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FPREFACE

This study is part of a programme of studies undertaken by thé Resources
and Transport Division of the United Nations Secretariat which is concerned with
questions of applying new technolcogies and development methods to the water
respurces problems in developing countries. Particular attention has been
focused in recent years on the application of water desalination as a means of
meeting real water needs and stimulating development in areas suffering from a
shortage of fresh water,

This report is intended to define the conditions under which solar
digtillation may provide an economic solution to the problems of fresh water
shortage in small cownunities, In particular, the purposes of the study are:
(a) to review the current status of soler distillation; (b) to outline the
general classes of situations in which it may represent the best solution to
water supply problems; (c) to provide a method for potential users to estimate
performance and costs of current still designe in their areas; (d) to note
practical problems of solar-still design and operation; and (e) to recognize
some possible changes in solar-distillation technology and economics which may
affect the applicability of the process in future.

The study does not consider the coanversion »f solar energy into other forms,
such as the generation of electrical energy, which may subsequently be usad in
desalination processes.

The proposals for the present study which were contained in the report of
the Secretary-General, “Water desalination with special reference %o
developments in 1965" {E/k1h2), were approved by the Economic and Social Couneil
in resolution 1114 (XL} of 7 March 1966,

Accordingly, a panel of experts was convened at United Nations Headgquarters
from 12 to 19 October 1968, composed of the following persons:

V.A. Baum, Physico Technologleal Institute, Turkmenian Academy of Sciences,
Ashkhabad Turkmen SSR

A.A, Delyannis, Technical University of Athens, CGreece

J.A. Duffie, University of Wisconsin, Madigon, Wisconsin, United States
of America

E.D. Howe, Sea Water Conversion Laboratory, University of California,
Berkeley, California, United States of America

G.0.G. L&f, Consulting Chewmical Engineer, Denver, Colorads, United States
of Amerieca

R.N. Morse, Commonwealth Scientific and Industrial Research Organization,
Melbourne, Australia

H. Tabor, National Physical lLaboratzry of Tsrael, Jerusalew, Israel
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Assiste - - through the provision of material and substantive comments
wvas also re - ned by C. Gomella, Société d'détudes pour le traitenwrt et
l'utilisati..: des eux (SETULE), Paris, France. Staff wembers of the Resources
and Transpprt Division of the United Nations participated in the .eetings and
in the preparation of this report. The United Natisns Secretarizt is
particularly indebted to J.i. Duffie, who assisted in the preparaticn of this
Teport.

Additional United Nations publications in the field »f deszlination are
list=i ir the bibliography.
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EXPLANATORY NOTES

Reference to "gallons" indicates United States gallons, and to "dollars',
United States dollars, uniess otherwise stated,

The abbreviation "gpd" indicates gallons per day.

The following table will allow conversion iato other units:

™ convert To Multiply by
gallons (U.S.) imperial gallons 0.833
gallons (U.S.) cubic metres 0.00379
1,000 gallons (U.S.) cubic metres 3.79
gguare feef square metres 0.0929
gallons/square foot cubic metres/square metre 0.0408
dollars/square foot dollars/sguare metre 10.77T
pounds/square foot 1 kilogrammes/square metre 1 1 L.88
8TU square foot~l day~ calorie square centimetre ~ day 0.27L
3TY hour-l square Ffoot-t oF‘l calorie hour™ square centimetre’

1. o¢-L 1., 0.487
BTU squara foot — OF calorie square centimetre - 2¢~1 0.487

The nomenclature used in annex II to this report is given below:

ng thermal capacity of water, still and ground, 3TU OF-l sq. ft.
hga convective heat transfer coefficient glass cover to air
BTU hour™ sq. £t."T OF-L, having a value of 2.6 for a wind
veloeity of S mph and 7.2 for 20 mph 1
He solar radiation on horizontal surfasce BTU hour'l 58q. Tt.
hy  latent heat of vaporization of water ETU/1b. 1
ky thermal logs coefficient base of still to surroundings BIU hour’
o £t.L op-1
PusPyg partial pressure of water vapour at Ty Tywg psi
dy heat loss from base of still BTU hour-l 6q. ft.-1 1 1
de heat transfer brine to glass by evaporation BTU hour — sq. ft,
Qga heat transfer glass cover to surroundings BTU hour-L 8q. ft.7
9p>9; heat transfer brine to_glass by radiation and convection
BTG houwr -1 sq, ft.~
t  time
Ta ambient temperature OF
Tg,Tyy temperature of glass cover and saline water °F
Ng T solar absorptance and transmittance of glass cover
solar absorptance of brine and trough system
Mo draipage efficiency of still -1
o Stefan-Boltamann constant 17.2 x 10

1

C 519 hour™t 5q. fe. 7t
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I. SUMMARY OF FINDIGS

Solar energy represents a vast energy resource vhich is most available
in meny areas where population density may be low and vhere conventional energy
resources may be expensive. Its use for operation of desalination processes
for production of fresh water is technologically feasible.

A, Current technology and costs

The most advanced solar still currently in use is the basin-~type still,
a century-5ld concept which has been modified and adapted to modern materials
and applications. An 11,500-sq. ft. basin-type solar still installed at
Las Marinas, Spain, is shown in the frontispiece; and a sectional diagram of
a bhasin-type still is shown in figure 2.%

At the current time, all solar stills can be viewed as being in various
stages of development, rather than as an established technology. Some still
designs, however, are in advanced stages of development, and considerable
operating experience is available upon which %o judge their utility and costs.
5till productivity can be predicted with some confidence for those designs in
which problems of mechanical failure or corrsosisn are minimized. The most
advanced designs are those which use standard materials of construction, such
as glass, concrete, asphalt and ecorrosion-resistant metals. Consideration is
also being given to designs that rely in part on new plastic materials. With
most designs there are possibilities of construction using, to some degree,
1ocally available materials and labour in the srea of application. Construction
maintenance and operation do not require high levels of skill in working with
complex machinery.

Solar distillation should be considered a possible method for water-
supply under the following circumstances:

(a) Natural fresh water is not available and saline water is available;
(b} The climate is good (i.e., the solar radiation levels are high);

(¢) The potable water needs for the community or user are below about

- 90,000 gpd;

(d) Reasonably level 1and is available for solar-still sites

{e) Such land is in 1éolated locations where inexpensive power and
highly trained manpower are not always aveilable.

* Figures 2-1T7 may be found at the end of the report.
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The unique characteristics and probleas of solar distiliation nust be
taken into account when evaluating it as a possible method of water-supnly in
comparison with other methods.,

Being based on a time-variable energy source, solar distillation provides
a variable sutput. Summer product-water yields are typically three to four times
winter yields. If water needs do not follow the same patterns with time,
product-water storage or auxiliary supply, or 2 coublnation, must be provided.

Solar distillation is a capital-intensive process, requiring relatively
large capitel investment per unit of capacity and, in properly designed and
constructed systems, a minimum of operating and maintenance costs. Froduct-
water costs thus depend primarily upon still productivity, capital cost of the
installation, its service life, and amortization and interest rates.

Sclar-still productivity is conyeniently referred to, in round numbers,
as being, typically, 0.l gal sq. ft.™ day— for & good day. It is, however,
highly dependent upon solar radiation and less dependent upon air temperature
and other factors. On clesr winter days a well-designed still will yi~ld
perhaps 0.03 and on clear, hot summer days, perhaps 0.12 gal sg. £t,7 day™.,

Summing up these yields over a2 year, experience shows that anmual still
¥ields of about 25 gal/sq. ft. are obtained, with some variations due to clinmate

and still design.

The unit capital of solar stills built in recent years has been $2,00-$0.60/
sg. ft. Most of the estimates based on current designs of durable stills show
costs of materials and labour for still comstruction to be in the neighbourhood

of $1/8q. Tt.

The projected lifetime for stills constructed of concrete, glass and other
long-lived materials is twenty years or more. Other still designs have been
developed using some waterizls with shorter service lives which must be
periodically renewed.

Assuming favourable interest rates, such as those granted to a public-utility
type of venture, and service lives as noted, one obtains water costs of $3-$6 per
1,000 gallons. Variations within and from this range are experienced because
of rainfall collection, storage costs and unpredicted factors affecting still
productivity.

While this cost is high, when measured by the usual standards of large-scale
water-supplies, it is based on solar plants with outputs of 25,000-50,000 gpd,
or less. Experience thus far with other dJesalination processes in this small
size range has shown product-water costs to be as high or higher, particularly
vhen energy sources have to be especlally provided. In plants larger than this,
it is clear that other desalination processes can produce water more economically
than can solar distillation, It may also be observed that the costs of solar
stills do diminish as significant developments occur; however, the costs of
competitive processes may also decrease accordingly,

Flexibility in cholce »f size over a significant range, without
significantly affecting unit costs, is an important feature of the solar still.,
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B. Totential scope o1 solar Jdistillation

There are sther sslar proceesses which mey Lroeden the scope of salar
distillation in Tubture, depending upon the success of development studies u
che processes and upon further develapuents in ather areas of research not
directly related to solar distillation. DSome v the aress of current or possible
research and develspruent on sslar distillation are described below.

Further refinements in basin still design, to improve perforv:ince and
reduce cosets, are being studied. Use of new materiasls with unique properties
and of lceslly availablie materials and evolutions of design sre potentially
important. GSome research is directed to development of very small units, in
the range of S00 zpd or less.

}

The basin-type solar still cowmbines the solar-energy collectinn function
and the distillacion funection in o single unit. Separation of these functisns
would allow regenerative, or multi-stage processes, to he solar-operated, This
development is, of necessity, dependent upon very significant progress in
solar-gollector technology (i.e., a "breakthrough"),

Combined energy source systems, in which solar energy to the still is
augmented by waste heat from, for example, intermittently operated diesel or
gasoline engines, may reduce the cost of product water from the still.

Multipie-purpose systems, producing some combination of water, szalt and
cossibly power, can be conceived. Within the limits set by relative markets for
thege commodities, such systems could be significsant, but only after very
considerable further research and development.

Multiple-function plants, in which water production is integrated with

water use, are also being considered, for exanple, in an Irntegrated system for
energy, water and food production.

C. Bteps for evaluation of sgoiar distillatiosn

The ollowing steps and consideretions ure suggested for zssessing salar
distillation as a method >f meeting a particulsy w=ter need, to provide
information with whieh fo coupare it with alternztives:

(a} Climate, If the solar radiation climate is good, i.e., skies are
generally clear, a ssolar distillation plant may be feasible. Productivity of
5tills is a direct function of solar radiation received sm a horizontal surface;

{b) Scale of need. Colar distillatinn now appears suited to water
requirements on a relatively small scale, i.e., less than about 50,000 gpd.
For larger demands, or demands that are anticipated to inerezse in the near
future, other desalinatisn methads are now miore ecunomical:

{c) Site. Land that can serve as a site, with unobscured solar radiation,
for the still installation, should be near the water users. Saline water must be
available for feed water to the process. Cowpeting uses Ior sites shoull also
be considered:




(d) Estimate of preliuinary stiil size. A well-designed, well-conztructed
still in a gnod climate should produce about twenty-Tive wallons per sguare 5ot
of stil) per annum. This yield, compared with annual vater needs, will give s
first approximetion of the required solar-still area;

{e) Cesign. OCue or more designs can be selected -r developed in the light
of 1oecal eonditions, avallable materials and skills of iloecel work foree, and
evaluated for the particular locationg

{f} FWstimate of monthly yield., Rased on a partieular design, wonthly
yields of distilled wster can Le estimated from experimental data on similar
stiils in other locations, or through the use of =estimation methods such as those
outlined in chapter III of this report. These monthly yields should be based
on monthly wesn radiation levels and temperatures (the most widely available

form of the pertinert metesrslisogzical data):

&) Rainfall contritutiosn. I local conditions and regulations permit,
rainfail run-off from the still can be recovered., This can be estimated from
average monthly rainfall data {if rainfall is not highly variable) or minirum
monthly rainfall fif it is variable), applying a reasonable recovery factor.
Useful monthly rainfall eollected can then be added to still yield to provide
an estimate of month-to-month production of useful water from the still;

(h) Monthly needs versus production. A comparison sf month-to-month
distributions of water production and water needs will indicate water storage
requirements, wodifications in still size or possible uses of supplementary
sources,

(1) Estimate of cost. 4ith the Toregoring iniormation, the appropricte
data on still designs, first essts, service life, meintenance and cperating
regqulrements, and local informatisn on interest rates and other ecounomic Factois,
the ¢ost of delivering water from the solar stills can be estimated and compared
with alternatives;

(j) other consideratisns. Considerutione not directly quantifiable in
terms of cost may also be lmportant. These could include, for example,
gociological and personal factors, resistance to change, distance of users from
the potable water-supply, wrotection of the still from vandalisu, methods of
vater cost distribution or sales methods, subsidies and/or fuel savings.

he




II. PRASIN-TYPE SQLAR STILLS

The most common type of solar still, and that in the most advanced stages
of development and application, is the basin-type still (slsc referred ts as the
greenhouse-type, roof-type, simple—type or canventionel-type s+ill).

This section contains: descriptions of the designs, & brief discussion o the
theory of operation, a method 2f estimating still performance, rain-water
collection and storage requirements; practical considerations of solar-still
operation; and a discussion of costs of solar stills and water produced from
them; and the potentlial areas of appliecability of the praocess. ({Information
on other still designs and additional details on still theory are given in
annexes I-III to this report,)

It must be observed here, however, that other types of solar stills have
been proposed and studied. These include: (a) multiple-effect stills;
(b) multiple-stage flash units; (c¢) solar heat collectors supplying heat o
conventional distillers; and (d) Tilted, wick-type stills. Other designs are
clearly in earlier stages of research and development, while another group has
been studied and discarded for reasons of engineering difficulties or lack of
promise of economic feasibility,

The status of varisus solar-still designs and processes needs o be
recognized. Some basin-type designs are in late stages of development and
have progressed far enough for water.supplies for small communities, at least
for limited time periods, to have been based on them. These designs are
described below.

A. B8till design

The process

In nature, fresh water is produced by a very large-scale process of solar
distillation. Solar radiation impinging on the surface of rivers, lakes, marshes
and ogeeans is absorbed as heat and causes evaporation of water from thege
surfaces, The resulting vapour rises @s humidity of the air above the surface
and is moved along by winds., If and when the air-vapour mixture is cooled to
- the dew-point temperature, condensation wmey occur; and the pure water may be

precipitated as rain or snow. The essential features of this process are the
production of vapour above the surface of the liquid, the tyransport of this
vapour by air, the cooling of the air-vapour mixture, and condensation and
precipitation.

The natural process is copled on a small scale in basin-type solar stills.
A water surfece of limited size is cc,ered with a cover transparent ts solar
radietion. This ecover serves two major purposes: it prevents escape of the
humid air above the water surface; and i1t furnishes s cool surface upon which
part of the humidity can condense, The cover also serves as a radiation shield
and reduces the energy loss by emitted long-wave radiatiom from the waber surface,

-5-




While neither glass nor the sheet plastic materials used for the cover are
completely transparent to solar radiation, they absorb and refleet only & small
portion of it and interfere little with the evaporation process.

A schematic cross-section of this type of solar still is shown in figure 1.
There are several existing solar-still designs, which differ frowm sne another in
materials used and in geometry, but all include elements serving the sane
functisns. The saline-water container or basin muet be watertipht; it is
blackened to absorb solar radiation effectively., The transparent cover must be
vapour-tight and sloped at an angle sufficiently grest to permit water eondensing
oh its inside surface to flowr by gravity into the condensate troughs. COondensate
troughs must be arranged to eollect 21l of the water dripping frowm the lower
edges ol i(he cover and to drain this product water to the sutside of the
enclosure. 7The basin liner may be laid directly on the ground or insulated
therefrom to reduce heat loss through the bottom. Metal, concrete or ather
lonz-lived materials may be used for the structural elemeuts and condensate
troughs. TFurther differences are introduced by the use 2T various configurations
and sizes.

Brief history of the growth of solar distillation

The priaciples basic to solar distillatisn had been known for many years
before the first significant installation was made in Chile in 1872, Located at
Las Salinas in a desert area, this solar still was described by Harding (1) as
a glass-covered installation which covered a ground area of 50,000 sq. ft. and
produced a maximum of some 5,000 gpd of distillate for watering wmules. The
length of time that this still was irn service is somewhat uncertain; it has been
regported to have been as long as forty years, UWhen the mule trains used to
haul out the nitrate ores were replaced by a steam railway, the water was no
longer reguired; operation of the still was discontinued, and today there are
only vestiges of the still foundations at the site.

uring the Becond World War, collapsible units were designed for use on
life-rafts (2), These were cirecular plastic units with weighted coniecal bottoms
and hemispherical tops which would flost in the sea when inflated, & horizontal
Telt sheet underneath the plastic dome was saturated with sea water and the
plastic assembly inflated., The vapour formed within the dome was condenszed
partly on the inside of the plastic cover and partly on the lower ceone, which
was in contact with the cold sea. [istillate was collected in the bottom of the
cone. This device was praduced in considerable quantities.

Fsllowing the Second Yorld War, several small experimental glass-covered
s8tills were designed and constructed in the United 3tates of America - in
Massachusetis {3) and at the University of California (4). At about the same
time, experiments on a smell unit were esnducted in the Virgin Islands (5).

In 1954, the Office of Saline Water (03V) of the United Stetes
Department of the Interior summarized the possible ways in which solar energy
might be used in desaltin; water (6). This report is still an important basic
document in the field.

In 1655, a conference on the use of golar eneryy, held in Tucson, Arizona,
included presentations on solar distillatisn experiments in Algeria, Australia,

-G




.and the United States of America. OSmall glasse-¢overed stills designed in
 Algeria (T) were built and sold in smell numbers' in Australia, Cyprus as well as
~in Algeria., During the next few years, there was accelerated experimentation in
-the United States, under 05W auspices, which culminated in the construction of
large glass-covered and plastic-covered units af Iaytona Beach, Florida., These
‘uhits were operated for several years for 0SW, and the results were published by
that agency (8). Meanwhile, additional experimental work had been carried on
in Australia, Italy {(9), the Union of Soviet Socialist Republice and the United
States of America.

In addition, the United Nations Conference on New Sources of Energy,
convened at Rome from 2L to 31 August 1961, produced further information on the
research development and operation of solar stills in meny areas of the world (10).

There are currently large installations in Australia, Greece, Spain and
Tunisia, and on Petit St. Vincent Island in the Caribbean (see table 1). Small
units are located in a number of other countries and on several islands in the
southern Pacific Qcean, All of the existing installations are of the basin
 type. Other installations, including one in the Turkmen, Soviet Socialist Republic,

‘and one at Gwadar, West Pakistan, have been proposed.

Designs for basin-type stills

Before discussing existing solar stills, it is well to note certain aspects
oF solar-still operation which render this proecess quite different from other
methods of desalination. Where most of the other processes are intended to
operate at an essentially constant production rate at all hours of the day and
during all seasons of the year, the solar still relies on the occurrence of
sunshine for its operation. Its production rate varies from a minimum (perhaps
zero} during the night to a maximum during the sunny period. Furthermore,

., the: daily production rate varies-considerably with the seasonal intensity of
Bolax radlation. This short-term and long-term variahility of production rate
requires the storage of product water, as the demand for water generally does-
Jmnof match still production.

_ _ Ihe solar-still installation must 1nclude supply and product storage banks,
.. the latter being relatively mach larger than those required for non-solar
.~ desalination plants, Figure 3 shows a diagram of the normal arrangement for a
.- solar-still installation.  Saline water is pumped into the elevated saline-water
"Bupply tank, from which it flows by gravity into the still basins. Product
.. water flows by gravity from the product collection troughs in the still into
. the product water storage tank. From that point, the water must be pumped into
’ uhe dlstribution or delivery system.

a great number of variations of the basin-type design have been used; they
“_.dlffer from each other chiefly in the materials used, their geometry, the

- schemes for supporting and attaching the transparent cover and the arrangements
far a@mi+t1ng and discharging water. Basically, all consist of a transparent
_cﬁnoby_enclosing the space above a shallow pool of saline water. The canopy .
- slopes towards the edges or the ceutre so that water ¢ondensing on its inner @1

surface will drain by gravity into the trough which bounds most of the inner
periphery of the canopy.
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Table 1, Existing large solar stills, 1969
Size i
s Tate Cover ; hat
ILocation (square installed material Pesign Status
feet)
Muresk, 4,500 1963 Glass CSIHOE/ Operating
West Australia
Coober Pedy, 38,000 1966 Glass csTROY/ Operating
South Australia
Caiguna, 4,560 1966 Glass CSIROE/ Operating
West Australia
Hamelin Paol, 6,75C 1966 Glass CSIROE/ Operating
West Australias
Regna, Greece 16,000 1965 Plastic Inverted-?-/ Converted to
vee stretched frame
, Lot o/
Salamis, Greece %,100 1666 Piastic Tnverted Uncertain
vee
Patmos, Gresce 95,500 1967 Glass TUAg Under repair
Kimolos, Greece 27,500 1968 Glass TUAE/ Operating
Nisyros, Greece 22,600 1568 Glass TUAE/ © Operating
Las Marinas, Spain 11,500 1966 Glass Basin typeg/()perating
Petit S%t. Vincent 19,000 1967-1968 Plastic Inflated Operoating
: plastic E/
Chekmou, Tunisia 4,650 1967 Glass £/ Cperating
Mahdia, Tunisia 13,700 1968 Glass E/ Operating

Note: At an average production rate of 25 gal/sq. ft. per aunum an average
demand of 10,000 gpd requires some 150,000 sq. ft. of still area.

Commonwealth Scientific and Industrial Research Organization, Australia;
gee figure 8.

Built under sponsorship of Church Vorld Series; see figure 1l1. -

Technical University of Athens; see figure 9.

Organization for Economic Co-operation and Tevelopment; see figures 2, 6
and 7.

Brace Research Institute, MeGill University, Canada; see Tigure 11,

Centre 4'Btudes Nucleaires de Tunis-Carthage.
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Materials used for the transparent eover have included sheet glass and
sheet plastics.. @lass is preferred by many designers because of its high and
-sustained transparency to solar emergy, its mechaniecal rigidity and comparatively
low cost. The glass used in gsome solar s5tills has been known to perform
satisfactorily for pericds of ten to fifteen years or wmore, with a very small
amount of breakage. Figures 4-10 show designs using glass covers.

Trensparent plastic materials have been extensively considered. Early
attempts utilized cellulnse acetate and clear polyethylene, but the former
material lacked mechanical strength and the latter deteriorated rapidly under
the influence of solar radistion. VWhile clear polyethylene film has been
modified to remain sonmewhat more stable under the infiuence of solar radiation,
it has not yet found wide application in stills. Most of the plastic-covered
stills currently under development use Tedlar £ilm, a stabilized polyvinyl
fluoride; some use polyvinyl chloride rilms, Two of the several designs are
shown in figure 11.

The basin-type unit developed during experimentation by OSW at Taytona Beach,
United States of America (see figures 4, 5) was modified by the French and
Spanish designers for the Las Marinas installation (11, 12). The modifications
are clearly shown in figures 6 and 7. The water surface in the basin is
continucus throughout the area covered by this still. The basin liner is a heavy
asphalt mat sealed at jolnts with melted asphelt. Precast concrete beams
supported on conerete bloecks hold up the glass panes and maintain alignment
between the glass panes and the distillate troughs. Sealing of the glass joints
to the support beams is accomplished by applicatlon of asphaltic cement.
Levelling of the site must be sufficiently accurate to ensure that no dry spots
shall be left at minimum water level, about 2 inches. These stills are usually
operated on a batch basis, but continuous feed and overflow can also be employed.
The slope of the glass panes is about 10° with the horizontal.

The design developed by the Commonwealth Scientific and Industrial
Organization (CSIRO), Australia (13) consists of a number of parallel bays
separated by sheet metal troughs (see figure 8). These troughs support both the
glass and the distiliate channels. Since the ground is completely covered by
the still bays and sheet metal troughs, the troughs serve also as collectors for
rain which may fall on the still area., The basin liuer used in Australia is
black polyethylene sheets, which run the full length of the bays, about
150 feet, The bays are uniformly sloped along thelr length at about 1 in 40,
and are fitted with cross-dams or welrs every 4 feet. Saline water is introduced
~at the high end of each bay and flows steadily at a rate sufficient to provide
for the daily evaporation and for holding down the salinity of the effluent brine.
The glass panes are sealed around the edges with a silicone material, which is
sufficiently strong to act as a hinge joint st the ridge, thus requiring no other
support there, Alignment along the ridge is accomplished by metal clips between
adjacent panes. The slope of the glass panes is about 18° with the horizontal,

The design developed by the Technical University of Athens (TUA)}, Greece {ilk)
has aluminium frames which support the glass penes at an angle of about 120 with
the horizontal on the south slope and sbout 78° on the north slope (see
figure 9). The pre-assembled frames also ineorporats the distillate esllection
gutters and thus serve to walntain alignment betwsen the glass and the gutters.
The metal frames are supported on a concrete foundation, which also serves as
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the boundary of the saline-water basin. Butyl rubber is used Tor the basin liner,
" primarily because of its reduced vulnerability to high temperatures. The space
between bays is paved in order to facilitate collection of rainfall.

In 21l three designs, the siope of the glass psnes ig between 10~ and 18°
wizh the horizontal; if dripping of condensate back into the saline water is to
avoided, the minimum angle is about 10°. A primary reason for using a minimum
" -:88 angle 1s that this ensures a maximum solar basin heat-collection area for a
civen glass area, 3ince the cost of glass is a major item of material cost,
low glass angle leads Yo winimum cost for a given area of solar still.

The dimensions of the glass panes are of imterest because of the effect on
cost. The Daytona Beach basin-type design uses 1/8 inch glass panes which are
48 inches in the longest dimension. The CSIRO design, in contrast, uses glass
penes which are only 18 x 22 inches in size. The use of this size makes it
possible to use thinner "horticultural" glass, which is available in Australia
at about $0.10/sq. ft.

This glass may be obtained in sizes such that the sum of the two dimensions
does not exceed 40 inches,

- At the Tr*versity of Tal’forria, rited Stetes of America, s design was
developed for use on islands in the South Peeif:c (15}, This design which is
intended for small-scaie installations, utilizes metal glass-supports with a
symmetrical ssw-tooth arrangement and distillate collectior. troughs running across
the width of the still (se= fig, 10).

Lerge plastic-covered solar stills, constructed with the two configurations
shown in figure 11, have been installed on several Greek islands (16). They
used the inflated canopy (as does a similar still on Petit St. Vincent in the
Caribbean), or an inverted V design. One of these stills 1s being replaced by
-a new design using a single slope, in which the plastic cover is placed under

. tension by the sdjustment of bolts whigh move a high-side adjustment piece im

.8 lateral direction; the inflated design is being dismantled. These stills are

- ‘considered to-be in a developmental stage.

B. Theory of solar-still operation

The basin-type solar still operates when solar radiation, passing through
its transparent, cover, heasts the saline water in the basin to a temperature higher
than that of the cover, The resulting temperature gradient and asscclated vapour-
pressure gradient within the still causes water vapour to condense on +he under-
side of the transparent cover. This thin film of condensate is drained to
.tollecting channels and runs to & fresh-water storage facility.

Logses are of various types, including convection and radiation from the
warm water to the cooler cover, reflection from both the cover and the saline-
water surface, reflection from the imperfectly blackened base of the still,
-heat transfer from the base and edges to the surroundings and some condensate,

" which may leak back into the saline water instead of running into the condensate

=10-




troughs. It should be noted that the heat transfer from the cover %o the
surroundings is not a loss, bubt rather the rejection of heat to the thermodynamic

' héat s5ink without which the process could not continue. For a large still mounted

directly on the ground, edge losses include the heat transfer from the edges of
individual sheets of the glass cover, where they are supported by members or
surfaces which are in contact with the outside air. These act as cooling fins
and can cause a serious, if unavoidable, heat loss from the still,

Since the direction and magnitude of the solar radiation striking a still
are conbtinually changing, as are glao the ambient temperature and, perhaps, the
wind velocity, it is necessary to regard the operation of a sclar still as a
dynamic system. Steady-state conditions do not occur for any significant time
in reel installations and are of academic interest only.

Although in theory the cover may consist of any transparent material, in
practice it must be durable, cheap and readily wettable. Q@Glass has overwhelming
advantages from these points of view and is the most widely used material. For
this reason, the analysis given below applies to glass-covered stills (see
figure 1), although the expressions are guite general and can incorporate the
properties of different cover materials.

The operation of the still is determined at any time by a set of:
(a) heat and mass transfer rate relationships; and (b) energy balances. As is
shovn in annex II, a set of seven equations suffices to describe the system.
The major items in the energy balance on a still are indicated in the diagram
shown in figure 12.

The energy balance for the still requires that the total solar energy
absorbed must equal the energy transferred from the cover, Qga, plus losses from
the bottom and edges of the still, qp, plus energy stored within the system.

The useful energy term, gp, to which water production is directly proportional,
is a part of the energy transferred from the cover. Thus, a basin-type still can
produce, as an upper iimit, an amount of water whose energy for evaporation 1s
the seame as the solar energy incident upon the still. In practice, the ratio of
“actual production %o the theoretical upper limit is in the range of one third

to two thirds,

For a unit area of solar still, at a solar radiation intensity of Hg, with
g transparent cover having a transmittance, v, and absorptance, g g7 with a water
basin absorptance, & ., and a system heat capacity, Cwgs the energy balance on
the still can be written as follows:
: 4T

- W
a H + g%j?Hs =q

s - +g + (cwg) -5 (Bquation I)

The significance of these terms is as follows:

agﬂs = @olar energy absorbed by the glass;
awTHs = Bolar energy transmitted through the glass and absorbed
in the basin;
qga = DBnergy transferred from the cover to the air;
- [




i

% Energy lost from the still base to the surroundings;

(e )dT _ Energy stored in the system as the water temperature T
&t changes with time €.

il

An energy balance on the cover can be written as follows:
=q, +ta, ta,t Q%Hé (Bquation II)

where the new terms have the following significance:

. = Energy exchange by radiation, basin to cover;

Energy exchange by convectlon, basin to cover;

Energy exchange by evaporation-ceondensaticon, basin to cover
(i.e., the useful energy transfer).

Still productivity P = qe/h, where X is the latent heat of vaporation of
water at still tewperature, The objective of still design is to maximize the
ratio of productivity, P, to still costs. 8Some of the factors leading to high P
include: minimizetion of the ghading of the basin by cover structure; blackening
the basin and minimizing crystal formation in it to maintain a high o3 using
a cover which will be wetted by condensing meisture and retain a high v and
“insulation to reduce gp.
S q, x 160

Frequent reference is made to still efficiency, M, which is M = S —
the ratio of latent heat of product water to the incident radiation. ]
This may be taken over any period of time, but the most significant wvalues are
those for a period long enough (at least 24 hours) for there to be egqual basin
temperatures at the beginning and end of the intervel.

Annex II shows methcds for calculating the various terms in the energy

balance equations given above (I, TI). The resulting set of equations may be

. solved graphically by means of characteristic charts i1n which q is plotted against
Ty for Ffixed values of . These charts way bte used to predict the performance

_ 0% a solar still in much the way that a psychrometric chart is used for

-~ air-conditioning caleculations.

In a comprehensive analysis of the type outlined above published in 1961,
. the output of a solar still is correlated with solar intensity, wind velocity,
'~;uatmDSpheric'temperature, cover transmittance and other design parameters (17).

- An analysis published in the Unlon of Boviet Socilalist Republics shows
graphically the variation of magnitude of terms in the energy balance with ailr
temperature, radiation and other parameters (18).

Tt is also possible to compute still performance from the equations by

-numerical methods, and available computer programmes permit the caleulation of

.8till performance under a wide range of operating conditions, as well as with

_varying design characteristics (19). In these ways, the instantaneous output

© “under prescribed conditions of operation may be determined;and by stepwise

ﬁlgprogression, hour by hcur for 2l hours, the daily output under changing conditions
fis obtained.
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Interaction of still and atmospheric parameters

=l

_ The most important factors that the designer can influence are the values

of thermal cagacity, Corg? and the heat-transfer coefficients, ky (BTU hour-l

8q. £t,~1 OF" ) for lossSes at the edges =nd base due to leakage. The important
climatic variables are insolation, H_, ambient temperature, T , and wind velocity,
which affects the value of the cover heat-transfer coefficien%, hga'

To illustrate the interaction of some of these factors, computations for
typical stills of the CSIRO design are given in figures 13 and 14. Both the
loss coefficient, k., and the ambient temperature, T,, have a significant effect
on the still performance. This design, Tor mechanicel reasons, has a relatively
high ratis of perimeter to aree. .

The CSIRO design shown in figure 8 has the value, k, = 0.5, but it may be
worth while to attempt to reduce this by means of insulaticn at the edges of each
of the sections, r, as has been done in continuous single-basin designs, by
minimizing effective edge length. Insulation adds to the cost, so it becomes &
matter for the designer to balance the cost of inereasing the output of a still
by insulating 1t, againrst increasing the output by using a larger area of
uninsulated still or changing the still plan. The comparison must be made over
an extended period of operation to allow for ambient temperature changes.
Because insulation has a significant effect on performance, better methods of
insulating stills to reduce base and edge losses should be investigaged, and
ratio of perimeter ©o area minimized.

The effect of ambient temperature on the output of a still is important, as
may be geen from figure 13. It is usually sufficiently accurate to consider only
the average ambient temperature over a 2h.hour pericd, since there is not much
difference in the output of & still which runs at a constant temperature and one
which varies over that period about the seme mean temperature.

The solar radiation on the still le the most important single parameter,
and figure 14 shows how the cutput varies for different values of daily insolation
for stills having differing loss coefficients. It will depend to some exbtent upon
how the radiation 1s distributed throughout the day; but this 1s a second-order
effect, and it is usually sufficient to consider only the total radiation
received each day. It is obvious, from the data glven in figures 13 and 14,
that the best situation for a solar still is one where both the daily insolation
‘and the mean ambient temperature are consistently high.

The thermal capacity of a still has a small effect on its performance;
for an uninsulated still, this consiste of the thermal capacity of the water and
the ground with which it is in thermal contaft. A typical Ealue for a still
having a l-inch depth of water is 16 BTU lo™ aq. ft."} %¢71; but this would not
vary over a wider range than, say, absut 10-50 for practical stills; and within
this range it does not have a large effect on osutput. The output doses increase
as the thermal capacity is reduced; it follows that, while water depth is not
critieal, it should be as small as is practical.

The effect of wind is unimportant on the output of the still, Sudden
~ changes in wind veloeity will cause momentary chenges in output, but these will
~ balance out over & perilod.
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Practical limitations of theoretical predictions

The theoretical predictions of performance are based on still configurations
not too different from that shown in figure B, where the ratis of the water ares
to the glass area is 0:£9. Since the output is expressed per unit of area, it
© is necessary to decide whether to choose the glass area, the water area or some
other srea as a basis. In all the exsmples given, the area of glass is taken as
the basgis, which, in this particular case, happens toc be wery nearly the same as
the horizontal projection of the glass surface. When access or walkways are
considered, the total ground area for the still diagrammed in Tigure 8 is 1.28
. times the glass ares, so that when rain is collected from the surface of the
still, it is the total area which is significant.

Predictions are meaningless if stills are not essentially watertight or
vapour-tight, and serious leakages ocecur. It is very difficult to allow in
calculations for vapour leake; and since these can have a serious effect on the
performance of & still, it .. -auld be taken as axiomatic that the construction
should be as vapour-tight as 1is practical. Some allowance for vapour leakages
appear in the term %, , sirce they will be proportional to temperature difference
over a small temperature range, but it is difficult to allow for the effect of wind.
Some stills operate on a batch production basis, where the saline basins are
- £illed at regular intervals and flushed to prevent salt crystallization, while
others operate on a continuous flow. In both cases, some allowance should be
made in the predictions; but provided the flow rate is low in the continuous-flow
8till, the correction is only a minor one.

Solar stills have now been developed to the stage where their performance
can be predicted with some confidence., The influence of the varicus interacting
parameters 1s understood quantitatively, so that designs may be soundly based.
This knowledge 1ls not yet widely dissemineted since stills are not yet wideliy
used, but it is to be lwoped that those concerned with further development will
establish effective communication to avoid wasteful duplication of effort. For
example, the computer programmes necessary for this work can usually be made
available to those able to make use of them {19). In this way, it should be
possible to ensure optimal performance in very different situations.

Comparison of predicted with measured performance

In order to have confidence in the ability to predict performance in the way
described, it 1s necessary to compare the measured performance over some months
- of operation with the predicted values. Recent unpublished work at CSIRO, -
Australia, shows this comparison for an experimental installation at Griffith
‘(see figure 15). Neglecting the points on days when rain fell and probably .1
- entered the still, the agreefent is quite good for values of ¢ = 16 PT sq. ft.
o%-L and k, = 0.48 BIU hour™ aq. £t 9p-1, e

The analysis published in the Soviet Union (18) has been compared with
experimente in Ashkhabad (20), and good agreement has been found between
calculated and observed results, as may be seen from figure 16.

Thus, the analyses do predlcet reasonably well the monthly outputs of basin-

type stills and serve as a basis for understending the process occurring in the
stills,
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C. S8%ill size, rain-water catchment and product storage

In establishing the size of a solar still for a particular site, many
factors must be considered inecluding monthly water requirements, monthly solar
radiation, monthly rainfzll and still characteristies., These factors will
determine still sigze, monthly total production, storage capacity requirements
and costs.

S5till productivity

The efficienciles of most of the basin-type soler stills that have been built
and reliably tested are rather similar. It appears that care in design and
waintenance to aveld water loss through leakage is the largest variable, Care
in design of still edges and botteom insulation, and the maintenance of thin
water films in the distiller basin make some difference in the performance of
the various units at the same radiation levels,

Moreover, most of the large solar stills recently bulilt have been in
climates where the solar radiation levels do not differ greatly from one another.
As a result of these similarities, the water distillation rate per square foot
of distiller per annum has been roughly the same for all designs., In nearly all
of the installations, productivities reach approximately 0.1 gal sg. £t~ day'l
on clear summer days. Some stills have delivered water at a rate as high as
0.1l4 gallon. In winter, however, at solar radiation levels of a few hundred
BIU per square foot per day, average daily yields drop to 0.02-0.03 gal/sq. ft.

If s solar distiller could produce water every day of the year at a rate
equal to a summer productivity of 0.1 gal/sq. ft., the annual production would
be 36.5 gal/sq. ft. Such performance would not be possible because of the
seasonal variation in solar intensity, and in the vielnity of the 30th to
Lkoth parallels, annual yields of aktout 25 gal/sq. ft. have been achieved in good
climates. These are the results of operating sizable solar stills, in which
there were known design defects and which suffered from various degrees of
leakage and other problems. The 25-gal figure may therefore be considered a
practical design basis. It is possible that with further improvements in design,
directed primarily at virtually elimineting 211 leakage and related losses,
anmual yields approaching 30 gﬁl/Sq. ft. might be obtained in favourable climates.
At the current time, however, a comservative still size estimate should be
based on an annual production of 25 gal/sq. ft., assuming a good solar climate
similar to that in southern Spain, Greece, Florida (United States of America),
the Turkmen SSR and South Central Australia.

First-order prediction of monthly output

As still output 1s variable {hroughout the year, it is of interest to
estimate monthly still yields for a projected site and design. Under average
monthly conditions, still output is most readily caleulated from knowm values
of mean daily solar radlation, H_, and mean daily ambient temperature, T, , for
each month, as was deseribed above., Tables of mean daily radiation for many
locations have been tabulated or mapped {21, 22). This calculation is possible
for a particular design of still if the thermal properties, especially C
and Kb’ are known. E
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It is difficult to generalize because there are important differences in
still productivity, both among still designs and among varisus loeations. As
an example of productivity, typical performance of the Australian stills now
in commercial use is given in table 2. For convenience in use, these figures
are plotted in figure 17.

Table 2. Typlcal solar-still production

(U.S. gallons per 1,000-square foot day)

Baily insolation Mean embient temperature (°F)
(BIU per saquare
foot day) é0 (o] 100 120
500 g 13 1T a2
1,000 22 30 37 Ly
1,500 59 50 60 0
2,000 - 29 T2 85 97
2,500 81 97 112 125
3,000 106 12k 1k 155
Note: c . =16 BU sqs £6.7% OpL

K = 0.5 BIU hour™" sq. £¢.”" ¢

The data given in table 2 and figure 17 spply to a etill if the loss faetor,

» is 0.5. 'The effect on the output of different values of loss factor may be
- estimated from data given in figure 14, by wultiplying production figures from
~table 2 by the ratio of output at the proper value of kb to output at = 0,5
. Note that. production figures thus obtained can be used Only as a first-crder
estimate of month-to~month still output. Before final decisions are made as

. to detailed design, more detailed caleulation of expected output should be made,

cansidering varlations in average temperature, heat capacity and wind veloscity.

“An exsmple of a manth-by-month estimate of still output for a desert
. tlimate is given in table 3, which shows the monthly mean radiation, monthly
‘average Vemperature, average daily output of a 1,000-sq. ft. still of the
. -8tated characteristics and monthly output. Clearly shown in ecolumn 5 1s:the
" wide variabllity of solar still output through the year.




Table 3. Example of preliminary estimete of solar-still yield
(still area = 1,000 square feet, g = 16; k = 0.5)

Average Ave Distillate Estimzted
Month daily tem;eizfzre production monthly
K. radiation (gallons production

(Hs) ) per day) (gallons)
1 1,050 75 2g G900
2 1,420 75 43 1,200
3 1,870 go 66 2,050
L 2,131 85 82 2,h60
5 2,310 88 95 2,540
6 2,410 95 103 3,050
7 2,550 95 101 3,130
8 2,210 %0 89 2,760
_ 9 1,950 88 76 2,280
10 1,530 83 53 1,670
11 1,110 78 32 950
12 _ _ 950 75 27 940

Rain cetchment

A well-designed still must make adequate provision to dispose of the rain

.- which fazlls on it, so that the surrounding ground is not eroded mor flooded.
. .The extras cost of civerting this rainfall into.a fresh-water storage tank is

- negligible. It may be necessary to chlorinate the water if it is for human
_Q,_consumptlon, and in some logcations local health regulations wlll prevent iis
' being used. It should, however, be considered since rain will frequently add
;_f'signiflcantly to the still’s output. The total area of the site, i.e., glass
. area plus surroundings, is usually available for this purpose. In semi-arid
reglons, annual rainfall of 10 to 15 inches is common. For example, at an
 assumed rate of 12 inches, and 2 recovery of 70 per cent of the precipltation,
a square foot of solar still would deliver an additional S gal/sq. Tt. On
the basis of a 25-gal amnual distillation rate, and conservatively assuming
that catchment area and still erea are the same, this precipitation would
- represent an additional yield of 20 per cent., If the distribution of the
preci itation throughout the year were such that it could all be collected,
stored and used, this quantity would represent 2 16 per cemt reduction in the
. cost of water per 1,000 gallons delivered, assuming that no additional cost

e was'inéurred by providing for rain-water collection.

It is clear that if the precipitation is significant, its epllection should

B represent an szonomle advantage to a solar distillation operation, The size of
. the benefit depends upon the awount of rainfell and on whether it is received

at rates and at times when it can be used. If the precipitation is so heavy
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and intermittent that storage tanks are not adeguate for its retention, it will
+ =

s :
£ om X a lavreras PrantFian ~F Flha
be of smmll advantege. In many situations, however, a large fracticn of the

annual rainfall occurs during months when solar radiation is low {due partially
to the elouds whiech yield the precipitation}), and this additional yield can
offeet lower distillativn rates during those times. Nevertheless, as this is
not always the case, prudent design would generally be based on the assumption
that only 2 portion of the annual rainfall cculd be beneficially used. The
portion would, in turn, depend upon the time of year in which precipitation
usually cccurred, the distribution during this time (whether reasonably uniform
over extended periods or heavy during short periods), the demand for water
during those periods and the availability of storage. It is suggested that a
run-off figure of 70 per cent may be used to calculate by month the extra water
which may be eollected, knowing the mean monthly reinfall for the site. It
should be noted that rainfall is usually less reliable than solar radiation,

+1n - 1 Ty e I T
and minimum rather than mean values may be preferred for safety.

Storage

The monthly demand for fresh water may now be related to the monthly
production of distillate (plus rain-water catchment if it is significant) to
determine how much storage of fresh water is required. The time dependence of
water needs is a function of the local situation and uses to which the water is
put. Where a solar still is supplying water for stock, the demand may follow
procduction closely. There may be seasonal changes in water requirements for
community water-supplies or an increase in needs for washing and drinking, or
an increase in population (tourists) which could result in summer demands being
higher than those in the winter. It may also be possible that demands will be
relatively constant throughout the year. The most probable situation is that
of a relative production deficiency in winter and excess in summer.

The problem of matching the availebility of water from desalinaticn
facilities with variation in demand have been discussed in some detail (23).
When considering solar distillation, however, the variation of water production
rate with time is a major factor.

The daily productivity of a solar still in the winter is typically only
20 to 30 per cent of the average daily summer production. If the demand for
water were constant through the year, either the still eould not produce enough
water in the winter to satisfy the demand, or, if it were designed to meet this
winter demend, there would be a surplus of water in summer which could not be
used. Thus, it is necessary to choose among a spectrum of alternatives, all
of which tend to inerease the cost of solar distilled water:

(E) Providing sufficient storage for holding excess water produced in
summer for use in winter (see annex III);

(b) Designing the solar still in a size sufficiently large to satisfy the
demand in winter and wasting the additional water produced in summer;

{c) Designing the solar still in a size sufficiently large to meet the summer
demand and providing some other source of water to make up the deficit in winter.

-18-




The choice of the above alternatives depends upon economic factors. The
cost of water storage tanks may be too high to justify the expense of the
tankage which would be required to smooth out the variable productivity over
the year. In some siltuations, however, where storage facilities mey already
exist or where natural, water-tight, protected basins may be available, this
method would be attractive. Partial smoothing of output by use of less tankage
might prove the most economical soiution.

The alternative involving the design of a solar still to provide all the
winter requirements {assuming that rainfall is not sufficiently dependable fo
augment the supply during this period) and the wasting of excess of sSummer
production would generally be far too expensive to tolerate. The total cost
of water actually used would be two to three times the costs computed elsewhere
in this report on the basis of all the water produced being used. The still
would have to be as much as four times as large as a still designed to meet
sumer reduirements, or as much as two to three times the size of a still based
on a mean annual productivity of 25 gal/sq. ft.

The third alternative involves designing the distiller so that all of the
water output would be needed and used at the time of production (or with nominal
storage of a week or two). Application of the previously outlined cost analysis
to the operation will indicate the cost of the solar-distilled water (which will
be lower than in the first alternatives because of 100 per cent product use

and minimum stdrage requirements). The total annual cost of water would be that
of the solar-distilled water plus the cost of the water from the supplementary
source (which may be very uigh).

Local conditions would have to be known before decisions could be reached
- among these alternatives. If there is an alternstive supply, even at somewhat
higher cost than the solar-distilled water, it may be more economical to use

it as a supplement during the period of low salar-distiller productivity.
Annual average water-supply costs should ke minimized by such 2 combination,
If, however, the auxiliary supply entailed costs substantially more than double
the cost of solar-distilled water, the solar still should be of a size
_sufficiently large to meet the entire demand, probably in combination with

T summer to winter storage,

; In appraising the three alternatives, it can be concluded that the one
which would definitely not be chosen 1s the design based on winter demand and
the wasting of summer production. Before this would ever be done, storage
facilities for impounding excess summer production would be found to be cheaper
than the much larger solar still. Unfortunately, no meaningful general figures
can be assigned to this cost of variable distiller capability. The cost of
providing one of the above-mentioned altermstives and even the extent of need
(dependent in turn upon the water-demand pattern of the community) cannot be
even roughly determined without data applicable to the location in question.

It should be noted that solar-distilled water is likely to be nearly
completely devold of dissolved salts, and hence may be purer than is needed
or even desirable for potable supplies. If a supply of slightly saline water
o is available, Se8+, well water, it may be blended with the solar-distilled

- water. in proportions such that the mixture has an acceptable total dissolved
solids econtent (e.g., of not more than 500 ppm). Assuming that the blended
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water is acceptable as to its biological composition and its taste, and that
the cost of the saline water is less then that of the solar-distilled water,

the blended supply is 1likely to he cheaper than an equivalent supply of sﬁlar-
- -distilled water alone. By this biending process, the effective output of the
solar still could be increased in winter above its normal level, at a sacrifice
of water guality.

Optimni size of still

Lue to the unit construction of solar stills, their eost inereases nearly
linearly with slze, so thet two small stills (5,000 sq. ft. or larger) cost very
nearly the same as one twice the size, For this reeson, they may be located
cloge to the point where the water is needed to simplify distribution, provided
a suitable saline-water source is availszble.

For example, underground saline water is often available over large areas
of arid country which can support sheep and cattle if they are supplied with
drioking water. Since sheep will walk approximately 1 mile and cattle about
‘2 miles to a watering point, it is possible for a known stocking density to
calculate the optimum size and spacing of watering points. Consideration of
stock-watering needs in two areas lndicate that desalination systems having
capacities of 400-1,000 gpd and spaced 2-4 miles apart could meet stocke~-watering
requirements; unit solar stills may be ideal for this application. This
application is further discussed below.

Flexibllity in cholce of size over a significant range without significantly
affecting unit costs is an important feature of the solar still.

D. Installation and operation of aglar stilla

‘The general layout and components of a solar-distiller installation are
ghovm 1n figure 3. Indlicated are a feed-water supply tank and pump, stills,
product eollection, and storage tanks (which may be one) and piping to get saline
water into the still, condensate from the still to collection system and for
-waste brine removal. The operation of basin-type stills presents several
practical problems and options, including feed-water and distillate treatment,
deposits inside the stills, feed addition and brine removal methods and
maintenance of stills.

Water treatment

The velocity of water movements in still basins is essentially zero;
therefore, to prevent sebtling out of suspended solids in the still, suspended
materials should be removed from the feed water before it enters the still,

In plants of relatively small size, the feed-water tank can serve as a settling
tank if the feed water is held long enough for settling (e.g., one day).
For larger plants, a sand filter may present a better solution of the problem.

The product water from solar stills, as from other stills, is essentially

- tasteless, It is common practice in the stills now operating to supply water
for human consumption to add a small amount of feed water or salt to the
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. distillate, or to pass it over merble chips (to achieve slight calcium ion
addition) in order to make it more acceptable to the consumer.

Deposits inside the still

Deposits in the stills may originate from crystallizetion of salts if too
much water 1ls evaporated from the feed. The nature of the deposits varies

with the particular feed-water composition, but may typically include calcium
carbonate, calcium sulphate or, in extreme cases, sodium chloride. Precipitated
" salts way be difficult and costly to remove.

The best solution to this problem is to remove the brine from the still
before the concentration of any salt reaches saturation. Operating practice
*  for some stills has been to feed the still periodically and permit the brine
 to evaporate until its concentration is about double that of the feed. Thus,
Tor eech 2 gale, of feed to the still, 1 gal. of product is obtained and -
1 gal. of brine discerded. Other stills (notebly the Australian stills)
- have salt water fed to them continuously at s rate which meintains a setisfactory
~ salt concentration in the basin (and which can thus operate without attention).

. Bote that high calcium salt concentrations in the feed may require frequent
filllng and draining, or high continuous-feed rates.

Growth of algae and other organisms can occur in still basins. This can
usually be controlled by the addition of algicides, such as copper sulphate,
to the feed. The growth of algae in stills does not appear to affect still
productivity in an adverse way, but excessive accumulations, if not flushed
out, can result in the need for costly cleaning of the still.

Feed addition and brine removal

Two types of construction have been adopted in deslgning the basins of
]{solar stills. One type provides for a single large ‘water basin covering the
. whole still area (Daytona Eeach, United States of America; Spain). In the

- other type, the distillation plant ie divided into many still units of varying
"lengths, but restricted width (Australia, Greece, Caribbean islands).

Differences in the two designs may affect still operation. Pathways
between the still units allow Por good accessibility of the central parts of
‘the plant for maintenance. Techniques for feeding the salt water in and
eliminating the brine from the stills may be different, and the brine depth

is usually greater in the larger basing and less in the smeller divided basins.

Deep basins {(e.g., wore then about 2 inches deep) provide an accumulation
of heat during day-time and retardation of cooling in the evening. The time
of operation is thereby extended, but the maximum temperature reached after
noon is lower than that in & corresponding shallow basin. Salt water remains

. for many days inside the deep basin until an evacuation of the brine due to
salt concentration becomes necessary. In shallow basins, the water temperature
~ at noon is conslderably higher than that in deep basins. Accordingly,

© distillate output during the early afternoon hours is higher than that in deep-
.- basin stills, but lees in the evening vecause of earlier cooling of the salt

" water, Salt-water renewal is carried out in the shallow-basin stills at
.eherter intervals.
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Several techniques have been adopted for the renewal of the salt water
inside the stills:

(E) In deep-basin stills, salt water is renewed after several deys, when
the concentration trends to the limit of solubility;

(b) In many shallow basin stills, salt water is fed by batches every day,
early in the morning, at cne end of the basini and the brine is displaced at
the other end flowing over a welr. Due to irregularities in the bottem
formation, the salt water might run in paths of the least resistance in its
flow to the welr and leave areas with stagnant water in which calecium sulphate
depeosits might form;

{e¢) In the Australian design, a continuous feed of salt water is used.
The Teed is continuously displacing the brine, which overflows at the discharge
end through a fixed pipe. The bottom of the stills has a slight slope, with a
series of low dams or weirs over which the salt water cascades. Mixing occurs
at every cascade, thus minimizing potential scale formation. WNo scale problems
have been reported. Continuocus feed necessarily involves some discharge of
hot water and heat losses, which are reported not to be considerable;

(d) To avoid algae and potential scale formation, a technique of complete
evacuation of the brine from the stills was developed in (reece. The brine
outlet is ending at an open pipe, which may be turned ur or down by means of a
union. When the pipe is turned upwards, the open end c.itrols the sea-water
level inside the still. Ccnsequently, the water level can be adjusteds
independently for sach still unit, in order to obtain the minimum depth for
which dry areas do not appear at the end of the evaporation periocd. By
turning the open pipe downwards, the still is completely emptied. (This wasg
found to be necessary every second day in summer-time aznd at longer intervals
during other times of the year, according to the radiation intensity.) The
operator empties the still units by batteries. While one vattery is being
emptied, another previougly emptied is fed with sea-water, and so on.

Maintenance and operational requirements

Costs and requirements for maintenance are discussed in more detail =
section E. HNote is made here, however, of the need to operate the still : 2
such a way that maintenance is reduced to an absolute minimum. For exampls,
& need for mechanical cleaning of a still basin, even after one or more ye=rs
of operation, would make the cost of solar-distilled water prohibitively
expensive, Thus, it is highly important that nothing should be allowed t:
accumilate in a solar still which will seriously impair its performance ar
which cannot he removed by simple flushing with excess feed water.

It should further be noted that solar stilis are designed to operate with
water in them. A still which is allowed t> run partially or completely dry will
guite quickly reach temperatures higher than its normal operating temperatures.
Depending upon the construction materials used, s dry still may suffer serious
damage. For example, plastic materials within the enclosure may overheat and
lose their desirable mechanical properties, or volatile components may distil
out of asphalt basins and deposit on covers or collection troughs. Care in
supplying feed water to stills will eliminate these potential problems.
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Fercing

It has been found advisable in all sclar-still installations constructed
to date ko completely enclose the still site by a fence. This serves to reduce
the probability of damage to the still or injury t2 persons who might
inadvertently come in contact with it. It also serves to keep 2nimals out of
the still, as they can break glass or puncture plastic covers.

E. Economics of solar distillation

Over-sll considerations

A critical question bearing on the utility of =clar distillation is its
cost in relation to alternatives, It has been shown that there are numerous
solar-distillation processes and variations; several of these have been tested
and a few have been commercially applied. Economic studies, usually of limited
scope, have been associated with most of these developments.

In contrast with other desalination processes, in which the cost of energy
is a very important, if nct the major element in the total, solar distillation
involves virtually no energy cost., Experience has shown that the cost of
operating lsbour is minimal, in comparison with that for conventional

"desalinstion processes. ‘Thus, the cost o plant investment and those items

of expense directly related to cepital requirements are the all-important
contro.ling expenses in solar desalination. This means that the total
capital investment per unit of distiller production capacity, ccupled with the
interest charges on this investment and the amortization rate {depending
directly upon the useful life of the installation) are the primary and
contrelling elements in the cost of water produced in selar stills.

_ In the evaluation of golar distillation as a means of supplying fresh
water for consumptive use, three economic criteria mey usefully be examined.
These are: (a) at the point in question and for the volume of water required,

'+he relative cost of desalted saline water and natural fresh water obtained by
any known means; (E) the relative cost of various solar distillation
processes and several commercially proved conventional desalination processes
employing fuel or electric power as energy supply, unless natural fresh water
is cheaper than any known desalination method; and (c) the relative cost, over
the entire life »f the installation, of the several solar distillation
processes and variations which have been proved technically feasible, unless
one of the counventicnel processes is more economical.

Most of the development work in solar distillation and all of the
successful applications have involved the simple, basin-type still., As a
consequence, most of the economic data on salar distillation pertain to this
type of installation. In the discussion which follows, the basin-type solar
distiller 1s impliegd.

In solar distillation, as in virtually all industrial processes, the
following items make up the total cost of production: raw material; energy;
“interest on and amortization of investment (the latter also termed annual
depreciation); taxes and insurance; operating labour and supervision;
maintenance and repairs {labour and materials).
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Cost of raw wafer and energy

In solar distillation, the cost of raw materials and energy can be lumped

" together as the cost of delivery of salt water to the still basin. Cther than
the small amounts of chemicals needed to control the growth of micro-organisms
in the basin, salt water is the only raw material involved in the process.
Except in unusual situations where brackish water might be available at a level
above that of the basin, a small amount of energy will have tv be used to pump
feed water to the feed tank. BSince the energy for evaporation is derived from
the sun, there are no additional energy costs. Energy may be needed to pump the
distilled water to storage or distribution systems; its costs may be included in
the storage and distribution cost, rather than as part of production.

Sea-water at the shore may be considered a free commodity. The cost of
brackish water in a well would have some finite value, depending upon the cost
of drilling the well and the various annual charges and productive capacity of
the well,

Analysis of typical examples of s%ill installations indicates that the
total cost of raw feed water and energy for pumping in a solar distillation
plant could be expected to range from about $0.03-$0.10 per 1,000 gallons of
product water. Slightly lower costs could be applicable in favourable
situations, while considerably higher costs could be involved in smaller
installations very unfavourebly located with respect to the salt-water source.

Capital costs of solar stills

There have been numerous estimates of investment requirements in basin-
type solar stills. Some of these have been based on actual experience in
construction of various sizes of practical installations. C(thers have been
based on extrapolations to larger size units of the actual costs in smaller
.installations. Still others have been based on somewhat speculative
.. -considerations involving the prices of materisls and estimates of construction

- labour requirements,

It is clear that investment will very with the cost of materiels used
and the wages and time requirements for construction lagbour. As indicated
below and in the published literature, the actual experienced costs of building
bagin-type solar stills in sizes ranging from 3,00C to nearly 10C,CO0 square feet
have been on the order of $1-$2/sq. ft. This range appears to bracket nearly
211 of the large experimental and practical solar stills constructed throughout
the world, representing a considerable variety of materials, sizes and labour
wage rates.

In several of the development programmes resulting in the coenstruction of
these distillers, reasonebly firm estimates of cost, either in larger units
(particularly when based on distillers with an area of 3,0C0-5,0C0 square feet)
or in situations where experimental and other unusual facilities would nnt be
included, show total investment requirements for materizls and labour of
construction ranging from slightly below to slightly sbove $1/sq. ft. Some
of these estimates have shown capital costs as low as $0.6C/sq. ft., and the
actual costs in one installation (Muresk, West Australia) were about $0.60.
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Capital cost zlone is not a suffieient criterion for comparison of one solar
. 8t5ill with another, because it cannot be used directly in measuring the cost

of-a given. quantity of distilled-water product. Capital cost can be decreased
by sacrifices in design which may reduce the water production rate and the

- service life of a solar still, both of these factors tending to increase water

. costs. It is primarily the comblnatlon of three items -~ capital cost, solar

-+ distiller useful life and annual water output - which are the controlling

0 T PSR S,

f solar-distillation.

_”IuLEUIh in the economics

Cl

The diastribution of the required investment into the materials and
construction labour categories depends heavily upon the distiller design and
upon the wage rates in the regicn where it is built. In some installations,
the proportion has been about half and half. In others, particulariy those in
the less industrialized countries, a considerably larger proportion of
investment has been used for materials. Table 4 shows some actual and projected
investments in solar stills and their approximate distribution inte various
categories. Comparisons of similar items between different installations must
. be made judiciously, however, because of large differences in materisl prices,
labour rates, distiller sizes, accessory facilities and other factors.

_ It should be recognized that there may be considerable varistion in capital
. costs, depending upon location. Availability and wariability of sunshine is a
major factor in unit output, hence in distiller size and cost. The price of
‘materials and their cost of transport to the site is affected by the extent

of industrial development of the country and the accessibility and distances
involved. The skill, avamilability and cost of construction labour comprise

a third major variable.. Hence, the cost of even a fixed design may vary

widely, perhaps as much as S50 per cent, from place to place. Therefore,

capital costs must finally be based on the conditions in a specific location.

This generalization may be emphasized by some comparisons of the data
.8iven in table h Io the small still at Daytona Beach (Unlted States of
America), 37 per cent of the total investment (§2.30/sq. ft.) was in
nstruction labour; and in the projected still {1 million sq. ft.)} in the
“United States, 35 per cent would be labour cost. Materlal costs are $1.11
and $0.72, respectively. In the Patmos (Greece) still, however, only
19 per: cent of the $1.65 total cost is for labour, while materials were $1.34.
‘The lower wage scales in Greece (roughly $2 per man-day) compared with those
" in the United States (averaging about $25 per man-day) are responsible for
- most of the difference. Thus, unless considerable importation of materials
- s requlred (seldom foreseen because of their nearly universal availability),
" ‘the costs of comstruction and operation of solar stills will be significantly
lower in regions where labour wage rates are low. Appraisal of capital cost
can be very roughly made by considering materials at $0.60-$1.20/sq. ft.,
depending vpon size and design, with copstruction labour estimated at
0.5-1.0 man-hour/Sq. ft., depending mainly upon the degree to which labour-
saving techniques and equipment are used. In projected large-scale designs
“in the United States, constructicon labour appears reducible to sbout 0.1 man~
hour/sq. ft.

T ‘Working capital has not been included in the investment requirement
- because it is a small item in tae total. Land cost is another small item
ﬁwhiqh is effectively inecluded in construction costs. Even at the high value
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: _-'Ib,ble_:-"k. _Capitel costs of solar stills

las Marinas atill
{9,350 square feet)

Daytona Beach still
(2,650 square feet)

Patmos still

{86,000 squere feet)

Projected still, United
States of America
(1 million square feet)

Actuzl coets
{dcllers per aquare foot)

Materiais Iabour Total

Actual costa.
(dollare per square foot)

Actual costs
{dollars per square foot)

Materlels Iabour Tokal

Estimated costa
{dollars per square foot)

Materiels Iabour Total

Iand preparction 026 _ L0l 32 .36 LOL 00 .10
Concrete beams 211 .25 .15 ko .19 .10 .29
Hasonry +063 07 LOh LAl .09 .16 Ok .10
" Basin lining 32 .19 .51 26 .15 .10 .25
Glass covers o 7 Ak .51 23 .25 20 .35
Piping, channels ' .188 .03 .01 Nl .06 .03 .0l 04
Miscellaneous equipment 2hG +05

Tlectrieal . 178 J .05

Speeial works b6 .19

Distillate troughs .03 .02 .05 .03 .00 .05
Aluninium frames .28

Contractorts fee ) 32 12
Subtotal 1.1n .87 1.21 L2 e

Total ' 1.56 2.30 1,51 1.30%

* Coneidered reducible to .60, .30 and .99, respectively.




of $l,000/acre, the land cost is only $0.025/54. ft. At typical valzes of
land near small communities in arid regions, this item would be well below
1l per cent of the total investment in the plant. It should be observed,
however, that flat land is required for most types of solar stills, snd that
if sighificant levelling is required, the cost of land preparation may be
substantial.

Investment in distribution systems is not ineluded in desalination plant
costs because such facilities, to the extent used, may be considered part of
apy water-supply system, whether desalted or naturally fresh. Since the costs
associated with distribution vary widely, from zero %o probably a dollar or

more per 1,000 gallons, their inclusion would cobscure the economic comparison of
processes and sources. Hence, the foregoing capitel requirements and the
subseguent operating costs may be considered those "inside the fence"
surrounding the solar-distillation plant itself. Since water storage is an
ipherent feature of solar distiliation, the cost of storage for this purpose

is a proper charge against the process itself, as is discussed later.

Amortization of investment

Of all the items affecting the cost of solar distillation, depreciation

of the eguipment is least well established. No durable solar still has

operated for a sufficient length of time to establish by experience the useful
life of the installation. Stills were operated experimentally at the University
of California (United States of America) from 1952 to 1959; a still built in
1962 at CSIRO (Australia) was still in operation in 1969, with the object of
determining life of components, Parts of the Las Salinas still in Chile
reportedly operated for many years. Estimates of useful life of current designs
are thus based on the limited experience to date and on the known or expected
service life of the materials of construction.

The large solar stills built thus far may be conveniently divided into

two main types for the purpose of estimating their service life. One type has
been constructed of materials commonly used in buildings and other structures
 encountering environmental conditions similar tc those facing sclar stills.
These stills are composed primarily of glass, concrete, asphalt and bituminous
or other weather-resistant caulking materisls. Butyl rubber has also been used.

The other type of solar still has been constructed, st least in part, of
materials of less well-proved durability in this service. The most important
components are thin plastic films, which are used as transparent covers and as
basin linings. Metals (such as galvanized steel sheet), concrete and wood
have also been used. In a rather unique category, the Australian stills have
used materials in both of these classes, being primarily of common durable
materials except for the plastic film used as bottom lining.

N Considering first the useful service life of stills built with ordinary
_building materials, there seems to be a basis for expecting the components to
serve as long as they ordinarily 4o in conventional buildings. A minimum life
of twenty years should be expected, possibly ranging to Fifty years, depending
upon the gualivy of maintenance and barring destruction by natural disasters.
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Another important factor in the amortization of an investment, not related

to actual durability, is the expected rate of obsolescence of a de51gn or even
. _the -entire concept. The development of improved designs, perheps involving
cheaper or more durable or more efficient systems, might indicate that the
~investment in an existing, partially depreciated plant should have been amortized
more rapidly. Increased water requirements by a community, through population
growth or industrial development, might require such a large expansion in a solar
distillation plant thet other desalination processes or water sources could be
used more economically, Solar distillation is particularly vulnerable to
premature obsolescence because of its capital-intensive characteristies.

At the current stage of development in solar distillation and in other
processes of desalination, it would probably be imprudent to anticipate more
than g twenby-year useful economic life for & selar distillation plant. In some
locations, twenty years might be too long for realistic amortization. It appears
that the durability of the materials in this type of solar still is sufficiently
great that the limiting factor will be obsolescence rather than ghysical

- deterioration of the facility. Thus, with dursble stills it would seem that

twenty years is likely to be the maximum economic service life which can
-reasonably be projected. Estimating the service life of unproved designs must
be done with considerable care.

_ Very limited experience has been achieved with solar distillers covered with
- plastic films. Confrolled weather-resistance tests of polyvinyl fluoride films
have shown, in bright sunlight, durabilities of several years. In actual solar
stills, however, wind, rain, mechanical prcblems and other factors have limitel
‘useful life to one or two years, or less., The "weatherable" films of polyester,
Polyvinyl chloride and polyethylene have even a shorter service life in still
applications. Other components of these stills can be expected to have longer
lives, depending upon their basic characteristics. Depreciation costs in such
units might therefore be considered to be made up of two principal items, those
involving slow depreciation of the more durable components and those involving
repid depreciation of the plastic fiims and the expendable or replaceable items
‘directly associated with them. In expectation of some improvements in plastic
films and their use in solar stills, the projected depreciation rate on the
transparent plastic covers: might Le based on a useful life of no more than
three years, involving therefore an annual depreciation rate of 33 per cent or
more of the cost of these components and their installation.

_ Although'considerably more detailed depreciation and amortization schedules
might be used, there is little justification because of the speculative elements

 involved. In the durable type of stills, cbsoclescerce, at a rate which currently

T to another.

is specuiative, appears to be the controlling factor. As ultimate usetul service
lives of plastic covers have not yet been well established, only the roughest
estimate can now be made. The figures suggested mbove arz believed to be in the
range that should be used for evaluation purposes at the current time.

Interest éharges

Interest on the capital investment is a significant item contributing to
. the cost ‘of solar-distilled water. It is also highly variable from one loecation
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Typically, governmental divisions and subdivisions are able to borrvow monay

.. at lower interest rates than are private organizations. Since it is probable

' ‘that most community water supplies would be provided by municipal or federal
- authorities, interest charges would probably be at the lower levels existing in
.. the region. In the industrialized countries, current prime interest rates range
.from 5 to 7 per cent per annum, with high-quality ccommercisl ecredit being 1 or

2 per cent higher. In the less industrialized countries, rates may be still

higher, up to 15 per cent or more.

Taxes and insurance

Taxes and insurance on a solar distiller can also vary widely, depending
upon the type of ownership and the accounting policies in the organization
concerned. With municipal or community ownership, there would be no taxes on
the facility; and the ample financial reserves of such a governmental authority
could make self-insurance adeguate. Thus, there would be no direct cutlays for
these items. A privately owned facility, on the other hand, might be taxed at
a prevailing rate; and insurance against loss would be a prudent expenditure.
Risks requiring coverage might include damsge by wind, earthquake, civil
-disturbance, vandalism, stray animals or vehicles, and liability for personal
injury to employees and others. In some situvations, putlic subsidies for water-
supply facilities may be applicable, thereby reducing or entirely eliminating the
charge of tax and insurance rosts.

Maintenance and repairs

For convenience, and also because the type of construction used in basin-
type solar stills tends to justify it, the ~ost of annual meintenance and repair
materials and labour may be taken as a certain percentage of the capital
investment. This percentage can soon, it is hoped, be appraised with some
reliability as greater experience in the operation of solar stllls is obtained.
o At the current time, only rough estimates can be made

; In estlmatlng both. labour and ‘maintenarice costs, lt must be assumed that
-che designs have led ta installations whzch, in the ordinary sense of the word,
- are "maintenance-free". If this is not the case, and if routire "working-over”
.~ of the solar still is. requlred the cost of this item becomes prohibitive. For
-example, if only one man is employed, on a full-time basis, to maintain a distiller
with an area of 100,000 square feet, and if each portion would have to be
. serviced only once a year, he would have to do the maintenance work on about
- 4C0 square feet each day. If such work as replacement of caulking, patching and
‘cleaning had to be done, this would probably represent all that he could
. accomplish. In an industrialized country, this would cost on the order of
. $5,00C per annum (mostly for labour}; and if the distiller has a ncminal
 production rate of 25 gal/sq. ft. per annum, the maintenance cost alone would
be about $2 per 1,000 gallons of water produced. In countries where labour
. rates are much lower, this cost would not be quite as serious - perbhaps being no
.more than $0.50 per 1,000 galleons. These figures show the great importance of
wirtually maintenance-free designs.

- With a durable solar still constructed of standard building materials and
_d531gned 80 as to minimize repair work, an annual charge of 1-2 per cent of
';Jlnvestment is considered realistic. In other words, repair requirements might be
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considered to be virtually only those to deal with damage or deterioration
_resulting from unusual conditions oeccasionally encountered. In comparison with

- other small-scale desalination processes, this is a very low meintenance cogt and
-one which can be readily borne even in small plants. Repair of the complex

. machinery characteristic of other processes is completely avoided.

For the less durable type of solar stills, i e., those employing plastic
film covers and bottoms, a greater allowance should be made for repairs and
‘maintenance. Costs of replacement of covers at suitable intervaels have been
included in the depreciation-amortization item, but the patching of small holes
in the covers, occasionel deflation (if the inflated design is used) to avoid
wind and rain damage, subsequent rain-water removal and reinflation would be
added requirements. Again, there is insufficient experience with these designs to
‘permit reliable assessment of this item, but for the current time, possibly
2-l per cent of investment would be a reasonable estimate.
N * In regions where wage rates are much lower than those in the industrialized
- countries, it would be expected that annual maintenance labour would be lower
than 1-2 per cent of invesiment. To some extent, th: lower labour cost may be
offset by higher costs of repair materials, particulariy if there are
- transportation problems. It thus appears that 0.5 per cent of investment should
‘amply cover repairs and maintenance in the developing countries. {These figures
are reasonably consistent with the low end of a range, based on experience with
developmental stills in Australia, of 10 to 40 man-hours per anmum per 1,000 sq. ft.
of distiller.)

" Summary of fixed costs

In the foregoing sections, estimates have been given of the annual
bercentages of the total capital investment in solar distillation facilities
which should be charged each year to depreciation, interest, taxes and insurance,
., and repair and maintenance. The sum of these percentages can be applied to the

';1nvestment and total annual fixed charges estimated.

' The total annual percentage of capital investment chargeable to water
productlon during the-year, based on the above-mentioned estimates and minlmum’

' government interest rates, appears to be approximately 9-12 per cent for a
~durable type of basin still and 17-20 per cent for a still requiring replacement
_of plastic films every three years. If the capital cost is approximately
$1/sq. ft, and if the apnual yield is taken as 25 gal/sq. ft., the annual Fixed
 eost would be approximately $0.09-$0.12/sq. ft. for a durable type of still,
lﬂcorresponding to $3.60-$4.80 per 1,000 gallons. If a distiller required an

~ investment of only $0.60/sq. ft., approxlmately the case in the latest Australian
.désign, and if a fixed charge of 13 per cent were applied {the higher end of the
.range ‘because of possible higher depreciation and maintenance costs with the

© cheaper materials), the fixed costs applied to water production would be about
'-~$5 15 per 1,000 gallons of product. If it is assumed thet the plastic-covered
diztillers could be constructed for about this same cost, applicetion of a
(weighted) 20 per cent annual fixed charge rate would result in fixed charges

-of $4.80 per 1,000 gallons at an annual production rate of 25 gal/sq. ft.
reduction of construction costs or improvements in yield would reduce this cost.




Here, a nominal annual production rate of 25 gal/sq. ft. of distiller has
been assumed. Obviously, this figure depends greatly upon the solar radiation
‘régime at the still site, upon some variations in performance due to design

and upon the extent to which performance might suffer because of deterioration
over-time and insufficient maintenance.  Although higher distillation rates can
be obtained, it appears improbable that arnual yields gleater than 30 gal/sq. ft.
can be realized without resort to expensive alterationsiin design, such as the
incorporation of bottom insulation or heat reuse facilities.

[

Qperating labour end supervision

The cost of labour for operating and supervising a solar still appears to be
the only item that is relatively independent of the total investment in the
facility. Operation does not include repair and maintenance, and refers only to
the routine tasks of providing for the supply and the delivery of salt water,
brine and distilled water to the various units concerned, the addition of treating
agents to the raw water and the product, the meintenance of records, the
collection of revenue from the users of the water and the ordering of maintenance
_services when required. Some of these tasks may, of course, not be involved in

particular installations because of their being assumed by other agencies.
. Somewhat uncertain at this time is the need for occasional cleaning and flushing
_of the salt-water basin, The growth of slgae and other organisms does not appear
detrimental, but it is possible that periodic removal will be found desirable.

) The nature of the solar distillation process is such that it is virtually

© self-regulating. The only manual tasks are the switching of pumps for “eed- and
‘product-water handling and possibly the addition of liguid or solid chemicals

to these streams. Even If these tasks are perfirmed mernually (rather than
"automatically), and if the "paper work™ mentioned above is included, only a few
man-hours per week are required, regardless of the size of the still. Practical
solar stills for commurity water supply would therefore normally be cperated by a
- person who had other duties and who could conveniently copbine these tasks. If
- .80, only a portion of his wages should be chargeable to distiller operation.

. The cost of these services would depend upon their extent and the prevailing wage
scales.

- There are solar stills currently in operation which are virtually unattended,
except for occasional checking for major damage; and plans for c.mpletely self-
. operated units have been made, Study of several examples indicates a lack of
reason for operating labosur and supervision to exceed a maximum of possibly
$1,0CC per annum, and it certainly cculd be much less. This amount is a relatively
small item in the cost of water from a large plant (e.g., above 20,000 gpd); but
in a small installation (e.g., 1,000 gpd average production), it could be
.excessive. It may be concluded that except in regions where relatively unskilled
labour is very cheap, operating labour should be minimized or eliminated by use of
automatic supply<and-delivery facilities. Where labour is available at a cost of
very few dollers per day, automatic cperation might not represent significant
savings. -

-t
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Tistiller productivity

In order to determine the total (fixed plus operating. cost of producing
solar-distilled water, per unit of product, it is necessary to know the quantity
of viater that can be delivered per unit of capital cost (or per unit of plant
area). 8till productivity has been discussed above in some detail (sne chapter IT,
section C). It was shown that still osutputs could be as high as Z% gal /sq. ft. per
annun, plus rain-water catchment, with some prospects for small improvement .

Storage cost

It is difficult to generalize on costs of preduct-water storage, as -utlined
in chapter II, section C. However, a sample calculation based on the example of
estimated still performance given in table 3; assuming nc rain-water catchment
and uniform water demand throughout the year t» be met entirely from the solar
still, is detailed in annex III. In this example, it is shown that summer-to-
winter storage can add about $0.54 per 1,CCC gallons to & water cost which is
otherwise in the range of $4.C0 per 1,0CC galions. This example is ome of very
high storage requirements. (Note that, in this example, collectiou of winter
rainfail, if asvailable, would reduce both required still size and storage
requirements. )

Cost, of product water

In review, the total fixed costs as an annual percentage of capital
investment, the total cost of supplying sait water to the distililer over a year's
time and the total operating labour and supervision expense, when added together
equal the total annual cost of providing solar-distilled water for use, This
amount divided by the total gallons of distilled water precduced (plus assured
collection and storage of rain-water) per annum eguals the cost of each gallon
of potable water produced. If all of this water car be used, this figuvre is also
the cost of each gallon of water used, The following equation, in which
- IE, MR and T1 represent the average value over the estimated life of the
singtallation, summerizes this relationship:

10T(TE + ¥R + TT) + 1coc(oe + &)

¢ = Al + Y
D “R)
where C = cost of water (dollars per 1,00C gallons);
I = total capital investment (dollars);
T& = annual interest and amortization rate {percentage of investment);
MR = annual mainfénance and repair labour and materials {percentage of
investment);
TI = annual taxe; and insurance charges (percentage of investment);
0 = annual operating labour (man-hours);
¢ = operating labour wage (dollars per man-hour);
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Y, = eanmual unit yield of distilled water (gellons per square foot);

o YR' = annual unit yield of collected rain-water (gallons per square foot);
. A = area of distiller on which yields are based (square feet);
8 = total cost (fixed and operating) of salt-water supply.

: Since some of the items in this equation depend upon gross distiller size
and some do not, an actual cost figure mist be Lased on a specifie total size.
The major part of the total cost, however, is in the fixed costs related to
. capital investment, and since capital 1nvestment is nearly directly proportiocnal
%o distiller size (after the relatively constant costs of pumps, piping and
accessories have been greatly exceeded by those costs proportional to area),
most of the water cost in sizable plants {i.e., with average annual capacities
_.of 10,000 gpd or more) can be determined without reference tc a specific
‘:. ..distiller size. Thus, if the total annual fixed charges are 10 per cent and
- the still costs $0.60-$2.00/sq. ft. to construct (1neluding storage and
. auxiliaries), and if the annual productivity is 25 gal/sq. ft., the resulting
fixed cost of $3-$6 per 1,0CC gallons represents uearly the entire cost of the
'-_solar—q;stllled water produced. To this can be asdded a few cents for the cost
. of supplying the necessary salt water to the still, either from the sea or
.- - from a brackish well. Operating labour expense (which might be virtually zero)
.. would have to be added to obtain a total cost. The operating labour would
."_depend upon the size of the installation, when reduced to the basis of
- 1,000 gallons of product. It might, of course, be an appreciable item if the
~ solar distiller were quite small (say, in the hundreds of gallons per day).
Lastly, this cost of $3 to £6 would have to be adjusted if any part of the total
output of the distiiler could not be used unless additional facilities were
provided. These cost estimates would be affected by rain-water collection,
. €.8., if an sdditional 12 inches of precipitation. were. to be collected, stored
-and used, the: ‘total fiked costs quoted above could be. reducnd per 1,600 gallons
-of usable water.

Applicatzons of solar distillatlon and alternative supplies
in 31tuat10ns of high water cost

: ' The approximate costs of solar-distilled water have heen shown to be

.$3-46 per.1,0C0 gallons,. plus storage costs, less the value of recovered
“ralnfall,: Thesn costs can be compared with the costs of alternative methods

_fof supply, from naturally fresh sources and other desalination processes.,

L There are numerous examples of expensive water supplles and of situations
~;-where populaticn or economic development are water-limited.

. In a number of locations where solar stills have been constructed and
‘where other desalination processes have been put into service, the cost of
'existing supply replaced by the desalination unit has ranged as high as $7
or.‘more per 1,000 gallons. A%t this upper level of cost, the water was

t anfported at several locations by truck, railway tank car, mules, and small
_nker, and by humans .




In some of these locations, there have bheen existing supplies of water of
. such low quality (containing several thousand ppm of dissolved salts) that it was
. virtually unusable for human consumption., DIrinking water was provided by other
means, such as those noted above. In effect, therefore, dual supplies were
provided in these locations.

In the arid zones of the Turkmen SSR, if the consumer is more than
50-60 miles from sources of fresh water, it is more economical o use solar 3tills
than to bring in the water by truck or to collect rainfall (24). For the central
and eastern parts of the Kara-Kum Desert, the cost of water brought in from a fresh-
water source at a distance of 70 km from the consumer would be $20-$25 per 1,000
gallons (25). ©On the Makram ccast of Fakistan, the cost of trucked-in, slightly
salty, but drinkable, water is $43 per 1,0CC gallons. Numercus other examples of
high water cost, all at small levels of demand in sparsely populated areas, can
be cited.

In many countries, there are large areas of unused land where thers is
sufficient vegetation for live-stock grazing bubt inerfficient drinking water
for survivel of the animsls. In several semi-deseris, there are known supplies
of saline water near or on the ground surface; and there are other areas where
shallow brackish agquifers may exist. Severzl studies, particularly those condus ed
in Australia and the USSR, have shown that the provision of desalted water for
drinking by sheep and cattle at suitably spaced watering points, would permit
utilization of such lands. Solar stills, supplied with saline well water by
wind-operated pumps and completely automatic in aperation (subject only to
pericdic inspecticn}, have been designed for this service: and economic eveluabion
has snown that the cost of water installations can be more than /7s=% by profits
on stock-raising. An Australisn estimate shows that a snlar siili of sbout
L,50¢ sg. ft. might be built for about $2,5CC, and that it would supply water
for 350 sheep (for a water cost of about $4 per 1,00( gallons) grazing on waste
land. The first cost of the sheep plus the distiller investment would be abiout
$4,50C; and with an estimated net increase in sheep value of $2 per animel per
.. -annum, the $70C gain would represent an annual return on invested capital of better
~.than 15 per cent. Estimates based on cocnditions in the Turkmen SSR have led to
~ similar conclusions, i.e., that pastures nov unused can be used for stock-grazing
- “and should have water supplied by solar stills, It thus appears that when solar
§tills requiring only intermittent attention have been developed to a dependable
 level, they should have considerable use for live-stock watering in arid areas.

As there are limits to the distance animals can walk from grazing to
watering, this application needs a large number cf small widely distributed
desalination Plant=. This appears to be an ideal application of eolar cdistillation,
and one for which solar distillation is uniquely suited. When considering the
distribution of desslination facilities in this manner, hcwever, care must be
teken in the disposal of the brine concentrate discharged froem the still.

Desalted water obtained by sclar distillation versus conventional processes

The cost of solar-distilled water is about $3-$6 per 1,000 gallons, and it
is not very sensitive to plant size at capacities above asbout 5,0CC god. The
total cost would rise at lower capacity, due to the influence of operating
" labour costs (for non-automatic plants) and the nearly constant capital cost items,
such as pumps and auxiliaries, At sizes substantially above this figure, the
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economies of scale would <perate to some extent, but the capital cast of the
installation per unit of capacity would not decrease as rapidly as does the
cost of most process equipment.

There are large (millions of gellons per day) commercial plants desalting
sea-water at costs of approximately $1 per 1,CCC gallons, and designs of very
large conventional evaporation plants anticipate total water production costs
dropping below $0.50 per 1,000 gallons. It is amply clear that solar distillation,
in its current form, cannot compete and can never be expected to compete with
these large evaporation plants.

On the other hand, the opevation of a conventional multiple-effect
evaporation system at cutputs as low as 10,000 gpd, or even 50,C00 gpd, would be
extremely expensive, Cost analyses have shown that at capacity levels below
25,000-50,000 gpd, an estimsted product cost of $3 per 1,000 gallons for solar
distillation is lower than that achieved by any cther existing process when
operating on sea water in e locality where power supplies have to be especially
provided. This is particularly true in areas where labour rates (for c.nstruction)
are not high and where the availability of waste heat, power-supplies, and skilled
maintenance labour are severely limited. The vapour-compression process is now
the closest competitor when desalting sea-water in the 2%,00C-50,0C0C gpd capacity
range; at 10,000 gpd or less, vapour compression cannot nhow compete with solar
distillation in a good climste.

It may be concluded that if a need exists in a community in which there is
abundant sunshine and in which there is 2 reguirement for potable water in the
-range of up to, say, 25,000 gpd, a solar still can provide the most economical
supply of desalted sea-water. For demands appreciably above this level, further
analysis of factors must be made, including veriation in seasonal demand,
variation in seascnal output of solar distiller, specific coat factors,
availability of storage and most recent information on the cost of conventional
Processes in the size ranges required. Above about 50,000 gpd, non-solar methods
' now appear to be most economical.

It should be noted that if brackish weter is the source, salt concentrgtion
is an important fecter in determining water cnsts from membrane processes
 {electrodialysis and reverse osmosis); the costs of these processes in sizes

. below 50,000 gpd would need to be compared with costs of solar distillation,
and they may be lower.

As noted previously, the capital-intensive nature and long life of solar
--distillation may indicate the choice of other processes if a rapidly expanding
water need beyond the normal range of solar distillation (up to 25,0C0-
50,00C gpd) is foreseen,

On the other hand, within the range in which they are most econcmical,
solar stills have the advantage that additional capacity can generally be added
in any increment, reducing the need for over-design of the plant. Thus, unless
water demands are expected to rise above levels approaching those at which
~ competing processes become cheaper than scolar distillation appreciably before

' the solar plent is amortized, solar distillation can offer maximum economy.
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Surmery and conclusions regarding econcmics of solar distillation

Although the costs of sclar-distilled water cannot yet be appraised with
certainty, technical and economic data based on nearly a dozen large solar stills
in four countries have recently permitted some usable cost estimates. Raoin-type
solar stills of durable materials can be built in sizes of tens of thousands of
square feet at costs of $0.60-$2.0C/sq. ft. At these costs and with typical
productivities, amortization rates and other operating cosis, solar-distilled
water can be produced in favourable climates for $3-$6 per 1,000 gallons. If
rain-water collection is inciuded, the cost can drop appreciably below §$3.

Cf the various types sf solar stills heretofore proposed and tested, those
employing durable building materials, such as concrete, asphalt, glass and
non-correding metal, appear to have the best prospects for expandea use; and
they currently represent the cheapest source of solar-distilled water.

Comparing glass-covered basin stills with plastic-covered stills, there is
as yet no firm evidence >f a substantial difference in the capital costs. This
mzy be ascribed in part t£o the newness »f the films themselves and the designs
incorporating them. Cince more conventional metho>ds and materials have been
involved in the durable type cf stills, somewhat less experimentation has been
igvolved in their construction. Thus far, therefore, the glass distiller, with
its longer service life and lower depreciation costs, yields water at lower
cost than does the plastic still. The cost ratio is roughly equal to the ratio
cf the two effective fixed charge rates, which were previously seen %0 be about
10 per cent versus at least 20 per cent per annum.

As to future prospects, there appear to be possibilities for substantiasl
reduction in the capital cost of plastic-covered stills, conceivably to a level
approaching half that of most of the glass-covered designs. If this can be
achieved and if a reasonably trouble-free design can be developed with a plastic
film having an assured three-year service life, and if the film and its
installation could be provided at a cost of $0.10-$0.15/sq. ft., the water cost
would be in the same range as that from typical glass-covered units.

In the entire field of desalinatisn, solar distillation can have economic
advantages in capacity ranges up to possibly 50,000 gpd and most certainly up
to 25,000 gpd. For small communities in climates of goeod radiatisn, in areas
where power supplies or sources of waste heat are not readily available and
where skilled labour is at a premium (features common to essentially "remote"
or "isolated"” communities or water demand centres), sclar stills have a distinct
economic advantage over other processes for desalting sea water. The total
vater production c2st, although much higher than usual large-scale fresh-water
supplies, can be substantielly cheaper than sltermative sources in many locaticns
where potable fresh water is unusually scarce and expensive. In addltion, the
rather low foreign exchange element of solar-still costs (where locally available
materials of construction are used} may be of specisl economic importance.
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IIT. TRENDS IN SOLAR DISTILLATICN

A variety of processes and systems have been proposed for using solar energy
to cobtain potable water. The basin-type still previously described in detail is
the system most advanced in its technology. Other processes - which have been less
extensively studied, which may combine water production with other functions, whirch
may depend upon developments in other areas of research and development or which
may be of a more speculative nature - are here briefly discussed. Any of these
processes could conceivably have significant impact in reducing the ecast of potable
water supplies and widening the current rather narrow scope of solar distillation,

Discussed below ere five groups of potentially significant developments:
- (a) further evolution of basin-type stills; (b) other types of solar stills;
(c) system using combined energy sources (solar plus other); (d) multiple-purpose
systems, and (e) systems in which several functions are closely inkegrated.

A. Evolution of basin-type stills

There are continuing research and development projects concerning basin-type

. 5tills, The energy balances on these systems indicate that it will not be possible
‘to realize large increments in productivity (at the maximum, yield improvement
might he one third over current yields), and efforts are directed primarily at
reduction in still costs. Engineering developments are lowering still costs and,
in some cases, resulting in improved performence. Several approaches may be
considered.

. .Reductions in cost through the use of inexpensive local construction materials
. or_inexpensive lccal labour, or through factory production of inexpensive standard
fparts with subsequent assembly at the site are conceivable. Caution must be
- exercised, however, to ensure that substitution of materials shall not
:-correspondlngly reduce still productivity and especially still service life.

E - Use of transparent plastic covers has been noted. Further development of

d “1ow-cost long-lived plastic films with desirable optical and mechanical
"propert;es, combined with further engineering development of plastic still design,
may result in reduced distilled-water costs. Other materials development, such as
" mgterial for basin liners, adhesives for glass or plastics, and structural and

© . collection trough materials, may also result in cost reduction. (For example, the
recent availability of a flexible silicone adhesive for glass has resulted in the

© . " simplification of methods of cover assembly and lower costs for the CSIRO still.)

Manufacturing methods for solar stills may evolve in either of two

. directions. Manufacture on site with local materials and labour has been noted.
In contrast, factory production of modular units, which can then be assembled in

?multlples ‘on site, may offer greater flexibility in design, control of still

:quallty and econony. The scale of the solar-distillation process may have an

effect on the choice amorng a spectrum of these alternatives; sizes in the range

of, for examplz, 10, CCo grd or more may lend themselves tc more cn-gite




fabrication and to greater use of heavy materials such as concrete, while smaller
stills may be better adapted to factory production of at least some of their

components, It can be expected that engineering and cost studies of these

aiternatives will result in steady orogress towards lower still costs, but
rrehably not to large decrements in water costs,

A further development to be foreseen in basin-type stills is towards smaller
seale applications, i.e., less than 50C gpd. Some development work is ia progress
on "family-size" solar stills for small isclated groups of people. These should
ba able to produce potable watcr at costs that would be competitive with any other
currently available deswlination process. A modular concept of a well-engineered
5till can provide flexibility in capacity to meet a range of water needs.

B. Colliection of solar energy: sclar ponds

The solar distillation process involves essentially two basic operations:

" the collection of solar energy; and the distilliation process itseif. The basin-

type still combines these functions in a single unit. Other designs separate them,

- to admit the possibility of multi-stsage distillers and energy reuse (which is not
‘possible in basin-type stills).

If solar energy collection is separated, the solar-distillation problem is
put in other terms. What is the cost of delivering energy from the solar ccllector
to the still; how does that cost compare with the cost of energy from other sources;
and what effect does the nature of the solar-collection Process (it is temperature-
limited and time-dependent) have on the cost of the distillation part of the
process? It appears, on the basis of experience to date, that solar-collected
energy for operation of conventional stills is not competitive., Very significant
developments must occur ir solar-collector technology before systems with separate
collestor and distiller will become economically viable.

One’ salar-collector development that is worthy of spec1al ncte is the solar
pond (26;:27). This is a concept: for collecting solar energy in large amounts

'_“f:WILnout the .use of glass-or plastic covers. The solar pond is a black-bottomed
-~ . pond- of 1-2 metres depth contalning water having a salt concentration that
..lncreases from the top surface to the bottom. The salt concentration gradient

results. in a density gradient so that the pond can heet up at the bottom. The

~_heat stays at the bottom in static, non-convecting layers, with the overlying
water providing good insulation. Heat is removed by decanting the botitom layer of

hot solution from the pond, and temperatures over_goqc have been achieved in
experimental ponds.

'The collection efficiency of such a pond depends upon the conditions »f use,

"but a figure of about 20-25 per cent is expected in real operating ponds., It may

immediately be seen that, provided the cost of lining such a pord ard operating
the system are reasonable, this can be a very cheap soumce of calories in a sunny

_climate, For example, & pord having an area of 1 ko® in a sunny location would
provide 0.4 x 1012 keals of heat per annum or the equivalent of 50,000 tons of
fuel oil (burnt at ‘B0 per cent combustion efficiency). If the price of fuel
delivered to a remote site is $20 a ton, this is an annual value of $1 wmillion,

. -Calculations show that the capital cost of such a pond is likely to be on the
order of $2-$3 mitlion, so that if operating costs are reasonable and a number of
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years of amortization are allowed, the solar-pond energy can be competitive with
energy from fuel.

(The situation mey be even more encouraging if the pond is used to produce
salt with distilled water as a by-product. This aspect is further discussed
below. )

At the current time, it is believed that the solar-poud concept is not
suited for very small installations as the complexities which are justified for
a2 unit of 1 million m~ may not be justified for plants of a few thousands of
square metres. The minimum size at which a solar pond would be justified is
not yet kmown, but it appears that it may be on the order of 10,000-5C,000 m .,
45 this is about the upper end of size for basin-type stills, the solar pond
would not compete with the basin-type still, but could be complementary to it,

The solar pond has interesting potential, but a great deal of additional

research and develcpment is needed before econamic evaluations can be completed
- and designs specified.

C. gombined energy-source systems

Waste heat, in the form of warm water obtained from a variety of sources
or warm water originating from geothermal sources, can be used to augment the
output of a basin-type solar still without reguiring a waste-heat steam
generator, This couwld provide a significant inecrement to solar-still
production in cases, for exar-le, where diesel-generated power is used at a
‘highly varisble rate, such = for evening illumination of a viliage or for
operation of a refrigeratic plant with on=-off control. When warm (saline)
waber is available from the diesel, it could be canalized into the solar
distiller and thereby augment its output (e.g., by cperation at night). In
contrast, other desalinaticn processes would require expensive secondary
equipment to utilize waste heat in warm water. Preliminary estimates are that
the cost of incremental improvement in still output might be $1-$2 per
- 1,000 gallons, Further studies are needed to develop the best methods of using
waste heat in stills, to assess more accurately costs and improvements in still
productivity and to determine the potential extent of application.

D. Multiple-purpose systems

Multiple-purpose processes, producing combinations of products {water ani
salt, or water and power) offer some encouragements in those unique situations
where & combinatioh of appropriately related needs exist.

The solar pond described above could potentially produce both salt and
‘distilled water. For a plant whose primary purpose is salt production and
where the salt has a sale value of $3-$4 per ton, a water cost projection of
- $0.20 per 1,000 gallons has been made (28). Solar ponds have been considered
~Tor production of power only, water only, salt only or combinations. It must
- be observed that they are projected large and relatively inexpensive solar
collectors and are potentially adeptable to a range of preducts.




Observations may be made on the possibilities of salt production in
conjunction with solar distillation. First, normal solar-distillation practice,
when using sea-water feed, is to evaporate about one half of the feed water.

The effluent brine is then at z concentration of gbout ? per cent, rather than

its original 3.5 per cent. It is stil]l a dilute brine for salt production, but

it has had about one half of the water removed. Secondly, in the relatively
remote or isolated areas of most likely application of solar distillation,
production of salt can quickly saturate local markets if an appreciable part of the
brines from a solar gtill was evaporated to produce salts.

The value of salts other than common salt (NaCl), contained in brines
other than sea water, can be assessed through analysis. A combined distillation
and evaporation process can then be evaluated as a possible process for both
water and salt recovery. This could result in economic application particularly
vhere the mineral to be recovered has a high sale value.

B. Integrated-function plants

If the use of the distillate, i.e., the product water, i= or can be
structurally related to the collection of solar energy or to the solar-distillation
process, an integrated or multiple-function plant may be feasible. For example, if
a large greenhouse is used as a collector-distiller for growing plants, and the
evaporated and transpired water vapour is recondensed on the cover of the
greenhouse, the plant growth regquires a much smaller supply of distillate than
if there were a separate distilling plant supplying water for open plant growth.

In this process, the 'still" provides a second profitable function at some cost,
with the possibility of increasing economic viability. (Under ordinary
circumstances, the cost of distilled water is too high, by one or twe orders of
magnitude, for use in agriculture; reduced water consumption, coupled with
intensive centrolled cultivation of valuable crops, could conceivabiy be of
economic interest.)

: Put in another way, solar-operated plants under some circumstances should
-.not be compared only with alternate, single-purpose desalirnation schemes. Rather,
it may be advisable to look at all requirements of the users (e.g., for heat,
power or other related commodities) which may be associated with water demand and
production. The economic viability of such integrated processes will depend, in
all likelihood, upon successful technological and economic development of
unconventional approaches to meeting the associated needs .

As an illustration of this approach, although it is not in the usual sense
a solar~distillation scheme, a programme may be cited of research and development
on an integrated system for economical production of power, water and food for
coastal desert areas (29).

Power ig generated by a diesel generator, which is unconventional in that
it is equipped with waste-heat recovery equipment to recover much of the two thirds
of the fuel energy that is normally rejected through the cooling system and in the
hot exhaust gases. The reclaimed thermal energy heats sea-water feed to a humidity
cycle desalination plant to 160°F. Ten per cent of the feed to the desalination
plant is converted to distilled water; the other SO per cent, which would normally
be thrown back to the sea as waste, is combined with additional sea water and
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pumped to the interior of large inflated plastic greenhcuses. The air within the
greenhouses is contisually circulated through a packed column heat exchanger
countercurrent to the spray of sea water. The sea water, by sensible heat transfer,
modulates the temperature ingide the greenhouses and maintains the humidity of the
aiy at egsentially 100 per cent. The exhaust gases from the diesel are purified

in a sea-water scrubber, and CCo iz pumped to the greenhouses for the
-photasynthetic process., Solar radiation provides energy for photosynthesisd

A combining of these functions in a single system offers advantages. First,
there can be a sharing of engineering effort, capital investment and operating
perscnnel. The thermal energy available as waste from the diesel engine, which
is operated steadily, is potentially less expensive than possible alternates,
including scolar energy. The product water of the desalination plant can be leas
costly than it would be from a single-purpose plant. The cost of distilled water,
however, is still far too great for conventional agriculture; but using the sea
water inside the greenhouses for humidity control, the requirement for the product
from the desalination plant for the food production sector is reduced to a small
fraction of what it would be in open-field agriculture. In fact, during a large
rart of the year, the greenhouses actually produce more fresh water than the plants
consume.

During a large part of the winter and at night for much of the year,
condensation of fresh water occcurs on the inside of the plastic-film greenhouse
cover and either rains down on the plants or runs off to be collected in
quantities greater than the plants require. While these greenhouses are not
proposed as a desalination tool, this indicates that they can be operated, at
least during a part of fhe year, in a mode where the distilled-water cost does
not enter into the economics of the gricultural production. Intensive agriculture
and plant breeding for growth in the unigue environment of the greenhouses ar.
resulting in yields of agricultural products well above normal levels.

It is not possible to say now what the economics of these integrated

processes might be. Success in research and development on the various aspects
of the processes will determine their applicability.
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Figure 1. BSolar still, Las Merinas, Spain




Figure 2. Schematic cross-section of basin-type solar still
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Figure 3. Schematic diagram of solar distillation plant, showing
major items of equipment
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Figure 4. Plan and sections of basin-type solar still, Daytona Beach,
United States of America
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~Source: Battelle Memorial Institute, Design of a Basin-Type Solar Still, Cffice
of Saline Water Research and Development Report No. 112 {Washington, D.C.,
United States Department of the Interior, 1964).
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Figure 5. Beam and glass seal details of basin-type solar still, Daytona Beach, Florida,
United States of America
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Figure 6. Plan and sections of solar still, Las Marinas, Spain
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Sources: P. Blanco, C. Gomella and J.A. Barasoain, Installation Pilote de
Potabilisation Solaire de "Las Marinas" (Espagne), Cooperation
Mediterrangen pour L'Energie Solaire Bulletin No. ¢ {(Marseilles,
France, 1965); P. Blanco, C. Gomella and J.A. Barasoain,
Installation de Potabilisation d'ean de mer et dleau Saumatre A
Las Marinas (Almeria), Coopération Mediterramden pour L'Energie
Solaire Bulletin No. 11 (Marseilles, France, 1966); P. Blanco,

C. Gomella and J.A. Barasoain, Projet de Dlstlllateur Solaire pour
1'Tle de Neuva Tabarca (Alicante), Coopération Mediterranéen pour
.L'Energle Solaire Bulletin Ro. 12 (Marseilles, France, 1967).

: Nnte- There are eleven upper glass-support beams and ten lower glass-support
- beams, each mounted on fifteen concrete block piers.
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Figure 7. Details of lower beam for solar still, Las Marinas, Spain
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Figure 8. Section of basin-type solar still, Commonwealth
Scientific and Industrial Research Organization,
Australia
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Figure 9. Secticn and frame details of basin-type solar still,
Technical University of Athens, Greece

Sources: Battelle Memorial Institute, Second Two Years, Progress on Study and
Pield Evaluation of Solar Sea Water Stills, Office of Saline Wafer
Research and Development Progress Report No. 147 (Washington, Urnited
" States Department of the Interior, 1965); A.A. Delyannis and
B. Piperoglou, "Solar distillation in Greece', Proceedings of the
TFirst International Symposium on Water Desalination (Washington,
United States Department of the Interior, 3-9 October 1965), vol. 2,

pp. 627-64G.
Key:
1. Concrete frame b, Distillate collection gutters
2. 8Sand layer for levelling 5., Aluminium frame
and insulation 6. Glass covers

5. Butyl rubber sheeting
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o Fig'ure 10, ”Schemat.ic dés_ign-'._for demonstration unit, small-scale basin-type
o : S 'g_ola:_"still, for use on Pacific Islands
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Sources: {. Nebbig, Researches in the University of Bari (Italy), Coopération Mediterranden pour
L'Bnergie Solaire Bulletin No. 5 (Merseilles, France, 1963); E.D. Howe, B.W. Tleimat and

A.D.K. Leird, Solar Distillation, Sea Water Conversiou Laboratory Report 67-2 (Berkeley,
University of Celifornia, 1967).




Figure 11. Schematic sections of plastic-covered basin-type
solar stills

Air-supported plastic cover
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Figure 12. Diagrammatic section of solar still, showing significant
energy transport streams to, from and within the still




Figure 13.
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Figure 14 Effect of solar radiation and loss coefficient on predicted
still output at T, = 809, Cyp = 16 and wind velocity of
5 miles per hour
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Figure 15. Comparison of predicted and experimental still
performances, Griffith, Ausiralia
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' Figure 16. Comparison of results of extended tests of capacity of basin-type
solar stills with results obtained from calculations
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Figure 17. Typical solar-still daily production ag & function
of radiation and average air temperature
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ANNEX T

ALTERNATIVE SOLAR-DISTILLATIGN PROCESSES

During the pest two decades, a number of solar-distillation processes have
been proposed. Some have been the subject of analysis and some of experiment.
It is of interest to review briefly the status of some of these processes and
the reasons that they are not being used (in contrast to several basin-type
stills).

Figures 18-20 are diagrams of a group of distillation processes in which
energy, in the form of heated air, heated water or power, is supplied from
solar collectors to more or less conventional distillation equipment. This
arrangement permits better energy economy through multiple-effect or related
© evaporation processes and reduces seolar-collector area requirements. Most of
these processes can be described as technologically feasible, but economically
infeazsible. The problems are twofeld. TFirst, energy cannot be delivered from
the collectors to the stills as economically as it can be from conventiocnal
sources. Secondly, the intermittent and variable characteristics of the energy
supply dictate that use factor on the distillation system is low (about cne
third) or that energy storage be provided. It will take a breakthrough in
. salar-collector and energy storage technology to permit the possibility of
economic interest of these processes.

Figure 2] shows a type of device that has been intensively studied, a
miti-stage vapour-pressure still (or multiple-effect diffusion still), in
which the total pressure remains at an atmosphere but there are establiched
temperature and partial pressure gradients from the hot side of the still to the
~ eold 31de._a/ ‘Both analytical and exXperimental studies have been made of these

. - devices. Thus far, it appears that devices of this kind cost more per unit of

. output than the basin-type still, even though the latter are less effective
. users of energy than the multiple-effect device.

B -.Many variations of the basin-type still have been proposed, two of which
.. are showm in figures 22 and 23. The use of reflecting surfaces, as shown in
- figure 22, has been limited to the application of mirrors to the rear vertical
surfaces of small units. While this enhances the output appreciably, these
" mirrors are costly and not very durable, hence the lack of prototype application,

Any discussion of the greenhouse type of unit would be incomplete without
‘menticn of the tilted-tray and wick-type units. The tilted-tray unit has the
virtues of very small water depths and more nearly optimum orientation with

'TJJE/ R.V. Dunkle, "'Solar water distillation: The roof-type still and a

- multiple effect diffusion still", International Developments in Heat
Transfer, papers submitted to the International Heat Transfer Conference,
1961 (Denver, University of Colorado, 1961), part 5, pp. 895-902.
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respect to incoming solar radiation and, hence, should show high efficiencies.
One version of this type, shown in figure 24, has been made in small sizes only,
‘These small units have performed well, but are expensive to construct and

- maintain. The tilted wick-type unit carries the water depth variation to an
extreme approaching zero. The version shown in figure 25 was tested for some
time at Daytona Beach. h/ Other experiments have been made in Italy ¢/ and
the TUnited States of America. E/ While these units behaved satlsfactorlly for
a short time, it was extremely difficult to keep the wicks uniformly wet and
without dry spots. There are no large installations of this king.

An experimental solar-distillation plant using a mulsiple-effect
humidification-dehumidification process was built in Sonora, Mexico. d/ This
installation, which was designed to produce 3,000-5,000 gpd, consiste of a
multiple-stage humidifier-dehumidifier designed to operate twenty-four hours

per day using hot water from a storage tank. This water is heated partly by
solar energy and partly by heat collected from the condensate. As is indicated
in figure 26, sea water enters the condenser at 78°F, is heated therein to 142°F
and finally is heated to 1S0°F by passing through a solar heat collactor. Thus,
‘only about one ninth of the heat energy is derived from solar energy.

The solar collectors were double-glazed, with one piece of transparent
plastic in contact with the water surface to prevent evaporation and a second
plastic sheet held above the first by air inflation. Evaporation in the packed
tower takes place due to himidifcation of air which is circulated through the

- packing by a blower in the bottom cross-connexion between the condenser and the
packed tower. The condenser consists of several tube bundles connected in
series. Finned tubing is used to increase heat~transfer rates on the air side.
Several pumps and blowers are needed to circulate the air and water through the
system.

bDifficulties with the plastic materials used for the solar-heat collectors,
plus the installation of a 60-kW diesel emgine in the vicinity, which can supply
economical waste heat, have resulted in the abandonment of the solar collectors.
‘Future solar operation of this cycle will be dependent upon solar-collector
- technology. The distiller portion of the plant is now in operation, using waste
"heat from the diesel engine; and the daily production rates achieved are as large
~ as the maximum realized during the most sunny weather with 10,000 sq. ft. of

- solar-collector area.

M. Telkes, "Flat tilted solar stills™, Proceedings of the International
Seminar on Solar and Aeolian Energy, Sunlon, Greece, 1961 (New Yorlk,
Plenum Press, 196%), pp. 14-10.

G. Nebbia, Kesearches in the University of Bari (Italy), Coopération
Mediterranéen pour L'Energie Solaire Bulletin No. 5 (Marseilles, ¥rance,
1963), p. 26.

- C.N. Hodges et al., Solar Distillation Using Multiple-Effect Humidification,
- Office of Salins Water Research and Development Progress Report 195
~ (Washington, United States Department of the Interior, 1966).
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Figure 18. Compression-distillation unit using electric
energy from solar power plant
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Figure 20, Multiple-effect evaporator heated by steam
from flat-plate csllector
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Figure 21. Multiple-effect solar still employing glass covers
and copper condenger-evaporator plateg
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Figure 22. Glass-covered evaporating pan with reflecting surfaces
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Figure 2k, Tilted-tray solar still
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Tigure 25. Tilted wick-type solar still

Brine outlet

?~Sourcp ' M. Telkes, "Flat tilted solar stills't, Proceedlng__of the International

“Seminar .on Solar and ‘Aenlian Energy, Sunlon, Greece, 1961 (New York,
- Plenum Press, 19647,




Figurve 26. Experimgnﬁal multiple-stage flash solar distiller,
Puerto Penasco, Sonora, Mexico
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Source: C.N. Hodges et al., Solar Distillation Using Multiple-Effect Humidification, Office of
Saline Water Research and Development Progress Report 1ok (Viashington, United States
Department of the Interior, 1966).




ANNEX II

THE THEORY OF SOLAR-STILL OPERATTION

: The bagic principles of operation of sgolar stills have heen stated and
~ developed a/ to the point where the numerical significance of the various
paremeters may be determined in relation to performance. The following has been
adapted from the recent report by Morse and Read. b/

The heat and mass transfer relationships which govern the operstion of a
golar etill in the steady =tate have been stated, E/ to which a term for thermal
storage may be added to allow for changing conditions.

S ~From figure 27 it will be seen that the energy input to the still comprises
. the radiation absorbed by the brine and trough system, & Hg, plus that absorbed

_.by the glass cover, xgHg. g/ The heat transfer to the surroundings is via the

'cover, Qga, and through the grourd and edges, Qp. There is also a storage term,

. Cwgs which includes the effect of the ground under the still, the water and

" the structural members of the still itself.

This may be expressed as follows:

dT
+ = w
qéHs ﬂhTﬁs' qga + + Cua EE_. (Equation I)

/. [G.0.G. IBL, J.A. Eibling and J.W. Bloemer, "Energy balances in solar
o distillers”, Journal of the American Institute of Chemical Engineers, (New
 York), vol..T, 1961, p. ONL; V.A. Baum, "Solar distillers', Proceedings of
. the United NMations Conference on New Sources of Energy, vol. 5: Solar
_Enpergy TTI (United Nations publication, Sales No.: 65.I1.40), p. 175;
V. Baum and R. Bairamov, "Heat and mass transfer processes in solar stillsg of
- hot box type", Solar Energy (United States of America), vol. 8, 1964, p. 78;
R.N. Morse and W.R.W. Read, "A rational basis for the engineering development
of a solar still", Solar Energy {United States of America), vol. 12, 1968,
e RTR —
. Morse and Read, op. cit.

R.V. Dunkle, "Solar water distillation: The roof-type still and a multiple
-effect diffusion still", International Developments in Heat Transfer, papers
i+ submitted to the International Heat Transfer Conference, 196l (Denver,

.- - ‘University of Coloradc, 1961), part 5, pp. 895-G02.
\iThé?ﬂoheﬁclatdie;useﬂ in this annex may be found in the explanatory notes,
SPpe oviiilo




Figure 27. Heat fluxes for g solar still




The heat transfer between the glass cover and the salt water is qp + go + qg,
vhile the heat flow to the surroundings is the sum of these heat fluxes, plus
the sclar energy absorbed by the glass, or

= + + + o~ : y
‘lga U T, T, gHs (Equation II)

. and the heat loss from the still base to the surroundings is

= (P - . Equation III)
q, = I (T - T) (Bquati )

The expressions for 9. 2, and q, are shown by Dunkle e/ to be

q, =095 /(T* 460)"* - (T + w60)* 7 (Equation IV)
- P -p _ T l,"_-‘:!
= oo +{ v Tug 2y i .o " .
q, 0.128 !‘ T, Tg (......___g ;(T\.; + hoO)J (Tw I'g;. (Equation V;

353,

- /B P - 1/3
= T + 0 . - . %
g, = 0.0254 Li“? T, ¥ %?ﬁf:ﬁ (T, + 460) . " “(p, ng) h,. (Equation VI)

Finally, it is necessary to relate the heat dissipation from the cover to
the ambient tempeiature, Ty. The long-wave radiation exchange may be talien as
being between glass at temperature Tg, emittance 0.9 and a black bedy at
(Ty - 20). The cinvective heat-transfer coefficient, hga, is dependent on wind
velocity, as follows:

Wind velocity (mph) 5 10 20
B BTV nour ¥, sq. ££.7R0FY 26 k7.2
©.  Accordingly:
B ), \
= . + - + L - . B i
%a 0.9~ (Tg L60) (Ta Lho) hga( t['g Ta) {Equation VII)

These seven equations camnot be solved explicitly, but a chart may be
construeted from vhich graphical solutions can be obtained.

From equation VI, figure 20 may be drawn by plotting 4. agzinst Ty for a

number of values of Ty;. For any point on a particular qe curve, the value of

. 9y * Qg may be calculated, so a second set of curves may be drawn through all
. values of Q¢ for which (4, + q¢c) = 5, 10, 20, etc.

From equation VII, figure 29 may be drawn by plotting Qga against Tp for
various velues of T,; and for differsnt wind velocities.

Now, by superimposing figures 28 and 29, figure 30 is obtained, by means of

- which equation IT is solved for a known initial water temperature, insolation,
ambient conditions and still characteristics.

¢/ R.V. Dunkle, idem.




Figure 28.
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Pigure 2%. Cover heat loss, Qgy> Yersus cover temperature,

for various values of ambient temperature, Tg,
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Figure 30. Characteristic chart for thermal performance of a solar still
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method is best described by considering the following example:

oL o =1 i
~h__ = 4,1 BTU hour'l, 54. ft.'l,oF-l, corresponding to e wind velocity of
© 8% 10 mph
+h . =1020 BTU/1b
‘%, = 1.0 BIU hour™, sq. £5.73,%
T = 8°F
a2
ug = 0.1
T =08
¥ = 0.9
flo = 0.98
- ~1 -1
H_= 3l.1 BTU hour ~, sq. ft.

Initial T = 120°F

- . The output of the still is 4, and is found by determining the iperating point
Py = such thet the length of the vertical intercept P,Q, (BIV hour™, sq. £t.71)

= + + '
0.1 Es Q. qc :

=31+ (q, *q,).

- 'The value of (qpr + ge) is read off the broken curves by imterpolation if
necessary, and the position of the line P,Qp moved until the above relationship is
-sgtisfied. This is a graphical solution of Eq. (2} and determines the value of Tee

One. then has

5¢ BTU hour']', sq. 7.7t

q, =
(q. +9,) = 30
g = 120 BTU hour'l_, 8q. pt.7t
ga
Whence, from equation I
' aT
c W=(n teor - -
ve v = (g T 90 " %
aT

16 _¥W =255 - 120 - 40
S )

Il




After an interval of one hour the new water temperature T, will be 125.5°F.
and the process is repeated for a new value of He and using a line drawn by
interpolution between Tw = 120 and I, = 130.

In this way, the daily output of a =olar still for a specified insolation
pattern may be determined as shown in table 5. The initial water temperature is
chosen 8o that at the end of the twenty-four-hour period it has returned to
approximately the seme value. When converting from g, (BTU hour~l, sq. rt.”1)
to output (lb/sq. ££.) it is necessary to correct for the nominal area of the still,
which ig usually different from the water area. For the sitille now in operation
at this laboratory, the ratioc of water to glass area is 0.89. The daily output
then becomes

2L
7
=2 f q_dtlb/sq.ft.
h - =]
W o)

0.89

related to plan of glass. The term Ng is introduced to allew for the fact that all
the water condensed on the cover may not be collected.
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Table 5. Estimate of hourly output {a,) of soler st111, using cheracteristle chert

(Insclation = 2,555 BIV mq. £t.°7, day™)

Pime -~ 6 T 8 9 10 11 Noom 13 1 15 16 17 18 19 =20 21 22 25 MN. 1 2 3 L4 s
H 28 111 1% 256 280 318 32k 311 262 233 133 86 U3 5 0 o o 0 ¢ © o ©0 0 ©
T, B5 85.5 90 96.8 104.8 113.2 1215 127.8 131.L 131.8 130,53 124.6 118.3 111.0 105.2 100.4 96.6 93.4 91.1 89.2 87.6 86.2 85.2 84,5
-, 3 11 18 =2 28 3@ 3 3@ 2 23 13 8 % 0.5 © co 0 o o 0 © © o ©
a4, 5 12 18 2k 31 36 38 ko Lo 37 33 0 0= 19 16 12 11 ¢ 6 5 3
9, 3 L 12 25 ko 6L B2 93 w0 9 B2 63 48 30 @2 1T 12 9 7 5 3 2
e 11 20 31 M T1 g6 12k b9 157 163 150 127 W00 79 53 ko 33 24 20 16 15 11 3] 5
N 5 6 1w 1T 2 3% k4 S51L 52 s 4 38 3 25 20 17T 13 11 9 & 6 5 5
0-08H 2.2 9 15 19 ez 26 26 25 21 19 11 7 L 0 ¢ ¢ ¢ 0 ¢ 0 ! Q ! 0]
Sub-

total 18 35 s6 &4 118 155 161 222 229 234 211 179 142 11 T8 &0 50 37 31 25 2% 17 13 10
O.9H, 25 100 166 212 252 286 292 280 236 2w 120 T8 39 L 0 © © o0 © ¢ 0 ©0 o0 o
[ T 65 110 128 134 131 1 58 T =24k g1 100 -103 -l07 -8 -60 -50 -37 -31 25 -23 1T -13 -10
Ay 0.5 ka1 6.8 8 8. 8,3 6.3 3.6 0,8 =1,5 5,7 =63 6.4 6,7 -4.B 3.8 -3.2-2,3 1.9 -1.6 -1,k -1 -0.7 -0.6
Note: Total q, = 829 BYU day ", sq. f%.”'; Daily output = 829 x 0.98/1020 x 0.89 = 0.71 Ib/sq. ft.




ANNEX IIX

WATER STORAGE REQUIREMENTS AND COSTS FOR A
SOLAR-STILL INSTALLATTON

_ The example given here is based on the predicted output of a still 100 times
larger than that considered in table 3, but otherwise similar (i.e., a still with
an area of 100,000 sq. ft.). The average output of the still over the year is

6,700 gpd.

Shown here is an estimate of the storage capacity required, assuming the
water need is constant at 6,700 gpd. Thus, excess summertime capacity is to be
stored for wintertime use. One hundred per cent recovery of stored water is
.assumed. No rainfall is included,

_ Column 2 of table 6 shows the average daily production, by month. Column 3
 shows excess (+) or deficiency {-) of average daily production, in relation to

' @aily needs. Column 4 shows the sums of the exXcesses or deficiencies in average

- daily production.

Table 6. Estimate of solar-still aqutput and sterage requirements

' Averagg daily Monthly zxcesses {(+) Sum ofhexcesses
Month output or deficiency (-) cr deficiencies
—_— (gallons) .
- April _ 8,300 +1,600
May _ 9,500 42,800
June - 10,300 43,600
- July " 10,100 +3,5400
“August 8,900 2,200
- September - 5 72,600 + 900 14,500
" October 5,300 ~1,%00
‘November 3,200 ~3,500
December 2,700 - -k4,000
- January 2,900 -3,800
- February 4,200 -2 ,400
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. Tfrom April through September, the months of excess capacity, a total
. estimated excess (at thirty days per month) is 30 x 14,500 = 435,000 gallons
" of storage capacity.

E If this excess is stored for use during the months of deficiency, October
- .through March, the still production plus water from storage will just meet the
-congtant average water need of 6,700 gpd.

-~ .. Thus, a storage capacity of approximately 435,000 gallons, or approximately
~ 65 days nominal capacity, is required.

The cost of the solar still, at $1/sq. ft., is $100,000.

The cost of the tank, assuming a horizontal steel tank of 435,000 gallons
~ capacity at $0.03 per gallon of capacity, is $13,100.

Thus, the increase in investment due to tank requirements is 13.2 per cent,

- -~ Assuming the annual total cost of 10 per cent of still cost, for both still

- and storage system, for the -annual output of 2,450,000 gallons (365 x 6,700), the
- cost without storage is $4.08 per 1,000 gallons; and the cost with storage is
$4.62 per 1,000 gallons.

- This example, which shows a 13 per cent increase in costs due to storage
requirements, is based on a "conservatively high" and long-term storage

' requirement. (It is of interest to note that a source of water available at
less than §%4.62 per 1,000 gallons would admit the possibility of use of the

- supplementary supply, less storage of solar-distilled water, and possibly a
smaller still.)
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