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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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ECONOMIC ASSESSMENT
OF THE LIGHT WORKS
SEAWATER GREENHOUSE
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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

Semi-Permeable Membrane

ey

=

\

e

Salt Water

a) Starting Position

Applied Pressure

Fresh Water

o
Direction of Water Flow

——

Direction of Water Flow

b) After Osmosis

¢c) With Reverse Osmosis

Osmotic Pressure




Water Management and Dealinaton {Gaza) RYEA/ 13655007 /Final/issae | 04/11/96

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.

Page B-4



Water Management and Desalination {Gaza) IYEA/ 18655007/ Final/isue 1 0471179

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
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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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