. This is being addressed by a
number of studies. One of the options which looks promising 1s composting. This could be done
for municipal solid waste, sewage sludge and agricultural waste.  The composting option is viewed
favourably and is seen as being sustainable. Tt is successfully carmied out in Egypt and in Israel. An
incinerator for the municipal waste could be coupled to a thermal desalination process as is done in

Gibraltar.
The mean annual wind speeds in Gaza 1s 4m/sec, which is too low to be a viable option.
Desalination

All of the processes described in the study (Chapter 2) are viable options. The thermal processes
may be more attractive if coupled to a power plant. If fossil fucl sources are available at reasonable
prices then a fully integrated power and water complex is undoubtedly the cheapest option for the
desalination of seawater in Gaza. '

Specific options
PV RO Desalination in Gaza

Whilst PV powered desalination in Gaza is perfectly feasible technically as mentioned above, it is
unlikely to be attractive in economic terms. As is stated in 5.3.2 currenty there are plans being
finalised to build a gas turbine power station in Gaza. There are also plans to couple this to a
pipcline supplying gas from Egypt to Israel with 2 spur into Gaza. This will enable the Palestinian
National Authority (PNA) to gencrate power at competitive rates and certainly well below the
rates PV can generate not taking into account the high price of land. Given the high density of
population land is at a premium in Gaza. For these reasons PV driven desalination is not seen as a
viable option for Gaza.
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The Seawater Greenhouse

This process provides a moisture conserving horticultural environment with a water producing
process. The water producing process of dehumidification of a saturated air stream has been
looked at in the past but has not proved economical in itself. The concept of coupling this process
to a horticultural project is novel and looks promising. The process has been demonstrated to
work in the Canary islands at a small scale.

The adoption of the seawater greenhouse will not reduce demand within Gaza unless it substitutes
for existing horticultural or agricultural water usage. The process as proposed produces water only
for use within the greenhouse and attached shade netting,.

Two concepts have been examined in Annex A of this report.  The first concept is designed to
exploit the temperature gradient in the sea and involves considerable investment in a pipe to
extract the cold seawater. The sccond design does not require this pipe and is consequently
cheaper, although it produces less water. This may be the more interesting of the two concepts in
that it can be more widely applied and does not require a huge and potentially risky capital
investment.

5.5 Conclusions and Recommendations for Gaza 1
5.5.1 Conclusions for Gaza

The combination of climate, topography, population pressure and politics give Gaza unique water
scarcity problems. Existing water resources are already overexploited, leading to quantifiable
degradation of the aquifer. Demands from all sectors are increasing. The legacy of occupation has
been a laissez-faire institutional environment without incentives for conservation or cffective
management of water resources.

Given the scale of Gaza’s problems any solution will need to be based on both supply management
and demand management measures. The supply management options are limited to the import of
water from outside Gaza, the exploitation of wastewater or the desalination of water within Gaza.
While there is some scope for managing domestic and industrial demand through programmes of
leak reduction and the installation of water efficient appliances, the bulk of demand is generated by
the agricultural sector. The replacement of inefficient irrigation practices by modern methods and
crop substitution could reduce demand, but in practice farmers will often seck to recoup

‘investment in efficient irmigation technology by increasing the area irrigated, and high value crops

use large quantities of potentially polluting agrochemicals.

Significant resolution of water scarcity in Gaza will require the reallocation of water, allowing
transfers of water from low return agriculture to high retum domestic and industrial use, coupled
with integrated resource management to protect the aquifer from further deterioration. This will
require institutional and legal developments that can only be addressed by the Palestinian
authorities.

Figure 5.3 shows various demand side and supply side options for Gaz, relating the scale of the
project to its cost.
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Figure 5.3 Water Management Options - Gaza
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Desalination is one technology that is under active consideration within Gaza to augment supplics.
Desalination of seawater would provide a genuinely new source of water. Desalination of brackish
water, while cheaper than desalination of scawater, needs to be managed carefully if it is not to

precipitate further aquifer degradation.

Given the current and foreseeable price of renewable energy, it is unlikely that PV RO or other
renewable energy based RO options have a role of any significance within Gaza. The factors
muitigating against this are:

high cost of land for solar collection

low wind speeds

developed grid for both electricity and water
plans for power generation using gas from Egypt

The Greenhouse option is possibly feasible for Gaza, although its viability depends to a large extent
on prices in a highly volatile agricultural market. The low cost option, which does not rely on a
long pipeline to extract cold seawater, would be most approprate, but would produce a relatively
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small amount of fresh water purely for agricultural use, while demanding significant areas of
expensive land.

5.5.2 Recommendations for Gaza

* The ODA should discuss with the Palestine Water Authority potential water projects within
Gaza with a view to selecting projects that are consistent with the authorities’ development of
an integrated water resource management plan.

e Ifthe effectiveness of investment in the water sector in an area of great scarcity is measured by
the production of water at low cost, then the development of leak reduction programmes, the
installation of water saving devices and the treatment of wastewater are the most attractive
options for investment.

e Present local conditions mitigate against PV desalination as an option. It should not be pursued
until costs come down sufficiently to make it a competitive option.

* Disposal of solid waste in Gaza 15 2 problem. Solid waste combustion with associated power
generation and desalination should be investigated in greater detail.

# The greenhouse option may be viable, but within an agricultural context rather than as a
substantive water supply project. A more detailed study should be carried out for constructing a
commercial sized plant in Gaza, addressing issues of land cost and real agricultural returns.

* Investigate options for combining the planned gas fired power station in Gaza with a
desalination plant.

The recommendations marked with an asterisk should be given priority.
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6 CONCLUSIONS AND RECOMMENDATIONS
6.1 General Conclusions and Recommendations
6.1.1 General Conclusions

Water scarcity in semi-arid areas may often reflect poor water management and economic constraints
rather than a shortage of water resources. An integrated water resources management strategy
appropriate to local circumstances can often reduce demands by making more effective use of existing
sources of supply. Although a wide range of measures are available, implementing such a strategy may
depend on institutional, legal or other reforms which may require a decade or more before significant
improvements can be made.

In the past, increased water demands were usually met by developing new surface water and
groundwater supplies. However, this has often had adverse impacts on the environment and
sustainability. Due to the rapid increase in population, nising living standards, industrialisation and the
degradaton of existing sources, water resources management must ako consider the role of less
conventional sources of supply, such as desalination, or importing supplies from elsewhere. Valid cost
comparnisons between conventional and non-conventional sources should ke account of the water
resources available to future generations.

There are a variety of technologies available for the desalination of seawater or brackish water
using renewable energy sources. Numerous research and demonstration plants have been built,
covering most of the possible combinations of the two processes, with a view to overcoming the
problems of matching a discontinuous energy source to a desalination process that is best suited for
continuous operation. However, there is still much to be done before such plants can be classed as
being commercial.

Seawater is much more expensive to desalinate than brackish water.  The cost of water produced
by desalination technology using conventional fossil fuels is usually much higher than most
economies can afford and much higher than naturally occurring water. Hence the only countnies
that have invested seriously in desalination are the oil rich Gulf countnes. The cost of water
produced by desalination using a renewable energy source is normally more expensive than using
a conventional fossil fuel. The price of the water has to reflect the high capital investment in the
desalination plant and the energy technology. Renewable energy dnven desalination can be
competitive in remote arcas where there is no developed clectrical grid or where fossil fuel prices
are high. Desalination using renewable energy is not competitive in areas with access to fossil fuels
at current market prices and where there is a developed electrical distribution system.

The costs associated with desalination are falling, and are expected to continue to fall. This 1s
especially the case with PV where technology development will have a significant impact on
econonucs. Wind energy prices have already fallen to close to commercial levels and will continue
to drop. Lower technology costs will also increase the feasibility of desalination technology in the
future.

In the absence of gnd electricity or waste heat, the most likely renewable energy sources to be
coupled to desalination plants using current technology are wind, solar energy and combustion of
municipal solid waste or agricultural waste (biomass). Solar cnergy plants tend to cover large areas
which can be a problem on small islands or in arcas where land prices are high. The availability of
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biomass is questionable if there is a lack of water for agriculture, as given the cost of the water
produced by desalination systems it is unlikely that it can be used for agriculture. But, there can be
a good market for small desalination plants using renewable energy sources in specific remote
locations. In remote coastal communities, without access to alternative water supplies and without
access to grid electricity, the PV/wind RO and the Seawater Greenhouse concepts developed for
desalination using alternative energy may prove cost effective. Longer term. VC processes could
be developed with lower energy consumption than RO. The viability of the Seawater
Greenhouse will depend on the specific topography of the coast, its climate and local demand for,
and pricing of, horticultural produce. Oceanic islands with seasonal demand from tourism will
probably be currently the most appropriate targets for the technology. As the technology is
developed they may have wider application.

6.1.2 General Recommendations

Whether water scarcity is already existing, occurring occasionally due to drought or due to
foresceable nising demands, it is recommended that:

* an integrated water resources management strategy should be developed for areas subject to water
scarcity in order to reduce demands. An integrated strategy makes more cfficient use of existing
water resources, and considers the potential contribution from less conventional and external
sources of supply. The integrated planning and management strategy should cover the following
areas: fiscal policy, legal matters, institutional structure, infrastructural needs, environmental
management, water demand and supply issues and availability and costs of energy for water
pumping and treatment.

e the strategy should identify any constraints on its implementation, a timescale for its introduction
and take account of cost-bencfits, the equitable distribution of supplies and intergenerational
transfer of resources.

* whilst a range of demand reduction and water supply management measures are available, further
work is needed to identify the cost-bencfits and water savings for individual measures as well as
combinations of measures. A water management planning manual containing information on
these aspects, on the factors to be considered, and the planning steps to be taken would aid
those responsible for water management in developing countries. It would also be useful to
include contact details for organisations and institutions able to provide further advice and
information on water management strategies.

* 2 selection of in-depth case studies should be carried out on existing schemes to idenufy the critical
success factors for water management strategies in developing countries. This would help planners
to assess their specific situation and lcam from the expenience of others. '

* The case study on Gaza included in this report would be complemented by similar case studies
for representative oceanic islands which may be more approprate locations for deploying
renewable energy desalination systems.

*= R&D is needed to overcome the problems with desalination technologies associated with
intermittent running of plant.
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e R&D is needed for combining rencwable energy technology with desalination plants such that
there is suitable energy back up and switching technology for a steady power supply.

*+ R&D is nceded to optimise energy efficiency {use of energy) in small to medium sized RO
plants using RES.

e R&D is needed on PV as a power source combined with VC desalination technology
(including developments in VC energy efficiency).

* A survcy of the potential market for renewable energy powered desalination plants needs to be
undertaken in order to give commercial companies the confidence to invest in product
development.

The recommendations marked with an asterisk should be given prionty.
6.2 Conclusions and Recommendations for Gaza
6.2.1 Conclusions for Gaza

The combination of climate, topography, population pressure and politics give Gaza unique water
scarcity problems. Existing water resources are already overexploited, leading to quantifiable
degradation of the aquifer. Demands from all sectors are increasing. The legacy of occupation has
been a laissez-faire institutional environment without incentives for conservation or effective
management of water resources.

Given the scale of Gaza’s problems any solution will need to be based on both supply management
and demand management measures. The supply management options are limited to the import of
water from outside Gaza, the exploitation of wastewater or the desalination of water within Gaza.
While there is some scope for managing domestic and industrial demand through programmes of
leak reduction and the installation of water efficient appliances, the bulk of demand is generated by
the agricultural sector. The replacement of inefficient irrigation practices by modern methods and
crop substitution could reduce demand, but in practice farmers will often seek to recoup
investment in efficient irrigation technology by increasing the area irnigated, and high value crops
use large quantities of potentially polluting agrochemicals.

Significant resolution of water scarcity in Gaza will require the reallocation of water, allowing
transfers of water from low return agriculture to high return domestic and industrial use, coupled
with integrated resource management to protect the aquifer from further deterioration. This will
require institutional and legal developments that can only be addressed by the Palestinian
authorities.

Desalination is one technology that is under active consideration within Gaza to augment supplies.
Desalination of seawater would provide a genuinely new source of water. Desalination of brackish
water, while cheaper than desalination of seawater, needs to be managed carefully if it is not to
precipitate further aquifer degradation. There are no power generation plants in Gaza at present,
the electricity grid is powered from generation plant in Isracl, so combining desalination plant with
existing power plant in Gaza 1s not an option.
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Given the current and foreseeable price of renewable energy, it is unlikely that PV RO or other
renewable energy based RO options will have a role of any significance within Gaza in the short to
medium term. The factors mitigating against this are:

low wind speeds

high cost of land for solar collection

devcloped grid for both electricity and water
plans for power generation using gas from Egypt

The Seawater Greenhouse is possibly a feasible option for Gaza, although its viability depends to a
large extent on prices in a highly volatile agricultural market. The low cost option, which does not
rely on a long pipeline to extract cold seawater, would be most appropnate, but would produce a
relatively small amount of fresh water purely for agricultura] use, while demanding significant areas
of cxpensive land.

6.2.2 Recommendations for Gaza

The ODA should discuss with the Palestine Water Authority potential water projects within
Gaza with 2 view to selecting projects that are consistent with the authorities’ development of
an integrated water resource management plan.

If the cffectiveness of investment in the water sector in an area of great scarcity is measured by
the production of water at low cost, then the development - of leak reduction programmes, the
installation of water saving devices and the treatment of wastewater are the most attractive
options for investment.

Present local conditions mitigate against PV desalination as an option. It should not be pussued
until costs come down sufficiently to make it a competitive option.

Disposal of solid waste in Gaza is a problem. Solid waste combustion with associated power
gencration and desalination should be investigated in greater detail.

The greenhouse option may be viable, but within an agricultural context rather than as a
substantive water supply project. A more detailed study should be carried out for constructing a
commercial sized plant in Gaza, addressing issucs of land cost and real agncultural returns.

Investigate options for combining the planned gas fired power station in Gaza with a
desalination plant.

The recommendations marked with an asterisk should be given prionity.
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Executive Summary

The Seawater Greenhouse represents a new approach to providing fresh water for growing crops
in and coastal regions. It is based on a Greenhouse, which provides a controlled environment
where sea water is used to cool and humidify air, so that fresh water can be condensed from the
humid air using heat exchangers. The fresh water is used to irrigate the ground both within the
Greenhouse and in a shaded tent area behind the Greenhouse.  The principles have been
demonstrated at a small-scale over two years, which has cnabled the performance of the Scawater
Greenhouse to be modelled on a computer.,

The likely capital and operating costs of a full sized Reference Scheme (a1 ha Greenhouse with 16
ha of shaded tent, located in Oman) have been estimated using the predictions from this model and
costs based on estimates made in conjunction with experts which have worked extensively in the
region. Assuming replication of this scheme, (i.¢. a low cost of capital and ecconomies of scale), the
fully developed scheme should be moderately profitable (6% annual rate of return over 20 years).
However, the profitability depends greatly on the local geography, sea bed topography and the
productivity of the scheme and, as such, reasonably conservative assumptions have been used in
this analysis.

The Reference Scheme’s applicability is limited by the need to draw sea water from a depth of
about 1 km. An alternative concept has been developed: the “Low Costs Solution™, which avoids
the need for a deep sea water pipe. This uses a deeper Greenhouse (100 m front to back), in which
the cooling is provided by recirculating sea water, which would make it suitable for locations such
as Gaza. The amount of excess water produced per hectare is lower than in the Reference Scheme
and so a smaller shaded tent area is adopted. This scheme has not yet been tested at a
demonstration scale and so the results from the computer modelling should be treated with
caution, However, if it achieves the predicted performance levels, the rate of return on the
scheme should be significantly improved {e.g. 23% per annum).

The most important variable in both schemes is the value of the crops produced. The reference
values were also chosen in discussion with experts who have worked in the region. However, by
locating the Greenhouse in an area which minimises competition and by choosing to grow very
high value produce, the Reference Scheme could be capable of producing far higher rates of
return (~53% per annum). Confirmation of these higher rates of recum would require a detailed
regional evaluation of the demand and supply situation for horticultural products.
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A1l. Introduction

The world is facing increasing shortages of fresh water, leading to problems that will effect health,
agniculture and industry (Serageldin, 1995). Light Works limited has developed and demonstrated
a new horticultural system (Figure A1) that will allow crops to be grown in hot, arid coastal regions
(Light Works, 1995). This is based on a Greenhouse, which provides a controlled environment
where sca water is used to cool and humidify air, so that fresh water can be condensed from the
humid air using heat exchangers. The fresh water is used for growing crops both inside the
Greenhouse and in a shaded tent area behind the Greenhouse, as well as for local consumption.

Section A2 of this paper presents a brief outline of this novel scheme, covering its main features.
Section A3 presents and cvaluation of the likely economics of the Reference Scheme (a
greenhouse covening one hectare, with 16 hectares of shaded tent using sea water supplied from off
the coast of Oman) and a sensitivity study of the main factors influencing the cconomics. Section
A4 consists of an economic evaluation of an altemative “Low Cost Solution”, which would be the
preferred scheme for deployment in areas without easy access to deep sea water, such as Gaza.
Section A5 addresses the most important factor for the economics of the Seawater Greenhouse
concept, the value of the produce grown in the scheme. Section A6 concludes by providing a
summary of the main findings of the paper.

It 1s important to note that, whilst this system: has been demonstrated, there is stll significant scope
for further development. In addition, the system has to be tailored to local climatic and
geographical conditions, so there will be considerable variation of the systems performance with
location. An attempt has been made to incorporate both of these factors in the economic anatysis.
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Figure Al Outline of the Seawater Greenhouse
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A2. Outline of the scheme

A2.1 BACKGROUND

Traditional European Greenhouses are designed to provide improved growing conditions, usually
by protecting their crops from extreme weather and by providing higher temperatures, especially
in winter. In nearly all cases, there is an adequate supply of water for imgation purposes. The
Seawater Greenhouse represents a radical departure from this traditional concept, because it is
intended for use in coastal areas with inadequate water supply. Its main purpose is to supply fresh
water in sufficient quantities for use in growing crops. This takes place in a controlled humid
¢environment within the Greenhouse, where water loss 1s minimised, thereby providing excess

fresh water for further agnculture in a shaded tent arca behind the Greenhouse or for local

consumption. The production of high value crops in the Greenhouse and associated workings is
essential to offset the high capital costs of the scheme.

A small pilot plant has been built on the ITER Wind Park in Tenerife. Despite this being one of
the windiest and most arid parts of Europe, the Seawater Greenhouse has demonstrated it
capability for producing fresh water and growing cash crops throughout the two years that it has
been in operation.

Operational expenence has provided improved undenstanding of the complex behaviour of this
system. This has enabled the designers:

e (o model the behaviour of the Greenhouse on a computer;
o to identify the most cost-effective size of scheme for different applications
¢ to improve the concept for application in different areas.

A2.2 OPERATING PRINCIPLES

The Scawater Greenhouse scheme comprises a special designed Greenhouse (Figure Al) that is
approximately 20 m deep (i.c. front to back) and as wide as is required (the initial ideas for a
demonstration scheme covers one hectare.  Behind the Greenhouse is a much larger area for
growing more crops under shaded conditions provided by tenting or other cheap covenings. The

scheme works by mimicking the natural hydrotogical cycle as follows (see Figure Al).

e Wann air enters the mouth of the Greenhouse (either driven by wind or assisted by fans);

¢ [t is cooled and humidified by evaporative pads, that are wetted by sea water;

e The cool, humid air encourages growth of plants in the Greenhouse with minimum water loss
by decreasing plant transpiration;

e The growing conditions within the Greenhouse are improved further by using roofing matenals
that filter the solar radiation, allowing only those wavelengths supportive of photosynthesis to
pass through to the crops. This maintains sufficient radiation for growth but reduces solar
heating of the Greenhouse;

e After passing over the crops, the warmer air is passed over a second humidifier, where it
becomes saturated;

e The saturated air then passes through a condenser, through which 1s cooled by cold sea water.

e The fresh water from the condensers is stored and used for both crop irngation and local
consuniption;
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o The cooler air coming out of the Greenhouse can be passed over an area of shade tent to
promote further erop production outside the Greenhouse itself,

The cold sea water for this scheme is obtained by pumping sea water from sufficiently deep
offshore water depths, to ensure the water has not been heated by the sun. Depending on the
seabed topography, this can require a substantial pipeline, which can add significantly to costs.

Depending on the local conditions and design of the Greenhouse, this system can provide 20-60
litres of water per day for each square metre of Greenhouse. Because of the improved
environmental conditions inside the Greenhouse (i.e. lower transpiration rates entailing lower
irmgation requirements), more water is produced than is required for irrigation of the crops in the
Greenhouse. This excess water can be used to irrigate a greater area of crops under the shade tents
or it can be used for other purposes.

The cconomics of this design require an extensive area of cultivation behind the Greenhouse and
the production of high value products both inside and outside the Greenhouse.
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A3. Economics of the reference scheme

A3.1 MODELLING OF THE SEAWATER GREENHOUSE

As noted in Section A2, the only scheme built to date 1s a demonstration plant.  This plant is too
small to prove economically viable and so can not be used as the basis for an ecconomic analysis.
However, the plant has been useful in providing a test bed for modelling of the complex systems
operating within the Scawater Greenhouse. A software package has been developed for predicting
the performance of a Greenhouse system, which can be used to tailor the system to local climatic
and geographical constraints (Light Works, 1995). This software package has not been
independently evaluated as part of this project but 1t has successfully predicted the performance of
the demonstration plant across a wide varicty of conditions, which indicates that some confidence
can be placed in its results. Nevertheless, the package needs to be tested against another scheme
before complete confidence can be gained.

A3.2 CHOICE OF REFERENCE SCHEME - OMAN

The computer model was used to predict the performance of a 1 ha Greenhouse, situated on the
coast of Oman. The optimum depth of the Greenhouse is taken to be 20m, whilst the width of
500m is achieved by using by multi-linking single units together (an operation which is part of
conventional Grccnhousz practice). A Greenhouse this size would require a flow of cool sea water
at almost 0.5 m’/s. To achieve this the pipeline would have to be approximately 0.7 m in
diameter. The favourable sea bed topography of the coast of Oman enables a relatively short
length of pipeline to be used (4 km).

Modelling this scheme indicates that it would produce fresh water at an average of 50 1/day/ m® of
Greenhouse.  Of this, approximately 1 1/day is required for imigation of each square metre within
the Greenhouse and 3 1/day are required for irrigation of each squan, metre of the shaded tent area
behind the Greenhouse (Paton, 1996).

A3.3 CAPITAL COSTS OF REFERENCE SCHEME

For the purposes of this study, the capital costs of the major items (the Greenhouse structure,
pipeline, heat exchangers, condensers) were estimated by obtaining quotations from suppliers.
Usually, these quotations were for delivery in the UK and so they could be expected to
underestimate costs for delivery to other countries. However, these were quotes for one-off
systems, deliveries for multiple schemes would be expected to result in a decrease in costs sufficient
to offset transportation charges. Also there are probably suppliers for much of this equipment
located closer to the country, which would reduce the need to include an extra cost for delivery.

The cost of the pipeline was based on an independent study camed out as part of the
demonstration scheme (Quest, 1995).

The main costs for the scheme under study are given in Table Al, together with the background
assumptions used to derive the costs.
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o' The cost of the Greenhouse structure (plus internal irrigation) is approximately £67/m’, which
is similar to the cost estimated by Light Works.

¢ The dominant cost 1s that of the pipeline. This will vary from location to location, with the sea
water temperature profile and the sca bed topography. However, most of the costs are
associated with surveying and installing the pipeline through the splash zone (i.e. the first 30 m
of water depth), so the vanability of this cost should be small.

e It should be noted that the area of the shade tent is calculated on the excess water producton
{i.c. that not used in the Greenhouse) and the water production/imgation rates cited in Section
A3.2. The value used in this analysis (16 ha) assumes all excess fresh water is used for imgating
this arca.

Table A1 Summary of Main Capital Costs for the Seawater Greenhouse

GREENHOUSE COSTS BACKGROUND DATA
Area of Greenhouse 20 mdeepx SO0 m wide
Cost of Structure £.200,0600 £20 perm

Front Evaporator £12,560 £250 per m’

Back Evaporator £12,500 £250 per m’

Condenser £250,000 £25 per m’

Fans £54,200 £542 per 5 m

Piping £100,000 £:200 per m width
INSTALLATION 42,920 10% of equipment costs
SHADE TENT

-Area of Tent 326.7 mdeepx 500 m wide
Cost of Tent £816,667 L5 perm

PIPELINE

Size of Pipe 710 mmx4 km

Cost £1,000,000

A3.4 OPERATING AND MAINTENANCE COSTS OF REFERENCE
SCHEME

The operating and maintenance costs for this scheme comprise several different aspects, as
summarised in Table A2. In each case, a conservative estimate has been made to anticipate future
economies of scale ansing from significant deployment of this scheme.

e It has been assumed that labour costs need to include a proportion of skilled staff for operating
the equipment and overseeing the intensive horticulture. The labour costs assumed mught
therefor be high for some developing countrics.

* Maintenance costs of the shade tent and the Greenhouse covers annual replacement of parts and
1s estimated as 5% of the capital costs.

e Power costs are based on pumping sea water from a depth of 1 km around the Greenhouse and
shaded tent area, assuming a cost of 10 p/kWh.
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Operating costs for the mechanical and electrical (M&E) plant cover the maintenance of the
pumping plant, condensers, etc. and is estimated to be 2% of the capital cost per annum.

Table A2 Annual Operating and Maintenance Costs for the Scheme

Item Annual Cost
Electnicity Costs £1,790
GREENHOUSE COSTS
Maintenance £.31,460
Manure, Sprays, etc. £13,125
Labour 426,087
SHADE TENT COSTS
Maintenance 440,833
- Manure, Sprays, etc. L3728
Labour £27,163
M&E COSTS 28,584
TOTAL L172,771

A3.5 ECONOMICS OF THE REFERENCE SCHEME

The above Tables were entered in a spreadsheet based on EXCEL V5. They were used as an input
to a calculation of the cconomics of the scheme. An example of the output of this is shown in

Table A3.

The first rows calculate the size of shaded area from both the amount of excess water left after
the Greenhouse and the imigation rate for the shaded tent arca.  If some of the water is to be
diverted for human consumption, then the ‘Fraction of Excess Water for Shade Irrigation’
should be set to less than 100%. In practice, the water produced by this method is potable and,
as such, almost too good to waste on agriculture. If some of the water from this system were
used to satisfy the demands of the operators of the scheme, their waste water could be added to
the remaining ¢xcess water and used for imgation. Hence, it is appropriate to say that all the
excess water could be used for irmigation.

The second set of rows under ‘Annual Costs' calculate the annual O&M costs and amortised
costs; the latter assume a 20 year lifetime and a 5 % discount rate.

The third set of rows under ‘Annual Sales’ assumes that the Greenhouse has a horticulture
productivity of £225000/ha/year, and the shaded tent area of £12,500/ha/year. This is
approximately 25% greater than a UK-based facility but very much less than some crops in the
prototype scheme in the Canaries which had productivities of nearly an order of magnitude
greater than this (Thompson, 1995). This is a key factor in determining the economics of this
approach and is discussed further in Section AS.

The more customary rate of return calculation is carried out in the final rows, assuming a cost of
finance of 5% (Nix, 1994),
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Table A3 An Example Calculation of the Economics of the Seawater Greenhouse
Reference Scheme for Oman

ITEM Value COMMENT

ouTPUT

Fresh Water (1/day) 500,000 50 1/m’/day
Rate of Greenhouse Irrigation (1/day) 10,000 1 l/mZ/day
Rate of Shade Tent Irrigation (1/day) 31/m’/day
Fraction of Excess Water for Shade Tent Imigation 100%

Area of Shade Tent (ha) 16

Volume of Fresh Water Left Over (1/day)

ANNUAL COSTS

Discount Rate 10%

Lifetime (years) 20

Total Capital Costs /2,488,787

Amortised Costs (per year) £292,332

O&M Costs (per year) L172,771

Total Annual Cost 4,465,103

ANNUAL SALES :

Net Sales from Greenhouse £225,000 £,225,000 per ha/year
Net Sales from Shaded Tent £204,167 £12,500 per ha/year
Total Annual Sales £429,167

COST OF SUPPLY OF EXCESS WATER N/A
RATE OF RETURN CALCULATION

Finance Rate 5%
Finance Costs £124,439
Annual Margin A£138,135
Rate of Retum 5.3%

These figures indicate that the scheme should be moderately profitable (a rate of return of 5.3% per
annum), in addition to supplying work, sustenance and water for the indigenous population.
However, it should be emphasised that these figures anticipate significant deployment {and hence
cconomies of scale) and are sensitive to the local climate and geography.

A3.6 SENSITIVITY STUDY ON THE REFERENCE SCHEME

In order to assess the robustness of this analysis, a sensitivity study was carried out to determine the
effect of the main parameters on the calculated rate of retumn.  The values ascribed to the most
important aspects of the scheme were varied by up to + 30% about the central value assumed
above.

The resulting plot (Figure A2) shows that the most important factors are the income from the
produce grown in the Greenhouse and shaded tent arca. There is considerable uncertainty about
this value and, as explained in Section A3.5, the assumptions behind it are likely to be
_conservative. Light Works envisages that several pilot schemes might be established to serve as
training centres for use of this technology. This should enable the establishment and spread of best
practice, which will probably result in higher productivity for both the Greenhouse and shaded
tent areas.  This point is discussed further in Section AS.
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The influence of the other factors are discussed below in order of their importance.

The central rate of finance charges (5%) assumes a proven technology with productivity rates,
costs, etc. supported by figurcs from extensive deployment experience. Normally, agricultural
schemes involving this level of uncertainty would attract a higher rate of financing (e.g. 20%).
The central value for operation and maintenance costs (including labour) 1s 7% of the capital
cost. This is likely to be a conservative figure but one which should be achievable with a fully
developed scheme.

The cost of the pipeline is unlikely to vary significantly (see Section A3.3), providing cold water
is available not too far below the surface of the sea.

The cost of the Greenhouse structure might be reduced slightly if a local manufacturer could be
found. A large proportion of the overall capital cost of the Greenhouse is associated with the
condensers, which are typically an expensive construction (e.g. welded cupronickel). Light
Works have identified an altemative approach that uses cheaper materials and simpler
construction methods, which they anticipate bringing about up to a 75% reduction in the costs
of the condensers. If this could be achieved, it would increase the rate of return by
approximately 1.5% (assuming central values for other vanables).

Within the range looked at in this report, the productivity rate of fresh water has only a small
influence on the rate of return. Light Works have identificd several ways of potentially
increasing the amount of fresh water produced for a given size of Greenhouse (¢.g. applying
feedback control to air and water flow rates). These might improve productivity by up to 80%,
which would result in a increase in the rate of retum of approximately 1.4% (assuming central
values for other vanables).

Labour costs (for which there are limited available data) have only a minimal effect on the rate
of retum. Indeed, if all labour were free, there would be only a 2% increase in the rate of retum
(assuming central values for other variables).
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Figure A2 Sensitivity Study of the Seawater Greenhouse Reference Scheme
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A4 Reference to Gaza - the low cost
solution

The scheme assessed in Section A3 is of limited applicability to Gaza, because the relatively gentle
slope of the sea bed in the Mediterranean would probably require a long pipe to reach the required
depth.

As an alternative approach to deploying this technology in such areas, Light Works have been
developing other ways of achieving the required thermal differentials within the greenhouse. One
of these, *“The Low Cost Solution” uses a redesigned system (Davies, 1996) incorporating:

e sca water for cooling the condensers being provided by the front evaporative pads;

e 2 longer length of Greenhouse (100 m) to increase the temperature differential between front
and back;

s no deep sea pipe or solar panels;

e a net to divide the roof space from the planting area

e areduced area of shaded tent.

The above analysis was repeated using these changes and the results from a “more accurate model”
of heat loss and transpiration using environmental data for Oman (Davies, 1996). The preliminary
results indicate that the rate of excess water production decreased (and hence a much smaller area
of shaded tent is used) but this was more than offsct by the large reduction in costs associated with
avoiding the deep sea pipe.

Using the same approach as developed for the reference Oman scheme (Section A3), the

“anticipated rate of return increased from 6% to nearly 23% as shown in Table A4. Therefore, if the

practical performance of this new concept matches that predicted theoretically, the scheme should
be economically viable in Gaza. In addition, the smaller capital costs associated with this new
configuration and the higher rates of retum would make this the favoured option for all locations.
However, this would require confirmation of the predicted performance by a demonstration or
pilot scheme.
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Table A4 An Example Calculation of the Economics of the Seawater Greenhouse Low
Cost Solution '

ITEM Value COMMENT
OUTPUT

Fresh Water (1/day) 50,000 5 I/m*/day
Rate of Greenhouse Irrigation (1/day) 28,400 2.84 1/m®/day
Rate of Shade Tent Imigation (1/day) 3 I/m*/day
Fraction of Excess Water for Shade Tent Irmgation 100%

Area of Shade Tent (ha) 1

Volume of Fresh Water Left Over (1/day) 0

ANNUAL COSTS

Discount Rate 10%

Lifetime (years) 20

Total Capital Costs £560,424

Amortised Costs (per year) £65.827

O&M Costs (per year) L£77,525

Total Annual Cost £143352

ANNUAL SALES

Net Sales from Greenhouse £225000  £225,000 per ha/year
Net Sales from Shaded Tent £9,000 412,500 per ha/year
Total Annual Sales £234,000

COST OF SUPPLY OF EXCESS WATER N/A
RATE OF RETURN CALCULATION

Finance Rate 5%
Finance Costs £.28,021
Annual Margin 4,128,454
Rate of Return 23%
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A5 The high productivity scheme

The most important factor influencing the economics of the Seawater Greenhouse concept 1s the
annual revenue camed from sale of crops (see Section A3.5). For the above schemes, this was
based on a productivity of £225,000 per hectare in the Greenhouse and £12,500 per hectare 1n
the shaded tent area. However, it is the intention of the designer that the Greenhouse should
improve on this by growing high value produce in niche markets. This would require:

e siting of the Greenhouse in areas that minimise competition; the ability of the Scawater
Greenhouse to provide water for irmigation in otherwise arid areas greatly contnbutes to this;

e sclection of high value crops (e.g. cut flowers inside the Greenhouse and asparagus or
ornamental palms in the shaded tent area);

e production of crops “out of season” when they would command the greatest added value.

Within the length of time available for this project, it has not been possible to carry out a full
evaluation of these factors. However, discussions with experts in high value horticulture (Phillips,
1996) suggest that these would increase the revenue from the whole scheme to annual sales of
between £2 million and £6 million, (primanily from increased value of crops grown in the shaded
tent area). An annual sales value of about £2% million (1.¢. near the mimmum of this range) was
incorporated in the spreadsheet used to assess the economics of this scheme. Changes were made
to the costs of labour, fertilisers, etc. required by this increased productivity. In addition, a finance
rate of 20% was assumed, reflecting the greater risks associated with guaranteeing all the key factors
outlined above.

The resulting analyses of the Reference Scheme and the Low Cost Solution are shown in Tables
A5 and A6 respectively. The greater value of the produce in the High Productivity Reference
Scheme increased the rate of return from 6% to 53%, despite the higher costs of capital. However,
the higher value of the produce in the High Productivity - Low Cost Solution scheme was offsct
by the higher cost of capital, so that the rate of return remained relatively constant at 20%.
Therefore, if such sales could be achicved, solutions based on the design incorporated in Reference
Scheme (i.c. deep sea pipe and extended shade tent area) would become the preferred solution 1n
all locations with casy access to deep sea water (e.g. Oman).

It should be emphasised that these results are very sensitive to the value of the crops grown, as
shown in Figure A2 for the High Productivity, Reference Scheme. In order to quantify reliably
the likely rates of retumn for high productivity schemes, a detailed evaluation of the regional
demand and supply of horticultural produce would be required for the area sclected for
deployment.
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Table A5 A Calculation of the Economics of the Seawater Greenhouse: Reference
.Scheme with High Productivity

ITEM Value COMMENT
OUTPUT

Fresh Water (1/day) 500,000 50 1/m’/day
Rate of Greenhouse Imigation (1/day) 10,000 1 l/mz/da}r
Rate of Shade Tent Irrigation (1/day) 31/m’/day
Fraction of Excess Water for Shade Tent Irrigation 100%

Area of Shade Tent (ha) 16

Volume of Fresh Water Left Over (1/day) 0

ANNUAL COSTS

Discount Rate 10%

Lifetime (ycars) 20

Total Capital Costs 412,488,787

Amortised Costs (per year) £292,332

O&M Costs (per year) £450,793

Total Annual Cost 4743125

ANNUAL SALES

Net Sales from Greenhouse 4,225,000 £225,000 per ha/year
Net Sales from Shaded Tent £.2,041,667 £,125,000 per ha/year

Total Annual Sales
COST OF SUPPLY OF EXCESS WATER
RATE OF RETURN CALCULATION

£,2,206,667
N/A

Finance Rate 20%
Finance Costs 4491757
Annual Margin L1,318,117
Rate of Return 53%
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Table A6 An Example of the Economics of the Seawater Greenhouse: Low Cost
Solution - High Productivity Scheme

ITEM Value COMMENT
OuUTPUT

Fresh Water (I/day) 50,000 51/m’/day
Rate of Greenhouse Irmigation (1/day) 28,400 2.84 lfmz/d:ly
Rate of Shade Tent Imrigation (1/day) 31/m%/ day
Fraction of Excess Water for Shade Tent [rrigation 100%

Area of Shade Tent ¢ha) 1

Volume of Fresh Water Left Over (1/day) 0

ANNUAL COSTS

Discount Rate 10%

Lifetime (years) 20

Total Capital Costs £560,424

Amortised Costs (per year) £65,827

O&M Costs (per year) £89,781

Total Annual Cost £155,608

ANNUAL SALES

Net Sales from Greenhouse £225,000 £225,000 per ha/year
Net Sales from Shaded Tent £90,000 £12,500 per ha/year
Total Annual Sales £315,000

COST OF SUPPLY OF EXCESS WATER N/A
RATE OF RETURN CALCULATION

Finance Rate 20%
Finance Costs £112,085
Annual Margin £113,134
Rate of Return 20%
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Figure A2 Influence on the variation of sales of produce on the annual rate of return for
the High Productivity Reference Scheme.
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A6. Summary

The Scawater Greenhouse represents a new approach to providing fresh water for growing crops
in and coastal regions. It is based on a Greenhouse, which provides a controlled environment
where sea water is used to cool and humidify air, so that fresh water can be condensed from the
hunud air using heat exchangers. The fresh water is used to irrigate the ground both within the
Greenhouse and in a shaded tent arca behind the Greenhouse.  The principles have been
demonstrated at a small-scale over two years, which has enabled the performance of the Scawater
Greenhouse to be modelled on a computer.

The likely capital and operating costs of a full sized Reference Scheme (a | ha Greenhouse with 16
ha of shaded tent, located in Oman) have been estimated using the predictions from this model and
costs based on estimates made in conjunction with experts which have worked extensively in the
region. Assuming replication of this scheme, (i.¢. a low cost of capital and economics of scale), the
fully developed scheme should be moderately profitable (6% annual rate of return over 20 years).
However, the profitability depends greatly on the local geography, sea bed topography and the
productivity of the scheme and, as such, reasonably conservative assumptions have been used in
this analysis.

‘The Reference Scheme’s applicability is limited by the need to draw sea water from a depth of

about 1 km. An alternative concept has been developed: the “Low Costs Solution™, which avoids
the need for a deep sea water pipe. This uses a deeper Greenhouse (100 m front to back), in which
the cooling is provided by recirculating sca water, which would make it suitable for locations such
as Gaza. The amount of excess water produced per hectare is lower than in the Reference Scheme
and so a smaller shaded tent area is adopted.  This scheme has not yet been tested at a
demonstration scale and so the results from the computer modelling should be treated with
caution. However, if it achieves the predicted performance levels, the rate of return on the
scheme should be significantly improved (e.g. 23% per annum).

The most important variable in both schemes is the value of the crops produced. The reference
values were also chosen in discussion with experts who have worked in the region. However, by
locating the Greenhouse in an area which nummises competition and by choosing to grow very
high valuc produce, the Reference Scheme could be capable of producing far higher rates of
return (~53% per annum). Confirmation of these higher rates of retum would require a detailed
regional evaluation of the demand and supply situation for horticultural products.
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Executive Summary

Dulas Ltd. has proposed a reverse osmosis (RO) system, which utilises well proven RO technology
but with a photovoltaics energy supply and an enhancement to improve the overall efficiency of -
the scheme by recovering energy from the RO process.

The economics of this approach were evaluated for two sizes of scheme (producing 5 and 32 m’ of
fresh watcr daily) for both the prototype and mass produced systems. The costs used in the analysis
were obtained primarily from direct quotations from manufacturers, whilst the efficiencies of
various aspects of the scheme were based on previous experience of similar technologies.

The resulting costs of the various schemes have been listed below.  The most important external
vanable effecting the production costs is the rate of finance, which was taken to be 20 % for the
prototype schemes and 10% for the replicated schemes.

These costs are high compared to the cost of production from existing RO plant.  This is
attributable primarily to the small-scale of the scheme (which could not benefit from economies of
size) and the use of PV cells for energy generation, which have a high capital cost. Further cost
reductions might be achieved by going to a larger scale plant but this could present problems in
finding sufficient area for the PV cells in some locations.

Costs of Fresh Water from the Various Schemes

Scheme Daily Output Rate of Cost of Fresh
(ms) Finance (%) Water (£,/ m’)
Prototype 5 20 9.7
Prototype 32 20 6.9
Replicated 32 10 3.3
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B1. Introduction

The world is facing increasing shortages of fresh water, leading to problems that will effect health,
agnculture and industry. In many regions, fresh water is already being provided by desalination of
sea water or brackish waters.  Numerous methods have been developed for achieving this,
including reverse osmosis (RO) powered by gnd or diesel genenated eleatnicity.

Dulas Ltd. has proposed a new RO system (Figure B1). This utiises well proven RO technology
but with a photovoltaics energy supply and energy recovery.

This paper reviews the system (Section B2) before going on to calculate the likely cost of fresh

“water from a small-scale prototype, large-scale prototype and large-scale mass produced schemes in

Sections B3, B4 and BS respecuively.
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B2. Outline of the scheme

B2.1 OPERATING PRINCIPLES

If a saline solution is separated from fresh water by a1 semi-permeable membrane (a. in Figure B2),
the fresh water will gradually pass through the membrane into the saline solution in an attempt to
cqualise the concentration of salt on both sides of the membrane.  When this occurs with water
inside a container (b. in Figure B2), the increase in volume of the saline side of the membrane will
result in the water level nsing above that on the fresh water side, this difference in height being a
measure of the osmotic pressure.  Conversely, if an external pressure (greater than the osmotic
pressure) is applied to the saline solution side, then the water flow will reverse direction, from the
concentrated solution to the fresh water side. The application of pressure to achieve this reverse
osmosis requires energy and results in an increase in the volume of available fresh water (¢, in

Figure B2) at the expense of a reduced volume of more concentrated saline solution.

Figure B2 Operating Principles of Reverse Osmosis
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B2.2 OUTLINE OF SCHEME

A diagrammatic outline of the scheme is shown in Figure Bl. Solar powered photovoltaic cells are
used to drive the processes directly (i.e. no condition monitoring, storage, etc.). This approach is
claimed to have several features:

e Itallows the plant to operate away from an electricity gnid (the cheaper clectricity available off a
grid, would make this scheme uneconomic if used near a gnd);

e It will limit the operating time of the plant to day light hours and hence lower maintenance
costs. However, the diurnal stop-start and pressure fluctuations might increase the need for
maintenance;

¢ it will require a larger RO plant than would otherwise be required because of the intermittent
nature of its operation;

e it will require varable speed pumps to match the available solar power;

e 1t will avoid losses associated with batteries.

The PV cells will be mounted on a sun tracking system, which will increase the output by about
40%. They will operate at 120 V DC. However, the operation of this and some other aspects of
the scherne will require some diumal energy storage, which is not present in the current outline of
the scheme.

The PV output is used to pump saline water from a bore hole using a standard centnfugal pump.
This will probably occur at the start and end of the day, when the light levels are too low to
operate the rest of the RO plant. When the available solar energy 1s sufficient, this water is stored
in a holding tank, before being passed through a heat exchanger and solar preheater to raise its
temperature to 35 °C, which is close to the optimum operating temperature for the RO plant.
The saline water is then dosed with chemicals and filtered to remove particles in order to prolong

the life of the RO membranes.

The PV system powers the main motor (permanent magnet DC type) which is connected to both
the high pressure pump (which feeds the saline solution to the semi-permeable membrane) and the
energy recovery motor. This pump provides a pressure of 60 bar, to feed 2 RO plant and is of
conventional specification. The RO plant produces both “fresh™ water (the permeate), which is
stored for use, and a more concentrated bnine solution, which is sull at a high pressure. By passing
it through an energy recovery motor (a pressure exchange device), most of this cnergy can be
recovered, thereby increasing the ovenll efficiency of the scheme and reducing its costs. A
commercially available design has been adopted for this motor.  The low pressure concentrated
brine js fed to the heat exchanger to warm up the incoming brine before being discharged.

Overall, the scheme aims to avoid the need for gnd or diesel generated clectricity by making the
system sufficiently efficient that it can be operated commercially by PV cells. Without these
increases in efficiency, more PV cells would be required, enuiling a prohibitively high capital cost.

. : - 3

Two sizes of scheme have been assessed, with outputs of 5 m” per day (for small-scale use) and 32
3 ) . : ’

m"” per day (for use by a whole village). In order to differentiate between prototype schemes and

mass production, both a one-off scheme and a multi-replicated scheme have been considered.
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B3. Economics of the prototype small-scale
scheme

B3.1 OUTPUT FROM THE SCHEME

Dulas Ltd had modelled the system on a computer. The model calculated the output of the
scheme using one hourly steps throughout a representative day. It used solar irradiation
charactenistics representative of the Middle East (Figure B3) and typical efficiencies for the various
parts of the scheme (Figure B4). The model was used to size the scheme for production of 5 and

32m’ per day.

‘This model was evaluated briefly and no errors were found. Its output was checked against

another model produced previously for similar calculations for other regions and no significant
discrepancies were found.

In their model, Dulas have assumed a 100% availability. This has not been achieved by any RO

plant. Given the vanable power input, an overall availability of 90% has been adopted. This 1s
slightly lower than for large-scale plants, allowing for its operation in remote areas.

Figure B3 Solar Irradiation Characteristics Used in Modelling
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Figure B4 Efficiencies of the Main Components in the System

1

0.8

Efficiency

0.0 02 0.4 0.6 08 1.0

Fraction of Maximum Rating

i --#--Tracker — # = Drive Motor —&— Main Pump & Energy Recovery Motor . — % — Pipe Losses

B3.2 CAPITAL COSTS

A single, small-scale scheme has been broken down into its main capital cost centres, as shown in
Table B1. The costs of the main items were obtained from written quotations from suitable
suppliers or manufacturers.  In all cases, the quotations were for standard, “off the shelf”
equipment; no novel technology (with its associated cost uncertainties) was involved. In addition,
care was taken wherever possible to ensure complete compatibility between the designated items
and their service requirements.

The costs of the incidental items were derived from cither quotations or from comparison with
other applications. Design, delivery, assembly and installation is estimated at 15% of the capital
costs (£,8,061), whilst project management and system optimisation is estimated at a further 10% of
the scheme (£,6,180). These ratios are taken from a range of engineenng schemes.

Therefore, the complete capital cost of the whole scheme 15 £67,980.

.B3.2 OPERATING AND MAINTENANCE COSTS

Once operating, the main operation and maintenance (O&M) is associated with repair of the high
pressure pumps, adjustment the chemistry of the saline solution for the RO process and the
peniodic replacement of the semi-permeable membranes. The capital cost of these items were
based on quotations for standard operating practice. The cost of labour was based on using skilled
labour at appropriate day rates (£ 250 per diem). The total, annual Q&M cost (allowing 10% for
spare parts for the pumps) is estimated as £2,261 as shown in Table B2.
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Table B1 Summary of Capital Costs for Small-Scale Prototype Scheme

Item Cost
PV Plant £10,355
PV Tracking £1,900
Auxihary System £1,512
RO Phnt 430,000
Control System £.2,000
Maximum Power Point Tracker £,960
Holding Tank £375
Feed Water Pre Heater £2,380
Encrgy Recovery Motor £698
Pump & Controls £1,000
Ancillary (piping, etc.) £2,559
TOTAL £53,739

Table B2 Annual O&M Costs for the Small-Scale Prototype Scheme

Item Cost
Replacement Membranes £250
Consumables £1,085
Local Labour £720
Management, advice, etc. £206
TOTAL £2,261

B3.3 COSTS OF FRESH WATER FOR THE PROTOTYPE SYSTEM

Using the information derived above for the prototype system, the cost of producing 5 m° of fresh

water per day can be estimated for a given finance rate on capital as shown in Table B3, A value of
3. . .

£9.65/m” is taken as representative of this prototype scheme.

In order to assess the robustness of this analysis, a sensitivity study was carned out to determine the
effect of the main parameters on the calculated rate of retum. The values ascribed to the most
important aspects of the scheme were varied by up to + 30% about the central value assumed
above.
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Table B3 Economics of the Small-Scale Prototype Scheme

Item Central Value
Availability 90%

Output of Fresh Water 4.5m’/day
Capital Costs £67,980

Finance Rate 20%

Annual Capital Cost £13,596

O&M Costs £2,261

Total Annual Costs £15,857

Costs of Fresh Water 9.65 £/ m’

The resulting plot (Figure BS) shows the effect of the most important factors: the availability, the
capital cost of the scheme, the rate of finance and the O&M costs.

e An availability of 90% has been assumed as a central value. Increasing this to a maximum would
lower the cost by nearly £1 to £8.7 /m’.

e Nearly 90% of the direct capital costs of the scheme have been obtained from quotations.
Therefore, the main uncertainty here is that associated with design, delivery, assembly and
installation of the system (£8,061) and ovenll project management/system  optimisation
(£6,180). As stated above, these values were obtained from companson ‘with engineering
project of a similar nature and together they account for just over 20% of the total costs of the
scheme. Therefore, any uncertainty associated with these costs are likely to be accommodated
within the variation shown in Figure B5.

¢ Since this is taken to be a prototype scheme, a high rate of finance is deemed appropriate (20%).
The effect of lower rates of finance 1s addressed in the Section BS. ‘

o Q&M costs have a negligible effect on the overall cconemics of the scheme.
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Figure B5 Sensitivity Analysis of the Small-Scale Prototype Scheme
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B4 Economics of the prototype large-scale
scheme

An analysis similar to that undertaken in Section B3 was carried out for the prototype, large-scale
scheme, which is capable of delivering 32 m’ of fresh water daily. The capital and O&M were
denived in a similar way to those for the small-scale scheme (Tables B4 and BS respectively). The
only difference was in the energy recovery motor, because, at present, there is no commercially
available motor of sufficient size. Therefore, the cost of this was estimated by scaling the cost of
the small-scale motor to the required power levels. This is a relatively small capital item and so any
uncertainties will have little effect on the final results '

The same rates were used for the additional costs associated with design, delivery, assembly and
installation of the system (15%)) and overall project management/system optimisation (10%).

Table B4 Summary of Capital Costs for Large-Scale Prototype Scheme

Item Cost

PV Plant 461,382
PV Tracking L11,726
Auxiliary System £2,500
RO Plant 4,130,000
Control System 42,000
Maximum Power Point £5,100
Tracker

Holding Tank £99%0
Feed Water Pre Heater £12,068
Energy Recovery Motor £3,491
Pump & Controls 45,000
Ancillary (piping, ctc.) L11,713
TOTAL £245,970

Table B5 Annual O&M Costs for the Large-Scale Prototype Scheme

Item Cost
Replacement Membranes £800
Consumables £6,969
Local Labour £1,440
Management, advice, etc. £921
TOTAL £10,130
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The overall cost of fresh water production was considerably lower than that estimated for the
small-scale scheme (£6.9 /m’ v 187 /n13), as shown in Table B6. This indicates that there will
probably considerable potential economices of scale on moving to larger schemes. The variation of
the water production costs with availability, O&M costs, capital costs and rate of finance is shown
in Figure B6.

Table B6 Economics of the Large-Scale Prototype Scheme

Item Central Value
Availability 90%
Output of Fresh Water 29 m3/day
Capital Costs £311,152
Finance Rate 20%

Annual Capital Cost £62,230

O&M Costs £10,130

Total Annual Costs £72,360

Costs of Fresh Water 6.88 L/m3

Figure B6 Sensitivity Analysis of the Large-Scale Prototype Scheme
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B5 Economics of the replicated large-scale

scheme

Where possible, information was supplied by the manufacturers on the likely discounts obtainable
for bulk purchase (i.e. for 1,000 of the large-scale scheme). This resulted in moderate discounts as
shown in Table B7, the largest being for the RO plant (25%). A lower rate for design, delivery,
assembly and installation of the system was adopted (10%).

No economies of scale were assumed in the O&M of the replicated scheme compared to the

prototype scheme.

Table B7 Comparison of Capital Costs of the Replicated and Prototype Large-Scale

Schemes
Item Cost for Prototype Cost for Replicated
Scheme
PV Plant £61,382 £57,699
PV Tracking £11,726 L11.726
Auxiliary System £2,500 £2,125
RO Plant £130,000 £97,500
Control System £2,000 £1,700
Maximum Power Point £5,100 £4,355
Tracker
Holding Tank £990 £990
Feed Water Pre Heater 412,068 £10,861
Encrgy Recovery Motor £3,491 £3,491
Pump & Controls £5,000 £4,500
Ancillary (piping, ctc.) £11,708 £9,746
TOTAL £.245,875 £204,673

In considering the likely financing of the scheme, it was assumed that a lower rate of finance

(10 %) would be applicable, reflecting the greater confidence in the technology following proving
by the prototype scheme. The resulting cost of fresh water production is less than 50% of that
produced by the prototype scheme, as shown in Table B8 and in Figure B7.
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Table B8 Economics of the Large-Scale Replicated Scheme

Item Value
Availability 90%
Output of Fresh Water 29 m®/day
Capital Costs £247,655
Finance Rate 10%
Annual Capital Cost £24,765

O&M Costs 410,130

Total Annual Costs £34,895

Costs of Fresh Water 3320/ m’

Figure B7 Cost of Fresh Water Production for the Large-Scale Replicated Scheme

Cost of Fresh Water (£/cubic m)
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B6 Discussion and summary

The PV powered RO system proposed by Dulas Ltd is considered capable of supplying fresh water
in remote areas far from accessible grd connection.  The scheme as proposed is relatively small-
scale, 1in accordance with its application at a village level.

The relative costs of fresh water supplied by this scheme is high compared to large-scale plant.
This 1s attributable to two main reasons:

e The use of PV as the power supply is a capital intensive solution. However, it might be the
more economic solution in remote locations away from easy grid connection or supply of fuel
for diese] generation.

e The small size of these schemes means that they do not achieve the economies of size of
conventional, large-scale RO systems; the capital cost per cubic metre of water per day is
approximately an order of magnitude greater than large-scale schemes.

Therefore, the application of this PV RO system should not be compared directly to large-scale
systems.
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