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CONVERSION UNITS

Multiply By To Obtain
LENGTH
Angstroms 10619 Meters
Micron 10¢© Meters
Inches 254 Centimeters
Feet 0.3048 Meters
Miles 1.609344 Kilometers
AREA
Acre 4,0469 Square meters
square Miles 2.5899 Square kilometers
VOLUME
Acre-feet 12335 Cubic meters '
Cubic feet 0.0283168 Cubic meters
Gdlons (U.S) 3.78533 Liters
Thousand Gdllons 3.78545 Cubic meter
WEIGHT
Moles ! Gram mdecule
Pounds 0.453592 Kilograms
FORCE/AREA
Atmospheres 1.033513 Kilograms per square centimeter
Pounds per square inch 0.070307 Kilograms per square centimeter
MASS/VOLUME (DENSITY)
Pounds per cubic foot 16.0185 Kilograms per cubic meter
MASS/CAPACITY
Pounds per gdlon 119.829 Grams per liter
FLOW
Acre-feet per year 12335 Cubic meters per year
Cubic feet per minute 04719 Liters per second
Gdlons per minute 0.06309 Liters per second

Gdlons per day 37854 Liters per day



CONVERSION UNITS -

Multiply
FLOW (Continued)

Pounds per hour
Thousand gallons per year
Million galons per day

WORK AND ENERGY

British thermd units (BTU)
British thermd units per pound
British thermal units per cubic foot

POWER

Horsepower

British thermd units per hour
Kilowatts

Kilowatt-hours per thousand galons

TEMPERATURE

Degrees Fahrenhat

REFRIGERATION
Ton-hours
MONETARY

Dallars per thousand gdlons
Dollars per acre-foot
Doallars per pound

Dallars per gdlon

Dallars per British thermal unit

By

0.4536
3.78%4
3,785.4

0.252
2.326
35.314725

745.500
029307
1,000
026417

5/9 (after

Continued
To Obtain

Kilograms per hour
Cubic meters per year
Cubic meters per day

Kilogram-cdories
Joules per gram
British thermd units per cubic meter

Watts
Watts
Watts
Kilowatt-hours per cubic meter

ubtracting 32) Degrees Cdsus

35168

0.264178
810.7 x 10¢®
2.204
0.264178
3.968

Kilowetts

Dallars per cubic meter
Dallars per cubic meter
Doallars per kilogram
Dallars per liter

Dallars per kilogram-cdorie
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Abbreviations:

English Units:

Metric Units:

Acronyms:

Clathrate:

Clathrate former:

HCFC R141B:

GLOSSARY

British thermd unit BTU

Cubic feet per minute cfm

Fahrenheit F.

Gallons per day gpd

Galons per minute gpm

Horsepower hp

Kilowatt-hours kw-hr

Kilowatts kw

Parts per million ppm

Pounds per square inch psi

Centigrade C.

Centimeter cm

Cubic meter m’

Kilogram kg

Kilometer km

Meter m

Square  centimeter cm?

Square  kilometer km®

Square meter m’

National Research Council of Canada NRCC
Natural Energy Laboratory of Hawaii NELH
Office of Saline Water osw
Office of Water Research and Technology OWRT
Reverse 0smosis RO
Secondary refrigerant  freeze SRF
Scripps Ingtitute of Oceanography Scripps
Thermal Energy Storage, Inc. TES|
Vacuum freezing vapor compression VFVC

A lattice like structure in which molecules of one substance are enclosed
within the crystal structure of another substance.

A hydrocarbon or other non-water molecule that will form a clathrate with
water crystals at elevated temperatures above the normal freezing point of
water; there are a multitude of clathrate formers that will form clathrate ice
at various pressures and temperatures, in both liquid and gaseous form, both
as inorganic or organic compounds, with various degrees of toxicity,
flanmability, and other characterigtics.

A specific hydrocarbon (dichloromonofluoroethane - CCLFCH,) clathrate
former used as the primary agent in this research report that will form
clathrate ice crystas in seawater at 47.5" F. [8.61° C.



GLOSSARY - Continued

HCFC R22: A specific hydrocarbon (chlorodifluoromethane - CHCIF,) clathrate former
discussed in Appendix A that will form clathrate ice crystals in seawater at
goproximatdly 55" F. [12.8° Cl].

Latent Heat of Fuson: The heat energy released when a gas is changed into a liquid or a liquid into
a solid.



1. SUMMARY

Under a firm-price cos-sharing contract with the Bureau of Reclamation, a feesihility Sudy of a new
dathrate dedination process is presented that shows both the technical and economic feeshility of a
publicly-financed desalination plant that would produce fresh water a a cost of approximately $1.70/1,000
gdlons [$0.45/m®] & a rate of 7.2 million gdlons/day [27300 m®/day} or 8,000 acre-feet/year [9.87 million
m®/year]. Thisplant design representsamgjor technical breakthrough by combining dathrate technology
with ocean engineering technology compared to processes developed by the Office of Saline Water (OSW)
a its Wrightsville Beach Test Fadllity in North Carolina during the 1960 and 1970 decades.

The commercid plant design is expected to reduce the cogt of fresh water by afactor of two over that
produced by the best desdination technology to dete utilizing the reverse osmod's process. For the first
time, desdination technology can compete with fresh water sources to serve the Southern California area.
A metropalitan water authority in Southern Cdlifornia has sated awillingness to Sgn a contract for the
purchase of new water resources a a price of $2/1,000 galons[$0.53/m’} of fresh water. The results of
this report show that a desdinetion plant of this design rated at 7.2 million galons/day or 8,000 acre-
feet/year, srving apopulaion of 72,000, can achieve this objective. Larger plants could reduce the cost
of water further.

Clathrates have aways attracted interest for desalination purposes since dathrate ice crydtas can be
formed a devated temperatures that reduce both the cost of ice formation from brine and the cost of
melting the ice to form fresh water. Past efforts in the 1960 and 1970 decades have failed to achieve low
fresh water costs because of two principal difficulties: (1) small ice crystal size; and (2) low yield of fresh
water per unit of pumped seawater. The small ice crystd Sze developed in OSW  pilot plants a
Wrightsville Beech resuiited in a high economic pendty to waeh the crystals free of salt. Themd Energy
Storage, Inc. (TESI) has previoudy solved this problem in a $4 million research and development program
over the period from 1984 to 1993 that increased the crystal Size in a batch process by a factor of ten over
thet devdloped a the Wrightsville Beech test fadilities.

Under this contract, TESl has achieved a theoretical technica breakthmugh to solve the second problem
by an unigue inverttion of forming the dathrate ice crydds a an ocean depth of 2,000 feat [610 m). This
breakthrough combines desalination technology with ocean engineering technology that offers the benefits
of:

0 Deveoping huger crystds compared to the amdl crydds of earlier desgns in a continuous
process as the crysas continue to grow during the pumping of the dathrate ice to the surface.



0 Eliminating the large heat exchanger in earlier designs by rdeasing the latent heat of fuson to the
ocean asthe dahrate iceisformed a depth and pumped to the surfece;

0 Reducing the Sze of the wash columns by afactor of Sx from earlier designs by increesing the
yidd of fresh water per unit of seawater pumped from 4 percent to 25 percent;

0 Reducing the need for extendve arysd washing because the ice arydds are scrubbed free of
surface At asthe dathrate ice is pumped to the surface;

0 Using air-strippers and liquid-phase carbon adsorbers to recover the clathrate former for reinjection
and to produce fresh water that exceeds potable water standards.

The reault is a Imple process desgn, smdler Sze and less equipment, and a mgor reduction in power
costs. In particular, power cogts have been reduced to 3.2 kilowatt-hours/1,000 gallons[1.58 kilowett-

hours/m®] of fresh water compared to more than 120 kilowatt-hours/1,000 galons [31.70 kilowatt-
hours/m®] & Wrightsville Beech,

A second part of the invention isthe use of the latent heat of fuson from the mdting ice aryddsand the
cold brine water to provide ar conditioning to buildings and other facilities in the locd area Hest
exchangerslocated at these cold water sources would be used to cool the air conditioning medium thet
is pumped to the ar condiitioning units a each Ste.

Whether or nat this TESI invention provides the breskthrough expected from combining desalination
technology with ocean engineering technology needs to be proven in a demonstration facility. A |low-cost
demondration fadility can be built & the Naturd Energy Laboratory of Hawali a an esimated cogt of
$1.63 million thet indudes sufficient funds to operate the unit for two years. It is expected that an
exiging 40 inch [102 cm)] pipdine to the 2,000 foot [610 m] depth can be modified and utilized.

Two other Sites have dso been investigated, one a the U.S. Navy facility on San Clemente Idand off the
coast of San Diego and one a Scripps Indtitute of Oceanography in La Jolla, a seacoast community in San
Diego. The cost at the latter two sites is more expensive sSince a new pipeline would need to be installed.
Maka Ocean Engineering, Inc. is an expart in laying many of these large pipes to the 2,000 foot depth
off the coast of Hawaii. A 40 inch polyethylene pipeine on the ocean surface reedy for submergenceis
shown in Hgure 1.1.

Thenew pipeline could be justified by the U.S. Navy because of thehigh cos of barging fresh water to
San Clemente |dand. The Scripps Institute location has potentid as a source of funding through a
Cdifornia Sate grant to the Univeraty of Cdifornia and hence to Scripps Indtitute. The choice of gtes
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Figure 11
Forty-Inch Pipeline Ready for Submergence to 2,000 Foot Depth



is primarily dictated by the source and adequacy of funds from Soonsoring organizations snce dl three
gtes are technically acceptable.

There are many dahrate forming agents that could be utilized for the desdinaion process, and nine
potentid agents are lided:

Criticd Decomposition Temperature

Agent Temperature (°F) Pressure (Psi
Carbon Dioxide(C0O,) ‘ 50.0 638
HCFC R141B (CH;CCL,F) 52.9 0
HCFC R142B (CH,CCIF,) 55.6 19
HCFC R152A (CH,CHF,) 58.8 49
HCFC R22 (CHCIF) 61.3 9 7
Cyclopropane (C;Hy) 62.6 72
HCFC R31(CH,CIF) 64.2 27
Methyl Chloride (CH,CD 68.7 56
chlorine (CL) 82.9 109

The above decompostion temperatures are reduced by approximatdly 4° to 6° F. [2.2° 10 3.3° C.] when
the dahrae is made with scawaer.

HCFC R141B was sdected for usein this research sudy since TESI has the most experience with this
clathrate former and it produces alower cogt of water than HCFC R22 for gpplications where ocean or
seatemperauresaebdow 45° F.[7.2° C.]. HCFC R22 isdso aprimary candidate agent that has a
higher decomposition temperature, but this is offset by the higher pressure required in certain parts of the
plant process. Even so, HCFC R22 gppears dtractive for warmer water gpplications, as discussed in
Appendix A, where the ocean or sea temperatures are blow 55° F. [ 12.8" C.J. Carbon dioxide was
investigated but the high pressure requirements and compression power to inject the gas into the undersea
pipe makes the process uneconomic & thistime.

In the proposed design, the dathrate former is a halogenated hydrocarbon desgnated HCFC R141B
(dichloromonofluoroethane CCLFCH,). This HCFC R141B clathrate former produces dathrete ice in
seawater a 47.5° F. [8.6° C] and iscommonly called “warm icg”. Jar tests conducted & TESI using
ocean water recovered from the 2,000 foot [610 m| depth confirmed the formation of clathrate ice & a
temperaure of 47.5° F. uang HCFC R141B asthe dathrate former.



The HCFC R141B isrecovered in the process and reinjected to form new icein pipes a 2,000 foot {610
m] depths where the water temperature is goproximetdy 42° F. [5.56° F] The dahrate ice is formed
diredtly in the lower sections of the pipe. The dathrate ice crysds grow larger asthey trave beck to the
urface fadlity.

The ice crystas are next separated from the brine and washed in a wash column. The ice crystals are then
melted and subseguently separated from the HCFC R141B in adecanter. From there, the fresh water is
processed through an air stripper and a liquid-phase carbon adsorber to remove residual amounts of HCFC
R141B and produce high-qudity fresh water. The HCFC R141B is recovered in the vgpor phase by
means of a vapor-phase carbon adsorber. It isthen condensed for reinjection to form new dathrates a
the 2,000 foot ocean depth. A flow diagram is presented, in Drawing PF1.

The fresh water will meet or exceed existing specifications for potable water with totd dissolved solids

expected to be 100 parts per million or less. If dlowable concentrations of HCFC R141B in fresh water
need to be less than one part per million, the fresh water can be pumped through adeserator.  From the
de& ndion plant, the fresh water will be pumped to locd reservoirs or agueducts to be mixed with
surface water where further dilution, evgporation, and decompostion of the HCFC R141B (messured in
parts per billion) will occur.

The cogt of the 7.2 million gellons'day [27300 m*/day] commerdid plant is estimated at $18.2 million,

induding working capitd, interest during construction, resarves and contingency. The annud capital and
operating costs are estimated at $3.8 million if the plant were publicly-financed. \With six percent interest
on bonds, the cost of water is caculated to be $1.70/1,000 gdlons[$0.45/m’).

If the 7.2 million gdlonsday commercd plant were privatdy-financed with 18 percent equity and 82
percent corporate bonds, a 42.5 percent income tax rate, a 15.65 percent return on equity before taxes, and
9 percent return on bonds before taxes, the cost of water would be $2.02/1,000 gdlons[$0.53/m%. A
summary of these esimates and cdculaions is shown in Tables 1.1 and 1.2 for both the 3.6 million
gallons/day [ 13600 m*/day] and the 7.2 million gallons/day plants under both public and private financing.

The demonstration plant project is estimated to cost $1.63 million including $1.5 1 million for plant capital
cods and two years of operating cosds The smdl Sze demondration plant would produce 36,000
galons/day [ 136 m*/day] of fresh water or 40 acre-feet/year (49300 m’/year] if operated continuoudly.

The technica and economic achievement of low-cost desalinated water a approximately $2/1,000 galons
[$0.53/m* would devdop mgor new markets, both nationdly and intemationally, for fresh water.
Examples indude Southern Cdifornia, Bga Cdifornia, Igad and other Middle Eagt nations, western
Audrdia, north, eestern, and southwest Africa, and many idands throughout the world Further cost
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TABLE 1.1

SUMMARY OF FRESH WATER PRODUCTION, PROJECT COSTS, AND FINANCIAL ASSUMPTIONS

Fresh water production

Fresh water output - gdlons per minute
Fresh water output - galons per day

Fresh water output - 1,000 galons per year

Project costs » $

Equipment codt inddled

Deep water pipe inddled

Enginearing and environmental

Site related codts

Research and consulting

Project development and management

Insurance

Working capitd, interest during condruction,
reserves, and fees

Contingency

Tota project cost

Assumptions

Equity - percent

Return on equity - percent
Tax rate- percent

Interest rate - percent
Depreciation Term - years

Demonstration
Plant

25
36,000
11,169

280,000
400,000
250,000

75,000
100,000
150,000

25,000

75,000
150,000

1,505,000

Smdl Commead
Plant
Pivady Publidy
Financed Financed
2,500 2,500
3,600,000 3,600,000
1,116,900 1,116,900
6,479,000 6,479,000
1,250,000 1,250,000
300,000 300,000
100,000 100,000
-(0- -0-
300,000 300,000
50,000 50,000
897,000 897,000
427,000 427,000
9,803,000 9,803,000
18.00 -0-
9.00 -0-
4250 4250
9.00 6.00
30 30

Lage Commercd
Privady Publidy
Financed Financed

5,000 5,000
7,200,000 7,200,000
2,233,800 2,223,800
11,986,000 11,986,000
2,312,000 2,312,000

450,000 450,000
150,000 150,000

-0- -0-
450,000 450.000
75,000 75,000
1,959,000 1,959,000
778.000 778,000
18,160,000 18,160,000

18.00 -0-

9.00 -0-

42.50 42.50

9.00 6.00

30 30



Demonstration

Plant

Commercial plant funding requirements - $
Equity funding - plant capita
Equity funding - working capita
Debt funding - plant capita
Debt funding - working capital

Total commercial plant funding required = $

Annual capital costs - $
Return on equity
Interest on debt
Total annual capital costs « $ 1,505,000
Annual operating costs - $ 60,000
Total Annual Costs« $

Total demongration plant funding required -«
two years of operation - $ 1,625,000

Unit Cost of Water = $ per thousand gallons
Annua capitd cost

Annual operating cost
Total unit cest of water « $ per thousand gallons

TABLE 12
UMMARY OF FUNDING REQUIREMENTS ANNUAL COSTS AND COST

Smdl Commercid
Plant

Privady Publicly

Financed Financed
590,300 -0-
1,432,000 20-
9,212,700 9,803,000
0. 1,432,000
11,235,000 11,235,000
320,578 -0-
896.73 1 81621 1
1,217,309 816,211
1.432.000 1,432,000
2,649,309 2,248,211

1.09 0.73
1.28 1.28

2.37 2.01

OF WATER
Large Commercid
Plant
Privately Publicly
Financed Financed ,
1,380,340 -a-
2,303,000 -0-
16,779,660 18,160,000
-0- 2,303,000
20,463,000 20,463,000
583,889 -0-
1,633,271 1,486,615
2,217,160 1,486,615
2,303,000 2.303.000
4,520,160 3,789,615
0.99 0.67
1.03 1.03
2.02 1.70



reductions likely can be developed through continued research on new dahrate formers and thiswould
increese the market Sze.

2. INTRODUCTION

Humean avilization has conggently pursued methods of obtaining fresh water from the oceans but the
technology to date has been limited to high-cost processes with limited gpplications to areas willing and
able to pay the higher price, prindpally the Middle Eagt and the Padific idands Currently desdlination
rocesses using reverse 0sSmosis technology are available in large quantity in Southern Cdifornia at prices
ranging from $4 to $6/1,000 gallons [$1.06 to $1.59/m]. This price, between $1,300 and $1,960/acre-
foat, is prohibitivly expensve for munidpa and county water autharities To be compditive with
munidpd water sysems in Southern Califomia, desalination technology mugt produce fresh water &
goproximeately $2/1,000 gallons [$0.53/m®] or $650/acre-foot.

Hidoricaly, the long-term drought in the arid aress of the southwestern United States has generated a
torrent of Words whose message evaporates with the first rainfall.  Until unit costs of desalination can
compete with the cogt of new surface water sources (resarvoirs and agueducts), there will dwaysbea
waer crigsin periods of low ranfal.

Water conservation, waste water reclamation, and seawater desalination offer a means to avert crises and

fogter good government planning.  Water conservation and waste water reclamation are being promoted
and gpplied, but desdlination remains dusve. The principd means of reducing the cost of seaweter
desalination is through the reduction in the level of energy used in the process.  Clathrate desalination now
offers the promise of reduding power consumption by afactor of 37, while not significantly increasing

the cogt of the plant, by using technology developed by Therma Energy Storage, Inc. (TESI) over the last
decade.

A dahrae is an aggregation of water molecules surrounding a centrd non-water molecule, to form an
icecrysd. Many of theseice arydds can be formed a devated temperatures. TESI uses this process
in the fidd of theemd energy sorage to produce dathrate ice during the night for usein ar conditioning
during the day, thus reducing electrical pesk demand requirements for electric utilities and reduced electric
costs for their customers. TESI now markets this product as the ‘ SNOPEAK "warm ice’ thermal energy
storage system.

Clahrate dedination was fird investigated by the Department of the Interior in the 1960 and 1970
decades. Current interviews with personnd assodated with the work at that time speek of the Sgnificant
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accomplishments and high vaue of the work performed and the promise of lower energy use offered by
the technology.  With the demise of the Office of Sdine Water and the Office of Water Research and
Technology within the Department of the Interior, work ceased on clathrate desdination. Reverse 0smos's
technology became the acceptable method of producing fresh water from seaweter. However, the high
cod of the energy-intengve reverse osmaos's process, espedidly following the energy crises of 1973 and
1979, has led to renewed interest in other technologies.

TESI is expert in clathrate (or gas hydrate) technology where ice can be formed at elevated temperatures
by the use of dathrate fonners The dathrate formation process was deveoped and refined over aten
year period of research, deve opment, testing, and demondtration work completed in early 1993. TESI,
through the expenditure of $4 million of interndly-generated funds and with the assistance of the Canadian
Nationa Research Council and the Buffao Research Laboratory of Allied Signad Chemicals, has advanced
dahrate technology substantidly snce the early demondration facilities a Wrightsville Beach, North
Cadlina Prior technicd issues in the design and operaion of the early tedt fadlities will benefit from
the knowledge that now exigs on the formation, transport, and mdting of the dathrate ice aydd.

Now anew invention has been created to produce the dathrate ice a 2,000 foot [610 m] oceen depths
that result in major improvements to the desalination process, including a major reduction in energy costs.
This invention can be tested in existing pipdines to 2,000 foot depths in Hawali in a demondration
fadlity. If the demondration proves the vaue of the invention, then desdiion can compete with fresh
water sources on land.

3. CONCLUSIONS AND RECOMMENDATIONS

This prdiminary research Sudy resulted in the condusions that:

L Fresh water‘ can be produced from seawater by the freeze de&nation process a costs comparable
to current surface water collection systems (reservoirs and agueducts) by meens of an invention
by Richard A. McComack, Presdent of Thermd Energy Storage, Inc. (TESI);

2. The cost of producing fresh water by a municipa or didrict water authority using the TESI
invention is esimeated a less then $2/1,000 gallons [$0.53/m’);

3. The cogt of building a 7.2 million gdlonsday [27300 m*/day}, equivaent to an 8,000 acre-
foot/year [9.87 million m*/year], commerdid fadlity is etimated a $18.2 million with annual
capitd and operaing cogts of $3.8 million if publidy financed;
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10.

11

12

13

14,

The clathrate former HCPC R141B was selected for use in the process due to (a) TESI experience
with this agent in its thermd energy Sorage business and (b) competitive cods for fresh weter
achieved by itsuse

Other dahrate formers am available for testing that might further reduce the cogt of producing
fresh water, in particular, HCFC R22 is a potentid candidate to produce fresh water from warmer
temperature seas and bays as discussed in Appendix A;

The dathrate former HCFC R141B will cause low temperature ocean water recovered from a
2,000 foot [610 M| depth to form dathrateice a 47.5° F. [8.6° C.] as demondrated in jar teds

Polyethylene piping up to 48 inches[122 cm)] in diameter can be laid to depths of 2,000 feet by
Makai Oceen Enginearing of Hawaii;

The clathrate former HCRC R141B can be pumped through in an inner pipe of a concantric piping
sysem and injected through a diffuser into the outer pipe a an ocean depth of 2,000 feet to
produce dathreteicein the outer pipe;

The latent heet of fuson of the clathrate ice can be rdlesssd to the oosen through the outer piping
prior to the ice arydds reaching the surface:

Theice arydds can be grown during the trangt to the surfece;

Theice crydds can be prevented from exceading atemperaiure of 25" F.[1.4° C] bdow ther
mdting point by increesing the wall thickness of the polyethylene pipe in the upper length of pipe
when ocean waters neer the surface exceed 45° F. [7.2° C.];

Commeadd equipment and processss can sparate the ice aydds from the brine water, wash and
mdt theice arydds, separate the HCFC R141B from the fresh water, provide potable water for
municipd use, and recover the HCPC R141B for reuse;

Power consumption in the proposed process, the key to economic production of fresh water, is
only 3 percent of thet required in the earlier demondration plants at Wrightsville Beach, North
Carolina;

Demondration fadlities can be built and operated at dther the Naturd Energy Laboratory of
Hawal, the Naval Auxiliary Base on San Clamente Idand ner San Diego, or & Soripps Inditute
of Oceanography a La Jolla, asuburb of San Diego;

11



15.

16.

The preferred location, if funding is available, isthe Naturd Energy Laboratory of Hawali snce
exiding piping and support fadlities are reedily avalade to subdantialy reduce the cogt of the
demondration fadlity;

Review of evironmentd, regulatory, and sodetd effects show no inherent limitations to the
condruction and operaion of acommercid Sze fadlity based on the experience of building and
operating acommerdd Sze reverse oamogsfadlity a Santa Barbara, Cdifornig;

From these condugions, it is recommended that;

1.

The invention of combining desdination technology with ocean engineering technology to produce

fresh water at economic costs should be patented, and a patent gpplication has been prepared and
ubmitted to the United Sates Patent Office

A demondration plant of 36,000 galong/day [ 136 m*/day]} should be built a a site where funding
sources are available;

Research and development should continue on the investigation of the suitability of other clathrate
formers to further reduce the cost of producing fresh water from Seawater at various temperatures;

In particular, research and development should continue on the investigation of clathrate formers
that form high temperature clathrates, such as HCFC R22, since this would expand the technology
of freeze desdination to wanner bodies of water aswdl as shdlower ocean water sources.

4. STATUS OF PRIOR TECHNOLOGY OF CLATHRATE
FREEZE DESALINATION

4 .1 Summary

A review of theliterature®™ on freeze desdination indicates that there was a great Surge of interest inthe
process during a 19 year period of support by the Department of Interior, Office of Sdine Water (OSW),
from 1955 through 1974. During this period 11 diverse demondration plants were constructed and
operated under the direction of the OSW at its Wrightsville Beach Test Fedility in North Carolina

™*

All further referencesin this Section 4 refer to references listed in Appendix C.
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The demonstration work was supported by research programs sponsored by OSW at severa universities.
However, due to a number of factors not the least of which were the problems encountered in the
operation of the demondtration plants, interest in freeze desdination wes severdy curtaled. By 1982
work on freeze dedination hed virtualy stopped.

Two publications, one by Barduhn® in 1982 and the other by Wiegandt®® in 1990, summarize the status
of freeze desdlination as it existed at each of those dates. A comparison of the two documents shows that
there was little, if any, work performed or progress made on freeze desdination processes during this eight
year oan of time. TES found nothing published since the Wiegandt paper of 1990.

The literature review by Thermd Energy Storage, Inc. (TESD) indicates that there were many “lessons
Jeamed" in the conduct of the OSW program. However, the people who participated in the programs at
that time reman podtive today about the potentid benefits of the freeze desdination process
Nonethdess, a “bresk&rough” is necessary in order to revive interest in the freeze de& nation process
and to generate the support necessary for it to be successful.

TESI believes that the use of clathrate technology together with ocean engineering technology may be the

breakthrough that is required to make the technology of freeze dedingtion a success TES hes
accumulated those papersthet it believes will be of benefit to this project and will continue to seerch for
additiond information as the work on a demondration unit proceeds.

4.2 Sources of Information

TESI conducted areview of dl pertinent literature on the subject of freeze desdination and presents a
synopsis of the current status of this technology in this Section 4. Thisindudes asummary of the results
reported in documents combined with interviews of key personnel involved in the technology since 1960.

TESI deveoped these results from the mgor sources of the literature on this subject from the fallowing
resources:

0 Information Services, Engineering Societies Library, 345 East 47th Street, New York, New York
10017;

0 Nationd Technicd I nfor mation Service, U.S Department of Commerce, Sringfidd, Viia
22161,

0 U. S. Department of the Interior, Saline Water Converson Research and Devel opment Reports.
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TESI has dso met or directly contacted severd individuals who have been prominent in the fidd of
dedlinization over the pagt 40 years and who provided further ingght and references to the avallable
literature. These persons incdude:

0 Dr. Alan Barduhn, Professor, Syracuse University;

0 Dr. John Ripmeester, Physica Chemist, Nationd Research Council Canada;

0 Mr. Wilfred Hahn. retired, formerly with the Office of Sdine Water, Wrightsville Beach Test
Fadlity.

Through these documents and discussions with these persons, an extengve bibliography of reference
documents can be identified. For example, Herbert Wiegandt, Schodl of Chemicd Engineering, Comell
Universty, liged 123 references in a paper entitled “Desdination by Freezing”, March 1990. TES
selected and reviewed over 20 of these reports to obtain the background and understanding of the history
and the current Satus of the technology. A hibliography of the modt significant documentsis presented
in Appendix C.

43 Desalination Processes

There are several processes for desdlination by freezing seawater that have been proposed and investigated

through various sages of development. The two mgor dividons of these processes are “indirect” and
"direct” freezing. The indirect process is the Implest where freezing is accompli by draulating a cold

refrigerant through a heat exchanger that removes heat from the seawater through conduction The ice
Isformed on the heat exchanger surface and then mugt be removed, washed, and mdted to produce the
fresh water product

The direct freezing processisan attractive aternate where heet is removed from the cold seawater by
direct contact of the refrigerant with the seawater. The refrigerant may be the seawater itsdf where heat
isremoved from the st weter by flashing some of the weter into vepor & low pressure. Theice thet is
formed is separated from the remaining brine, washed, and then melted by using the recompressed vapor
that has been released in the freezing process. Thisprocess is called the vacuum freezing vapor
compression (VFVC) process for de& nation.

A second dterndive in the direct freezing dassfication is caled the secondary refrigerant freeze (SRF)

process. A refrigerant thet has alow solubiity in water and is more volatile is compressed, cooled to a
temperature close to the freezing temperature of sdt water, and mixed with the ssawaer. As the
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refrigerant evaporates, heat is absorbed from the mixture and the water crystallizes into ice. This process
takes place a a mom convenient pressure than the VFVC process described above. Butane is an example
of one of the secondary refrigerants.

The SRF process offers a mgjor advantage over the VFVC process due to the reduced size of equipment
needed to provide fresh weter. Also, the direct freezing festure offers Sgnificant advantages over the
indirect process dueto its higher heet trandfer capahility.

The third dterndive in the direct freezing dassfication has the lowest energy reguirement and is cdled
ges hydrate or dathrate desdination. This process involves the use of a dass of agents thet form ges
hydrates, or dathrates, with weater a temperatures higher than the normal freezing temperature of water.
“The gas hydrates (dathrates) of the lower hydrocarbons and the halogenated methanes and ethanes ae
colorless crydds that look and behave much likeice Ther heat of formation and the depresson of their
formation temperatures by sdts are practicdly the sameasice. When they mdt they form two liquid
phases, thus produding fresh water and regenerating the agent simultaneously."®

The process for producing fresh water using the gas hydratesis very similar to the SRF process.  Clathrate
ice is formed by mixing the seawater and the clathrate forming agent at the clathrate forming temperature;
separating the dahrate ice crystas from the excess brine; washing the dethrate ice to remove the brine
attached to the crystals; mdting the aydas and, findly, separating the dathrate agent from the fresh
water to reinject the dahrate former a the beginning of the process. The temperaure levd of the
clathrate process can be condgderably higher than the SRF process. “This is redly a high temperature
freezing process and thus consumes less energy and requires much less or no heat exchange between feed
and product"®

In pardld with the OSW interest in freezing desalination, work progressed on other processes for water
purification and wagte water treetment Among these processes was the development of the reverse
osmoss (RO) process that uses thin membranes to permit the passage of water molecules through the
membrane a agrester rate than the other components of the brine or impure water. In 1982 Barduhn®
noted: “Reverse camogs may work on seaweter in the future but this is not yet proved economicaly
sucoessful,” By 1990 Wiegandt®™ stated: “ Good information on energy and cogts for RO are presented
by Ericsson, . al."®

At the present time, frecze desalination processes must compete on an economic basis With the
evaporation/condensation (distillation) process as well as the RO process. Although other processes, such
as dectrodidyss may be of interest in spedid gpplications, they do not gopeer to be significant & the
present time for seawater desdination.
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4.4 History and Status of Freeze Desalination Programs

Prior to 1950 the only sgnificant method of obtaining fresh water from salt water was by evaporation and
condensation, i.e,, adidtillation process where the salt water is hested to the bailing point and the water
vapor relessd is condensed as fresh weter. The fresh weter is recovered with essantialy no sdinity and
the concentrated brine is returned to the ocean.

Beginning in 1955 a Sgnificant interest was generated in the potentid of desdination of seawater by
freezing processes. Most of the work conducted on this process was supported by the OSW in partnership
with private industry. The OSW was formed in 1955 and disbanded in 1974. Thiswork then continued
for afew years under the direction of the Office of Water Research and Technology.

Much of the effort in the period from 1955 to 1974 was expended in the design, development, construction

and operation of anumber of pilot plants a the OSW test dation a Wrightsville Beech, North Cardlina
Although early investigators were pessmistic about the costs for producing fresh water by freezing, those
that followed were not dissuaded. These studies “were important, however, since they disposed of the

possihility of using indirect heat transfer for freezing . ..."® Further, these early investigations discovered
theproblemareastobeaddressed.

Both Barduhn® in 1982 and Wiegandt"® in 1990 provide historical reviews of the experience with freeze

deg.nation. These individuals have been mgor contributors in this fidd as witnessad by the large

number of papers that they have published on the subject The following informetion is summarized from
these referenced documents.

L. The OSW reports during the period of its existence (1955-1974) cover much of the progress on
freeze dedination devdopments in the United States

2. Thefirg pilot plant operation was a VIV C fadility congructed by Carrier Corporation that was
trandered to the Wrightsville Beach, North Cardlina Ste for testing.  Vapor absorption was
accomplished by a lithium bromide (LiBr) brine Although not economicaly attractive, this
remarkable effort established a workable new technology.

3. The next unit was a Corndl Process Unit built by Blav-Knox a a Horida Power and Light Ste
at St. Petersburg, Florida. This was a SRF process using butane as the refrigerant. After some
modifications, the fadility reached a production rate of 55,000 gallons/day [208 m®/day] of fresh
waer, 57 percent dbove the design rate.  The Blaw-Knox pilot project was the pionear for
esabliig the satidactory performance of a SRF process for desdting seawaer. The OSW
contract for this work ended in 1964.
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10.

In 1962 OSW started work on a full-scale 200,000 gallons/day [757 m’/day] East Coast
Conversion Plant (ECCP). This facility could not begin operation because the secondary
compressor had insufficient capacity to allow the primary compressor to start up. There was no
surge supply of ice to support condensation until production ice was available, The ECCP was
placed on standby and subsequently dismantled when the OSW program ended.

A Struthers-Wells subsidiary, Struthers Scientific and International Corporation (SSI), designed
and constructed a 15,000 gallons/day [56.8 m*day] pilot plant at the Wrightsville Beach test
station in 1964. After several modifications, sustained runs were accomplished and good resuits
were obtained. Although this pilot plant fell short of providing design data for full-scale plants,
it was a sufficient recovery from the earlier failure to serve as a second example of reliable
operation of butane freezing in a SRF plant.

The performance of two OSW SRF plants (Numbers 7 and 8) that were using gas hydrates to
form clathrate ice was unsatisfactory because they were unable to effectively wash the ice crystals.
This deficiency was discovered in 1968.

In 1968 the OSW suspended further support for new SRF pilot plants, By 1975, seven years after
the announced suspension, the final SRF plant (Number 11) experienced failures that further
diluted the acceptance of freeze desalination by use of secondary refrigerants.

Several other efforts in both the development of SRF and VFVC desalination processes are
described in the references. One manufacturer, Colt, developed a successful skid-mounted
100,000 gallons/day [378 m*/day] VFVC unit but subsequently withdrew from the desalination
market when the unit did not experience an adequate response. Several gas hydrate projects
developed in the 1960 and 1970 decades are also described but the performance of these projects

was unfavorable.

By 1982 Barduhn had concluded that the gas hydrate process of freeze desalination would not
proceed. He stated: "It is probable that this process will not be pursued vigorously until the SRF
process becomes commercial since most of the design problems are identical and it (ice) is

cheaper and easier to work with than hydrates. The reduced energy and capital costs look
attractive, however.”

Barduhn, in 1982, also stated: "Several companies have done extensive development work on
freezing and later ceased; e.g., Carrier, Struthers, Colt, and Blaw-Knox in this country and the
British and Israelis abroad. None has said freezing is unworkable or uneconomical. The common
feeling seems to be that the development work needed will be extensive and the payout period
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will not be short. They nead to invest their scarce capitd in endeavors which have promise of
a quicker return Perhgps as enargy cods increase, the economy of freezing will be more
compelling and interest will be renewed.”  Spesking further on the advantages of freeze
desalination, he Sated: “The energy requirements are low. This was not a sufficdent advantage
in the 1960s when heat cost about $0.50/million BTU [$1.98/million kilogram-calories] and power
cost 0.5 to 0.7 ¢/kwhr, but it becomes an important factor when such codisincresse by afactor
of 4 or more.”

11 By 1990 Wiegandt had concluded that the SRF process had been successfully demonstrated when
butane is used as the secondary refrigerant He cites four successful butane projects including the
Blaw-Knox project, the SS modified project and the British and Igadi projects. Wiegandt is
critical that insufficient work was performed prior to proceeding to pilot plant and even full-scae
design. He dates: “The failure of these pilot plants to approach their contract objectives indicated
insufficient verification with sound bench-scale work and inadequate previous test data’ He dso
states: “Madly, pilot plantsin R&D work are judiified for assessment of profitability and for
obtaining design data; they are not built to find out if Some new process scheme isworkable”

12. Wiegandt further dates “In the R&D world ultimatdly it is only winners that count.” He then
expands on this thought:  “Needed for a freeze desdination winner is sound enginesring, a
profound respect for thermodynamics, an gpprediaion for economy of scale, and an gpplication
of only thase procedures which have been proven to give trouble-free operation.”

Apparently there was little accomplished in the fidd of freeze desdlination between Barduhn's work in
1982 and Wiegandt's work in 1990. Of 123 references listed in Wiegandt's summary of 1990, only nine
of the references were between 1982 and 1990 with only one referencein the period of 1988-1990.

Many of the documents on freeze desdination reviewed by TESI describe the design and operation of
severd freeze desdlination pilot plants that were supported by the OSW. Most of these pilot plants were
indelled & OSW'’s test Ste & Wrightsville Beach, North Carolina. The information provided in these
reportsis vaucble for further work in the fidld of freeze desalination Snce the problems encountered in
the design and operation of these plants are wel documented.

There was a generd feding, portrayed particularly by Wiegandt, thet the acceerated effort toward .
commercializing the freeze-desalination process had placed too strong an emphad's on the design and
fabrication of anumber of fairly large pilot plants without sufficent preliminary laboratory-scale work to
support the designs. As aresult, when problems arose, expensive modifications were atempted on the
pilot plants that caused the overall program to receive a bad name and eventual shut down In many cases
|aboratory work wasinitiated only after the pilot plants hed tried severd modifications and failed.
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Even 30, a condderable amount of work was peaformed in this fidd & severd univergties, notably

Syracuse Univarsty under the diion of Allen J. Barduhn and Corndl Univeraty under the direction

of Herbert Wiegandt, This research work is reported in papers listed in the references of the documents
prepared by Barduhn® and Wiegandt"®. The work of Barduhn and Wiegandt also present summaries of
the performance of the various pilat plants and particular items of equipment.

Inthe TES review there was no record of any desalination plant currently operating thet usesthe SRF
process by means of either a direct refrigerant or a gas hydrate (clathrate) agent. TESI believes, however,
that the extensive work that has been performed and the large number of reports that have been generated
will provide invauadle information in the performance of its work.

This prior work is paticularly vaugbdle in the aress of eguipment desgn and performance where TES

expects to learn condderable from those processes and items of equipment that met performance
requirements and those that experienced falures induding the reasons for these failures. It is TESI's
intent to continue research into the availahility of technica information and data as the work on the

demongtration unit progresses.

45  Direct Freeze Desalination Process Design and Equipment

Freeze desdinaion condgts of three basic Seps that are common to the severd different processes
Patidly freeze the seawaer, sparae the ice from the bring and mdt the ice How these deps are
accomplished varies somewhat with the particular process and, in addition, there are various other Seps
asociaed with the individud processes, such as vapor compression in the VFVC process. Inthe SRF
process, the flow diagrams are bescadlly the same.

Desriptions of the severd mgor process seps and the items of equipment that were desgned and
developed are presented below:

4.5.1 Freezing Process and Equipment. - “A freezer mus perform the functions of (1) preventing
excessve nudedtion, (2) dlowing adeguate time for crystd growth, (3) providing space or other means
for vapor separation without entrainment, (4) cregting large interfacial area and good turbulence for
refrigerant evaporation, and (5) preventing ice clusters from building up and causng irregular slurry
flow."® The VFVC process that depends on low pressure to vaporize water and thus to remove heat and
form iCe crystals in the salt water utilizes different mechanical equipment in the freezing process than does

the SRF process.

The VFVC process uses large agitated tanks with equipment, such as sprays and fountains, to increase the
liquid surface area. The SRF processes use long narrow tanks with the feed supplied at one end and the
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durry leaving the other. The SRF process equipment design requirements are more complex because of
the presence of severd different phases, i.e, liquid and vapor refrigerant, agueous liquid (brine), and solid
ice. Problems assodiated with the SRF refrigerant, such as butane, indude the design of the equipment
90 that the ice crystals would be sufficiently large without an excessve carryover of liquid refrigerant
from the freezer. The ice cryddlization process was sudied in the laboratory and Wiegandt daes
“Today good freezers (butane) can be designed, but in 1990 a best choice had not yet been established. "

453 The Wash Process and Equipment. - In the direct freezedesdination processes, one of the mgor
problems encountered is how to remove contaminants, such as excess brine and refrigerant, from the ice

crydas after they areformed. One of the most common processes used was the vertical hydraulic wash
column where the brine-ice mixture is forced upward while a fresh-water wash flows downward over the
ice. The brine and wash water are removed near the middle of the column height. As reported in the

references, there have been various designs of wash columns that have operated with varying degrees of
uccess. In a recant interview, W.J Hahn,@) who wes adtive in the Wrightsville Beach Test Fadility

program, expressed confidence that a satisfactory design of the wash column can be accomplished, based

upon design methods and a computer program that has been developed.

For a different design of wash process equipment, Wiegandt™® noted that: “ Digplacement washing of a
flooded, screen-supported ice-bed is effective” based on work reported by G. Karnofsky and RF.
Steinhoff in OSW Report 40, July 1960. “This suggests that longitudind diffuson is no complication to
wash column Oesgn; batch washing usng 5% net wash gave a product of <100 ppm salt.”

4.53 Melting Process and Equipment. - Several methods have been used to melt the ice after it is washed
fresofthebrinecoaingthecrydds. The "dump melter” is used in the VFVC cycle and may be used in
the SRF process. In the dump melter process, the clean ice is dumped into the melter and melted by direct
contact with the compressed refrigerant, water vapor in the case of the VFVC and compressad butane
vapor or other refrigerant in the SRF process. The heat of condensation of the compressed gas melts the
iceasit is condensad in the porousice. 1N 1969 Cormdl propasad adump mdter usng ssgmented trays
with the melting ice advanced by rakes carried on a center shaft so that the ice reaching the end of a
ssgment fals onto the tray beow.”

A second method, used for the SRF process, mixes the ice with some of the fresh product water to form
adurry. Theshurry ispumped into abaffled or packed tower whereit is contacted with the refrigerant
vapor for direct condensation of the refrigerant and melting of theice. In other cases it may be desirable
or necessary to mdt the slurry ice indirectly by passng the durry through tubes and condensng the
refrigerant on the outsde of the tubes
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Wiegandt®® noted in 1990. “Although rdiable data remain which rest on supportable facts and await
deve opment; proposed are conceptudly sound, inexpensve melters With high cgpedity and low driving
forces.”

454 Pumps and Compressors. - The most unique piece of equipment isthe low pressure compressor
required for the compression of water vgpor in the VIFVC process. Specid purpose compressors have
been designed for this gpplication and have been documented by Wiegandt®®, There are no commercid
refrigeration compressors for the SRF desdination process since no market exists. In the pilot plant stage,
desgners will normdly look for the best match of ther requirements with the compressors that are
avalable Asamaket in freeze desdination develops, it can be anticipated that compressor designs will
be developed to better match the requirements of these processes.

Rumps for the movement of seawater and the fresh water product that meet the designers specifications
appear to be commercidly avalable

4.5.5 Auxiliary Equipment. - Auxiliary equipment is required to resolve some of the problemsthat are
encountered in the design and operation of the freeze desalination plants. These include such requirements

as. remova of non-condensibles; recovery of the refrigerants; reduction and remova of foams, haze, and
digpergons, reduction of solublesin the fresh water to required levds  For example, the Environmentd
Protection Adminigration’s Sandard for butane dissolved in the fresh weter is 0.2 ppm. Experiments
show that butane can be reedily reduced to thisleve by “ar-gripping”.  In generd, the pilot plant and
laboratory work have provided informetion that supports the design of auxiliary equipment for freeze

desalination projects.

4.6 Economics of Freeze Desalination

Studies made in the 1970 decade indicated that freeze desalination would provide a 30 percent cost

advantage compared to multistage flash evaporation (MSF) or RO processes. However, these studies were
never fully vaidated by operating either commerciad or pilot plants on a reliable, economic basis. Further,
udies showed that within the direct freeze process, the VFV C process was inherently more expensve

by approximately 10 percent than the SRF process.

Because of the overdl poor paformance of the pilot plants under the OSW program, the freeze
desalination process received a bad name and the successes that were achieved were logt in the close out
of the program. Problems associated with process and equipment design led to such a poor performance
record thet to date it has not been demondrated that the economics favor freeze de& netion
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However, there are other processes where the competitive price of fresh water is not the governing
economic criteria and in several cases the freezing process has been demonstrated to be useful. The freeze
concentration process has been used successfully in the food and pharmaceutica industries and has other

potential uses in concentration of industrial waste streams from electroplating plants, nuclear power plants,

and chemicd plants The continuing work in these areas will undoubtedly hdp the desgner of future
freeze desdindtion plants to produce fresh water from the seal

Both the MSF and RO processes have a considerable lead in the desdlination field because of success in
the devd opment of rdiable equipment and the aaility to produce a satisfactory product.  For the freeze
desdlination technology to catch up will undoubtedly reguire Some Sgnificant breakthrough as well as
some strong, Sound enginering.

4.7 Gas Hydrae (Clahrae) Technology

The gas hydrates were early recognized as having good potentid in the freeze de& nation processes
Barduhn® writes “If one choosesthe direct contact refrigerant in the SRF processto be...any one of a
number of other agents thet form a ges hydrate with water,...the temperature levd & which the whale
process operates may be increased by 10 to 50 degrees F. [5.56 to 27.8° C|] over those in the SRF
process” He then continues “When they mdt they form two liquid phases, thus producing fresh water
and regenereting the agent smultaneoudly.” The higher temperature operation of the gas hydrate freezing
process results in a reduction in the amount of compressor work thet is required rdative to the SRF
process.

Two of the plants that were part of the OSW pilot plant program were gas hydrate plants (‘Number 7 and
8). “Koppers built an R-12 (CCLF,) hydrate plant and Sweetwater Development built a propane hydrate
plant, both & Wrightsville Beach. Both were unsuccessful mainly because the hydrate crysaswere very
gvdl or dendritic and were difficult to separatefrom the brine."®

As noted above, Barduhn concdluded that the hydrate process of freeze de& nation would not proceed
dating that “It is probable that this process will not be pursued vigoroudly until the SRF process becomes
commercia since most of the design problems ae identical and it (ice) is cheaper and easier to work with

then with hydrates The reduced energy and capitd cotslook atractive, however.” Barduhn himsdfhed
participated in prior work on gas hydrates as evidenced by the paper co-authored by him®™.  This paper
presents a compilaion of the properties of alarge number of gas hydrates from which an investigator

could SHect ahydrate for use in the freeze de& netion process. Part 1 of this paper “gives a brief review
of the gatus for choosing an hyadrating agent for use in the hydrate process for desdlting.”
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4.8 Programs by Thermd Energy Storage, Inc.

For the past severd years, TESI has invedtigated, deveoped, and operated tet equipment and
demongtration facilities for the development of clathrates, or gas hydrates, for storing “cold energy” during
off-peek hours for refrigeration and air conditioning use during pesk utility operaing periods. The use
of dahmtes as compared to conventiond ice dorage permits the cold energy dorage a higher
temperatures that are dill compatible with the ar conditioning requirements This permits a Sgnificant

reduction in the work of compresson rdative to that required for making conventiond ice.

The “ozone depletion” problem associated with the release of certain Freon-type refrigerants has caused
TESI, aswdl asdl other users of these refrigerants, to look for acceptable altematives.  In thisresearch
process, TESI determined that a refrigerant designated HCFC R141B offers considerable promise for use

in TESI's cold-storage systems. From this work TESI has collected dl available information on thisand
many other refrigerants that could be usad in its processes.

The refrigerant HCFC R141B isnow induded in TESI’s process design and a ggnificant amount of test
information has been developed from the TESI research and development program under a $350,000
contract with Consolidated Edison Company of New York and The Empire State Electric Energy Research

Corporation. ‘Ibisinformation is privatdy published but the resuits ate directly available to TESI for use
in the current contract.

TESI has d0 investigated the information available on the condruction of piping systems for bringing

cold seawater from the ocean depths. Maka Ocean Engineering, Inc., Kailua, Hawai, is an expert in the
design, installation and operaion of degp sea pipe lines. This Company has laid many such large

pipdines to depths of 2,000 feet [610 m] a the Naturdl Energy Laboratory of Hawaii & Keahole Point
on the Big Idand of Hawaii. Discussions with Joseph Van Ryzin, President of Makai Ocean Engineering,

provided information and deta on the codts for the design and operdtion of the degp sea pipe lines for
bringing cold weter to the freeze desdlination fadility. The degp seawater design, as developed by TESI

and as discussed throughout this report, eliminates many of the problems and complexities associated with

previous clathrate desalination sysems

The use of exising degp sea pipdines has been discussed with Mr. Thomas Danid, Scientific/Technical
Director & the Naturd Energy Laboratory of Hawaii. This low-temperature seawater can be made
avalable through ather one of two exising degp sea pipdines that bet meat TESI's needs for a

demondration project The laboratory dso has support persond and fadilities that can be obtained a
economical rates.
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5. CHOICE OF CLATHRATE FORMER

5.1 The Search for a Clathrate Former

A dathraeisalaticelike Sructure in which molecules of one substance are endosed within the arysd
gructure of another substance. For example, the clathrate formed by the organic clathrate former HCFC
R141B hasacentrd organic molecule surrounded by 17 water molecules that form asolid crystd lattice
clathrate a atemperature of 52.9° F. [11.6° C] in didtilled weter, and hence is given the name “warm
icg’. The dathrate temperaturesdecrease t047.5° F. [8.6° C] in scawater. Class| clathrates have 5
molecules surrounding the central organic or gas molecule while Class |1 clathrates, such as HCFC R141B,
have 17 molecules surrounding the central organic or gas molecule

Many different types of dathrates form naturally throughout the world. Thereare a multitude of dathrate
formers that will form dahrate ice a various pressures and temperaures, in both liquid and gassous

form, both as inorganic and organic compounds, and with various degrees of toxicity, flammability, and
other characteristics. A mgor effort is required to evauate this large number of dathrate formers for
suitebility of use

Criteriawere developed to define the desrable characteridtics of asuitable dathrate former:

Environmentaly acceptable

Non-toxic

Non-flammable

Sable

A Class || dahrate former

Low cost

Suitable trangtion temperature (in the range of 42t0 85° F. [5.6° t0 29.4' C])

Suitable operating pressure (in the range of amogpheric to seven amospheres [1.03 to
7.23 kg/cm?))

Competible with standard meterias

Avaldde in commeadd quantities

Remans aliquid over the operaing temperature range

§.2 Review of Other Clathrate Formers for Desalination

In prior work for Thermal Energy Storage, Inc. (TESI), Dr. John Ripmeester of the Nationd Research
Council of Canada (NRCC), with the support of Allied Signd’s Buffalo Research Laboratory, investigated
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more than 20 compounds in search for useful clathrate formers for thermal energy torage facilities. TES
reviewed thiswork to determine which of these dahrate formers would be gppropriate for desalination.

There are many dathrate forming agents thet could be utilized for the desdination process, and nine
potentid agents are liged:

Critica Decomposition Temneraure

Aget Temneraure (°F) Pressure (Psig)
Cabon Dioxide (COyp 50.0 638
HCFC R141B (CH,CCL,F) 52.9 0
HCFC R 142B (CH,CCIF,) 55.6 19
HCFC R152A (CH,CHF,) 58.8 49
HCFC R22 (CHCIF,) 61.3 97
Cyclopropane (C,;Hy) 62.6 72
HCFC R31 (CH,CIF) 64.2 27
Methyl Chloride (CH,Cl) 68.7 56
Chlorine (Cl,) 829 109

The above decompostion temperatures are reduced by approximately 4° to 6° F. [2.2° to 3.3° C] when
the dathrate is made with seaweter.

Of these nine agents, three were sdected for further invedigation:

0 HCFC R141B (Dichloromonofluoroethene - CCLFCHS)
0 Carbon Dioxide - (CO,)
0 HCFC R22 (Chlorodifluoromethane - CHCIE,)

The best candidate for deep ocean desdination and air conditioning applications where water temperatures
below 45° F.[7.2° C.] are available was HCFC R141B. This dathrate former produced the lowest cost
of fresh water and isthe principd dathrate former discussad in this report.

The carbon dioxide dahrate former was a0 invedtigated but the high pressure required for dathrate

formation mede its use uneconomic a this time. This dathrate former is discussed bdow in this Section
5and in Section 8.
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The clathrate former HCFC R22 received less investigation but it gppeared suitable for use in warmer
waters such as the Mediterranean Sea and Persan Gulf. The cost of fresh water from the HCFC R22-
based process will be higher due to its higher formation pressure but its warm weter capability might make
it atractive in many gpplications where fresh water is scarce. The use of HCFC R22 is reviewed in
Appendix A.

5.3 HCFC R141B as a Clathrate Former

HCFC R141B isacompound manufactured for the rigid foam insulation indusiry by two large domestic
suppliers as well as several non-domestic suppliers. NRCC laboratory tests showed that the HCFC R141B
clathrate former produced a clathrate with didtilled water at approximately 53° F [11.7° C]. The freeze
temperature reduces to 47.5° F. [8.6° C.] when mixedwith seawater. HCFC R141B isaclear, colorless
liquid with a faint ethereal odor. It is thermaly stable a normal conditions and is not considered a
hazardous waste under the Resource Conservation and Recovery Act. It has an intringcaly low toxicity
with a permissible exposure limit of 500 parts per million. The compound is considered nonflammable
in the liquid state as defined by the Department of Trangportation and the National Fire Protection
Association. In the vapor dtate, ignition is difficuit. Thus, HCFC R141B met dl of the above criteria
with the exception that the materid, that has no flash point, is dightly flammable

The domestic suppliers are Allied Signd Chemicas (a subsidiary of Allied Signal Inc.) and Pennwalt
Corporation (a subsdiary of EIf Atochem North America). The Environmenta Protection Agency has
designated the compound environmentally acceptable for manufacture through 2005 and materia produced
can be used and reused indefinitely. Since essentialy dl of the HCFC R141B is recovered in the
desdination process there is little makeup requirements over the operating life of the plant.

Upon tentative sdlection of HCFC R141B as a clathrate former, TESI ran alarge number of tessin its
15 ton-hour [53 kilowatts] Clathrate Test Facility to insure rigorous, accurate, and reproducible test results
of the operating performance of the clathrate former as a suitable working fluid.  Although the testing
reveded different clathrate forming characteristics under different operating conditions, the knowledge
ganed was utilized to develop a highly suitable clathrate crystd. This work under contract with

Consolidated Edison Company of New York and the Empire State Electric Energy Research Corporation
was completed in early 1993.

Prior to the current contract with the Bureau of Reclamation, Richard A. McCormack, President of TESI,

recognized the smplicity of injecting HCFC R141B into the intake pipes of seawater drawn from the
ocean depths. Clathrate ice would be formed in an ocean temperature of approximately 42° F. {5.6° C]
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at a depth of 2,000 feet [610 m]. The clathrate ice crystals would be scrubbed of surface sdit in the transit
to the surface and surface processng of the ice would be minimized. This proved to be an exating
opportunity to blend clathrate freeze technology with ocean engineering technology to achieve a significant
reduction in the cost of the freeze desdlination process  This led to the proposd to the Bureau of
Reclamation and the award of a cost-sharing contract,

5.4 Carbon Dioxide as a Clathrate Former

During the course of this contract with the Bureau of Reclamation, Mr. McCormack also recognized the
simplicity of using carbon dioxide (CO,) as a clathrate former to further reduce costs of purifying the fresh
weter & the surface fadlity. Carbon dioxide met the above ariteria of suitability except thet it forms a
dathrate a approximately 600 pounds'square inch (ps) [42.2 kg/cm?). However, 900 psi [63.3 kg/cm?]
pressure is redized a the 2,000 foot ocean depth and therefore carbon dioxide is acceptable for a
desalination process. Thus, the carbon dioxide could be obtained from commercid sources, injected a
ocean depth, the arysds scrubbed of surface sdt during the ascent to surface, the crystals and brine
separated, and when the crystals were melted the carbon dioxide could be easily recovered or released to
the amosphere leaving essantidly pure fresh water.

A large amount of time was goent during the course of the contract on investigating the carbon dioxide

process. At the end of the investigation it was determined that the cost of compressor power required to

compress the gas to high pressure was a disadvantage that was not offset by the reduced capital cost and
ampliaty of the carbon dioxide cyde  Although devdoping credtive idess about overcoming the
disadvantage of this concept is cdnu'nuing, carbon dioxide mug be termed as nat (yet) feesble for

congderdion in this feedhility study.

5.5 Sdection of HCFC R141B as the Clathrate Former

With the current demise of the carbon dioxide desdinetion process, atention was retuned to HCFC
R141B asthe dathrate former of choice. The principd disadvantage of HCFC R141B is the additiona
eguipment required to recover the rddivey expensve HCFC R141B for reuse and that concurrently
assured the pureness of the fresh water. Effort was devoted to the HCFC R141B recovery sysem to
amplify and reduce the eguipment requirements. |nvestigations were made of vacuum distillation towers,
deam strippers, ar grippers, liquid-phase carbon adsorbers, and vapor-phase carbon adsorbers. As
described in Section 9, a low-cod recovery sysem for the demondration plant is proposad thet is
commerddly available as a skid-mounted unit currently used for waste water and ground water deanup
in various goplications.
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6. CONSIDERATIONS IN SITE SELECTION

6.1 Criteria and Ste Choices

Of many sites available for the Clathrate Desahnation Demongtration Plant, from Hawaii, the West Coast,
the East Coadt, or the Caribbean Idands, three sites were selected for detailed evaluation of suitability,
ocean pipdine cogts, and potentid for funding. Three criteria for selecting Stes were paramount in this

The site must have (1) immediate deep-water ocean access, (2) a space suitable for al equipment,
(3) a method of discharging the water, and (4) capability to obtain al permits at low cog;
therefore the demondtration plant is best located within a facility that has smilar operations and
exiding permits.

Pipdine cogts play a mgor role in Site selection since the pipe must deliver sea water at 45° F.
[7.2° C] to the on-shore clathrate desdlination demondtration plant; thus, it is necessary to find
alocation where the ocean depth of about 2,000 feet [610 m] is reasonably close to shore.

The demondration project will likely require funding in excess of that available from the Bureau

of Reclamation, and various governmenta groups offer this potentia funding if the demondration
plant is located at a Ste suitable to them.

The three stes sdected for evaluation are:

The Natural Energy Laboratory of Hawaii (NELH) located at Keahole Point near Kaiiua-Kona on
the Kona Coadt of the Big Idand of Hawalii;

The Navad Auxiliary Base on San Clemente Idand located approximatdy 70 miles| 113 km] off
the coast of San Diego, Cdifornia;

Scripps Ingtitute of Oceanography located a La Jolla, a suburb of San Diego.

6.2 Ste Preference

The order of preference for sites for the Clathrate Desalination Demondgtration Plant are as listed above

based on dl consderations except funding. However, funding is such a mgor congderation that it will
likely dictate the Site, and dl three Stes are technicaly acceptable.
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The reasons for selecting NELH as the preferred Steis based on an existing assured source of deep sea
water & the Hawaian location. Thisavoidsthe cost of ingtaling a deep sea pipeline required at the other
two Sites. These three locations are discussed further below with respect to the Site description, fegtures,
accessibility, advantages, and disadvantages.

63.1 The Natural Energy Laboratory of Hawaii. - The NELH is located at Keahole Point adjacent to the
Kailua-Kona airport on the west coast of the Big Idand of Hawaii. NELH manages 870 acres (1.36
square miles) [3.52 km?}, indluding the Hawaii Ocean Science and Technology (HOST) Park, as shown
in Figure 6.1. The NELH provides facilities to support many types of research, demondration, and
commercial projects in ocean and solar technologies. Keahole Point provides access to pristine deep and
surface sea water, an abundance of sunshine, and exceptional weather conditions. Private, corporate,
governmental and academic sectors use these resources in innovative projects both in research and applied

technologies. NELH maintains the infrastructure for the demonstration plant, and provides a wide variety
of support services that can be rented as required for the project

Some funding for the clathrate freeze desalination demondration plant may be available from the State
of Hawaii and/or other U.S. government agencies. More detalled investigation of the conditions for this
funding will be made as part of the continuing efforts to build a demongration plant,

The ocean floor drops off rapidly at Keahole Point, alowing access to deep seawater relatively closeto
shore. NELH operates and maintains pipelines and pumping stations that access deep sea water from
2,215 feet [675 m] with temperatures at or below 43° F. [6.1° C.]. There am three degp sea pipdinesin
operation with atotal capacity of 17,100 gallonsminute (gpm) { 1080 liters/second]. The largest pipeline
iIsa40 inch [102 cm] diameter polyethylene line running to a depth of 2,100 feet {640 m| that provides
13,400 gpm [845 liters/'second] of cold sea water. Deployment of the 40 inch pipeline prior to
submergence is shown in Figure 6.2. The lower portion of the ocean pipeline is an inverted catenary,
3,337 feet {1020 m] long, that floats severa hundred feet [30.5 m] above the rough bottom, asiillustrated
in Figure 6.3. This desgn aso permits the pipeline to move 500 feet [152 m| horizontally and 250 feet
[76.2 m] vertically to accommodate ocean currents.  Seawater distribution pipelines on the surface are
shown in Figure 6.4 and a solar desdination project is shown in Figure 65.

Maka Ocean Engineering, Inc. (Makai), headquartered at Makapuu Point, Oahu, is the Company that laid
the cold water pipes & NELH. Makai is highly interested in the clathrate technology as a means of
providing fresh water and ar conditioning on Guam, other Pacific idands, and esewhere in the world.
Maka would be avalable to operate the demondration plant, leam the technology, and provide
goplications as part of its norma business activities.
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Figure 6.2
Deployment of 40 Inch Pipdine Preparatory to Submergence
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The principal advantages of the Hawali location are these:

1.

There is cartanty that ddlivered sea water will be & a temperature sufficiently low to form a
cahrate at 47.5° F. [8.6° C].

The high cogt of laying a new degp sea pipdine is avoided; the 132 gpm [8.33 liters/second]
upply to the demondration plant to provide 25 gpm [ 1.58 liters'second] of fresh water product
isavailable by insating new smdler coaxid pipesinto an exising pipdine thereby providing the
seawaer flow directly to the demondration plant

The monthly cost of the water from the pipeline is low at $3.25/gpm/month
[$0.86/liter/minute/month); for a 132 gpm supply, the cost would be $429/month.

NELH is enthudadtic about usang its fadlity for the demondration plant and may be ableto asss
in obtaining additiona funding from the Sate of Hawaii and other U.S. government agendes

The gte has dl the necessary environmenta parmits for operation of the plant

The site and dl the necessary support services are avalable at economical pre-set rental fees from
the NELH a the HOST ste.

Maka is available to operate the demondration plant and extend the application of the clathrate
process to commerdd fresh water and ar conditioning opportunities on Guam, other Pacific
idands, and dsawhere in the world.

Theairport & Kailua-Kona provides direct srvice to the U.S mainland with connecting flights
to dl countries of the world.

The principal disadvantages of the Hawaii location are these:

1.

2.

Thelocaion isthe mogt expengve to reach from San Diego and Denver.

Day-today reliance on NELH or Maka would be necessary to collect test data and operate and
maintain the demondration plant.

Thereis no cos/bendfit judtification for the water produced by the prgject in Hawaii compared
to the demonstration plant & San Clemente |9and where the water cogt to users is $35/1,000
gdllons [$9.25/m’).
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On baance, saving funds by not ingtaling a deep sea water pipeline for the demondration plant overcomes
the cost of travel and other expenses by many factors. The low cost of the demonstration plant in Hawaii
means that sources of fundswill be esser to find. However, the unavallahility of adequete funding from
the State of Hawaii and other sources may preclude the sdlection of thisste.

633 The Naval Auxiliary Base on Sun Clemente Island. - The U.S. Government owns San Clemente
Idand and the U.S. Navy maintains a training fadlity, induding a landing field, on the Idand, about 70
miles{ 113km ] off the coast of Sen Diego. Thelsland isabout 21 miles[33.8 km] long with aland area
of 57 square miles [ 148 km?]. Navy activities are conducted at the northern end of the Idand, principaly
a Wilson Cove, asshown in Figures 6.6 and 6.7.

The Idand sarves a variety of wegpons research, development, testing, and evaugtion ectivities, and a
number of military training functions The Idand is usad primarily by severd mgor Naval tenants but
a0 by research_divisions of government agendes and privale companies working on government
contracts.

The Navy imports 300,000 gallons {1140 m’] of potable water weekly to the Idand by berge et a cost of
$10,000/week or approximately $500,000/year. Figure 6.8 shows the barge, tug, and pier a Wilson Cove.
The Navy isencouraging the use of the Ste for the clathrate desalination demondration plant and might
be able to provide some funding for the project. A letter from the Department of the Navy is reproduced
in Appendix B.

A clathrate desdlination demonstration plant operating at 25 gpm [ 1.58 liters/second] of fresh water output
a 80 percent availability would provide over one-half the potable water supply and could save the Navy
over $250,000/year. If the demondration plant was successful, a second 25 gpm duplicate plant could be
added to provide the totd potable water supply required for the Idand. The sscond unit would be quite

inexpensve snce the pipdine would have adequate cgpadity for the two units This two-unit sysem
would pay for the faality, induding the degp sea pipding, in goproximatdy three years

The ldand’ swater Sorage fadilities are located at Wilson Cove and the demondration plant would be

located near the water storage area. The seawater pipeline would extend across a short underwater coastal

shelf and then descend into deep water. Although adepth of 2,000 feet [610 m] is expected to provide
aufficently cold water, at-depth tests would be required to ensureit A pipdine of about 7,500 feet [2290
m] in length producing a 1,000 gom [63.1 liter'second)] flow rate would be required. The higher flow

rate is required to achieve the desred temperature water & the demondration plant; |ower flow retes

require more pipe insulation that rapidly increase costs. Thus, there is a minimum pipeline cost that
occurs at about 1,000 gpm flow. Without knowing the condition’of the ocean bottom, currents, and other
ocean factors the codt of the pipdine has been edimated a $2 million.
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Figure 6.6
Agid View of Northern Portion of San Clemente Idand
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Figure 6.8
Aenid View of Barge, Tugboat, and Pier at Wilson Cove
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The 1,000 gpm [63.1 liters/second] seawater flow rate could produce 189 gpm [ 11.9 liters/'second] of fresh
water, but the Navy only nesds 30 gpm [1.89 liters/second] of fresh water to meet its 300,000 gdlons
[ 1140 m*] of weekly supply. If two 25 gpm [ 158 liters/second] units were built, the Navy could produce
the 30 gpm of fresh water needed by operating the plant at 60 percent capacity factor. The50gpm [3.15
liters'second] of fresh water would normally reguire 264 gpm [16.7 liters'second] of seawater flow.  Of
the 1,000 gpm pumped from the seg, only sufficient HCFC R141B would be injected to produce the
desired 50 gpm of fresh water. The brine would have a lower increese in dinity then the Hawalian
location and could be returned to the seawith minima environmental concan

A second smdl pipdine could be usad to collect higher temperature surfece water S0 that mdting of the
dahrate aydd can be achieved. Alternativdly a Solar hegting sysem or the retun line of refrigerant
from an ar conditioning system could supply the low grade heet required for mdting.
The principa advantages of the San Clemente Idand location are these:
L There is an economic bendfit to the U.S. Navy in the supply of potable water to the Idand,
dthough the demondration plant would need to be expanded to a 50 gpm [3.15 liters/second]
plant meet the Idand's needs and to achieve a three year payback period.

2. The U.S. Navy is encouraging the project at the Idand, and in addition to providing the Ste, may
be adle to provide some supplementary funding.

3 Laying anew pipdine would fadlitate the use of a concentric piping sysem whereby the HCFC
R141B dathrate former is directly injected into the cold sea weter a depth and the latent heat of
formation is rdeasad to the surrounding ocean

4. The dteis more reedily available from San Diego and somewhat more convenient from Denver.

The prinapa disadvantages to the Sen Clemente Idand location are these:

1, Building a high-cost pipdine for a demondration plant is difficult to justify when adeguete cold
waer isavalable & minimum cost a ancther location.

2. Access to the Isand is principaly by air, and government contractors have the lowet priority for
avalable seating in helicopters or other aircraft.

3. Information on the need for environmental and coastal water permits is not immediately available.
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On balance, the economic contribution of the demondration plant may judtify partid funding by the U.S
Navy. Even t hough larger funding isrequired to lay the ocean pipdineg, if thisfunding is avallable then
San Clemente Idand would be the chosen Site,

6.2.3 Scripps Institute of Oceanography at La Jolla. - The Scripps Institute of Oceanography (Scripps)
is located on the Cdifornia shordline a La Jolla a resdentid areain San Diego.  Scripps Indtitute has
a 1,000 foot [305 M| pier extending into La Jolla Cove as pictured with reseerch vessalsin Figure 6.9.
Srippsis amenable to locate the demondration plant a the land Sde of the pier. Although thereisno
gpparent economic benefit for the potable water, there is the possibility that it could be pumped to the top
of the mesa to reduce weter purchases by the Universty of Cdifomiaa Sen Diego.  Sde of the weter
a aprice of $2/1,000 gdlons [$0.53/cm® would defray operaing costs and permit a return on the
investment.

The seawater pipdine would extend dong the pier and across a short underwater coadtd shelf before
descending into degp water in the La Jolla canyon. Extrgpolating data from oceanographic charts, it
appears that a depth of 2,000 feet {610 m] would provide sufficiently cold water, but at-depth tests would
be required to ensure it. The Scripps location would reguire a pipdine of about 6,300 feet [1920 m] in
length producing a 1,000 gpm {63.1 liters/'second] flow rate to achieve minimum cost Without knowing
the condition of the ocean battom, currents, and other ocean factors the cost of the pipeline has been
edimated a $1.2 million.

Only sufficient HCFC R141B would be injected into the seawater to demonstrate the process at 25 gpm
[ 1.58 literd/second] of fresh water, and unless a use was found for the potable water, al water would be
returned to the ocean with minima environmenta concern

The principa advantages of the Scripps location are these:

L. While Scripps personnd haveno incentive for locating the demondration plant & the pier, they
are interested in the chemical and ocean engineering aspects of the project and have readily agreed
to provide the Ste because of this intered.

2 Laying a new pipdii would fadlitate the use of a concentric piping sysem whereby the HCFC
R141B dathrate former isdirectly injected into the cold seawater a depth and the latent heet of
fugon is rdeased to the surrounding ocean

3 The steis reedily avalable from Sen Diego and convenient from Denver.
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Figure 6.9
Research Vessels at Pier at Scripps Indtitute of Technology
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The principd disadvantages of the Scripps location are these:

L. Building a high-cost pipdine for a demondration plant may not be judtified when adequete cold
water isavalable & minimum cogt & another location.

2. The ste has no economica use for the potable water produced unless new pipelines are extended
up the mesato connect with the water sysem a the University of Cdiforniaa San Diego.

3 Information on the need for environmental and coastal water permits is not immediately avalable.

Despite the extra cost, the State of Cdifornia may partidly fund the project through a grant to the
Universty of Cdifornia a San Diego.  Scripps Inditute of Oceanography is part of the Universty of
Cdiforniasysem and these funds would be trandferred to them for financing the demondration project.

Justification for the demondiration plant would be based on the need for a commercia desalination facility
to permit the manufacturing, commercial, and residential development of the Otay Mesa area of San Diego
County dong the border with Mexico.  As one possble example, the commercid desalination fadility
could be built in conjunction with new electric power plants planned to Servethat area The desalination
plant might be located near the Scripps site with fresh water pumped into the fresh water outlet lines of
the large wade water redamation faallity now under condruction in the nearby Sorrento Valey area of
San Diego. The wadte water redlamation fadility is designed to produce potable water to be pumped to
fresh water reservoirs. Studies would be necessary to determine the feesihility of this location. Other
locations are d0 available for consideration.

7. ENVIRONMENTAL, REGULATORY, AND SOCIETAL EFFECTS

L}

7.1 The Environmental Impact Report

The environmentd, regulatory, and sodietd effects of the location and operation of a de& netion plant

are reviewed in an environmental impact report. These reports are prepared by the |lead agency supporting
the project who contacts dl gpplicable regulatory bodies for laws, regulaions, and reviews required to
medt initid compliance standards and who then monitors operations to insure these standards are met.

After a draft environmenta impact report is prepared, these agencies and the public review the results and

forward comments. A find report isthen issued that complieswith dl requirements. The princpa deven
topics that would be reviewed in an environmenta impact report for adesdination plant are
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Land Use

Geology, Soils and Saamic Hazards
Groundwater Resources
Marine Water Qudity
Maine Biologicd Resources
Water Qudity

Noise

Liquid and Solid Wedte
Energy

Electromegnetic Heds
Viauds and Aeshetics

-
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A brief review of each of these topics for each of the three Sitesis presented below.
7.2 The Demongtration Desalination Plant

The clathrate desdlination demonstration facility is not expected to require an environmental impact report
a any of the three Stes evaduated Snce the plant will be located within fadilities that have previoudy
prepared these reports or are not required to do so. |tmaybenecessarytoprepareasupplementary
descriptive or qudification report if the plant islocated at the U.S. Navy facility on Sen Clemente [dand
or a Scripps Indtitute of Oceanography at La Jolla, Califomia. The Natural Energy Laboratory of Hawali
dready withdraws and discharges seaweter for usein various types of projects. The Stuation at each of
the three Stes is somewhat different and is reviewed individudly below.

No detaled andyds of the environmentd impect for the demondration plant has been mede The
discusson in this Section 7 is based on the Draft Environmental |mpact Report for the desalination plant
built by the City of Santa Barbara, Cdifornia*) supplemented by individud reports on the three Stes
evauated for the dathrate demondration plant, as referenced in the discussion of each ste

The City of Santa Barbara has constructed a 9 million galons/day [34100 m*/day] or 10,000 acre-feet/year
[12.3 million m*/year] desdindion plant that went into operation on March 4, 1992. The Drdft
Environmental Impact Report showed no ddeterious effects or impediments to the operation of the
desalination plant in any of the above deven categories

(1) Draft Environmentd Impect Report for the City of Senta Barbara Long Term Water Supply
Program, EIP Associates, Pasadena, Cadlifornia, November 1993.
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Snce the demondration fadlity is 250 times smdler then the Santa Barbara fadility and will utilize
seawae with little marine life & 2,000 foot [610 m| depths rather than surface water with high

concentrations Of marine life, it was judged that no mgor environmentd obstades exised for the
demondration fedlity. At the SantaBarbara Ste, the brine was mixed with waste water before retuming
to the sea and encountered no problems. The amdl flow of brine from the demondration plant should
aso pose no problems. The discussion below is based on what appears to be reasonable as judged from
the Santa Barbara analys's, but is not the result of any sgnificant invettigation.

7.2.1 The Natural Energy L&oratory of Hawaii. - The Naturd Energy Laboraiory of Hawai (NELH)
now operates severd pipdines going into the ocean and didributes thiswater to various customers inthe
Hawali Ocean Science and Technology (HOST) Park.® This water is not permitted to be returned directly
to the ocean but must be discharged over lava rock beds to evaporate or percolate back to the ocean. This
gopeared to be the only sgnificant requirement in the use of the ocean waer.

The dahrate demondration fadlity will use only asmal amount of water compared to the totd quantity
of water pumped to the surface for dl programsunderway a NELH. In this respect, the demondretion
plant project is just another customer & the HOST Park thet will operate under rules and regulations
previoudy imposed by regulatory agencies.  Further, the demondraion plant is not likey to be a
permanent fadility Snce thereis no need for the potable water produced.

Thus, permits for the demonstration plant at the NELH is expected to be a no cost or, a worg, the least
codly and regrrictive of the three Sites. If the demondiration plant is not placed & NELH, the prior
experience of NELH will be hdpful in locating the plant at other Stes

The environmental impact with respect to the deven topics listed aboveis briefly reviewed with respect
to the NELH ste.

1. Land Uss NELH isan approved research and devdopment fadility that has responghility for
control of land use. The Laboratory is located in a remote area on dedicated land. Space for the
demondration plant would be rented.

2. Geology, Soils, and Seiamic Hazards: The demondration plant will be located a exigting fadilities
90 that no additiona development of land will be required. Much of the equipment will beskid-
mounted to pamit eesy digmantling of the fadlity with no Sgnificant cleanup and restoration
required. Seismic hazards are not a serious problem since rupture of the equipment piping would

@ Annual Report, Naturd Energy Laboratory of Hawaii Authority, 1992.
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10.

not rdease any Sgnificant amount of HCFC R141B and any maerid rdessed can be easily
recovered and any resdud materid will quickly evgporate.

Groundweater Resources  No groundwater resources are involved in the operation of the
demondration plant No wastes will be discharged to the soil exoegpt for minute amounts of
HCFC R141B that will be mixed with huge volumes of seawater from dl NELH operaions thet
are discharged onto lavarock beds to evgporate and percolate back to the sealin an gpproved
manner. The HCFC R141B is non-toxic and will quickly evegporate on the lava rock.

Maine Water Qudity: The demongration plant will utilize 132 gdlongminute (gpm) [8.33
liters/second] from a NELH deep-sea system pumping 17,100 gpm [ 1080 liters/second]; thisis|ess
than one percent of the totd. All water pumped is pristine seawater. No concentrated brine is
produced by the demondtration plant since the fresh water is not retained and all water employed
is returned indirectly to the sea.

Marine Biologicd Resources. The degp sea pipes used by NELH draws weter from the photic
zone Where the water has been out of contact -with the surface for centuries. Therefore it contains

few living plants and animds. Thus, the pumping of degp sea weter has essantidly no effect on
marine biologica resources.

Wae Qudity: Water qudity is not a problem snce the fresh water product from the
demondration plant is not used and is discharged with the seawater on the lavarock beds.

Noise The plant is smdl and generates little noise and the Ste is remote.

Liquid and Solid wagte The codt of the dathrate former makes it economicd to recover 99.99
percent of the HCFC R141B. Approximately 0.032 gallongday [0.12 liters'day] of HCFC R141B
Islog to the seawater or the amosgphere while the demondration plant is operating. The HCFC
R141B quickly evgporaes, is non-toxic and is not a hazardous wagte. Thus there are essentially

no liquid or solid wastes generated by the plant other than a minimum amount of office paper
products.

Energy: Energy requirements for the demondretion plant are insgnificant compeared to the
pumping power dready employed a the Laboratory.

Electromagnetic Hdds A minor increase in dectromegnetic fidds will arise from the pumpsin
the demondration fadlity but thisis inggnificant compared to Other Laboratory sources.



1L

Visuds and Aeshetics The HOST fadlity is desgned for use as aresearch and demondration
fadlity and its remote location does not require specid trestment

7.23 Sun Clemente Island. - 1t is not bieved thet the U.S. Navy is required to prepare environmental
impact reports for its operations a the Navad Auxiliary Landing Field on San Clemente Idand. However,
the U.S. Navy has published an Operationd and Land Use Comptibility Study® that serves as abasis
for reviewing the environmental impact of the demondration plant on the idand.

L.

Land U San Clemente Idand is owned by the U.S. Govemment and used by the U.S. Navy
as aNavd Auxiliary Landing Held and training fadlity. The U.S. Navy has responghility for
contral of land use. It goprovesthe use of dl activities conducted on the Idand induding other

government agendes and contractors.

Geology, Soils and Sagmic Hazards:  The demondration plant will be located in - presently
occupied aress of Wilson Cove 50 that no new land need be developed for the Ste. The fadility
is small and the fresh water produced will be pumped into existing fresh water storage tanks.
Much of the equipment will be skid-mounted to permit essy dismantling of the fadility with no
sonificant deanup and restoration reguired.  Sasmic hazards are not a serious problem since
rupture of the equipment piping would not rdeese any sgnificant amount of HCFC R141B ad
any materid releasad can be easily recovered and any resdud materid will eveporate,

Groundwater Resourcess  NO groundwater resources are involved in the operaion of the
demondration plant Fresh water produced from seaweter at the plant will meet potable drinking
water standards or will be retumned to the sea. No wastes will be discharged to the soil unless a
drum of HCFC R141B were to be accidently ruptured in trangt. In this event, deanup is essy
due to the smdl amount of materid rdeased and the quick evgporaion of any resdud materid
after dleanup. The HCFC R141B is nonHoxic and nonhazardous

Marine Water Qudlity: The demondration plant will recaive 1,000 gpm [63.1 liters/second] from
a deep sea pipeline drawing pristine water to the surface. The 25 gpm [ 1.58 literg/'second] of fresh
water produced a the demondration plant will be utilized for drinking water or returned to the

sea. The fresh water extracted is only about 2.5 percent of the total flow so that the brine returned

(3

San Clemente Idand Compdtibility Sudy: Land Use, Operations and Natural Resource
Compatibility Report, Southwest Divison, Nava Fadilities Enginesring Command, 1993,

46



10.

11

to the seais about the same concentration as that withdravn - Any minute quantities of HCFC
R141B in the discharged water will quickly eveporae.

Marine Bidlogicd Resources Although currents in the vidinity of Wilson Cove have nat been
investigated, the degp sea pipes draw water from a zone of the ocean thet likely has been out of
contact with the surfece for centuries Therefore it contains few living plants and animds. Thus,
the pumping of degp seawater has essantidly no effect on marine biologica resources

Waer Qudity: Water quaity must meet potable water standards or it cannot be pumped to the
fresh water storage tanks. Water not meeting these standards is retumned to the sea with the brine
water.

Noiss The plant is smdl and genegrates little noise It can be located away from occupied
buildings S0 thet noise is not a problem.

Liquid and Solid wase: The codt of the clathrate former makes it economicd to recover 99.99
percent of the HCFC R141B. Approximately 0.032 gdlons/day [0.12 litersday] of HCFC R141B
Islog to the seawater or the amogphere while the demondration plant is operaing. The HCFC
R141B quickly evaporates, is non-toxic and is not a hezardous wagte. Thus there are essentially
no liquid or solid wastes generated by the plant other than a minimum amount of office paper
products.

Energy: Energy requirements for the demongtration plant are small compared to the current power
usege a the Naval Auxiliary Landing Fed.

Electromagnetic Heds A minor increese in dectromegnetic fidds will arise from the pumpsin
the demondration fadlity but thisis inggnificant compared to other sources on the Idand.

Visuds and Aeghetics The Navd Auxiliary Landing Reld is usad for training of navy, marine,
and air force personnd and does not reguire an aesthetic gopeerance. The amdl demondration
plant will not detract from the generd gppearance of the fadllity.

7.23 Scripps Institute of Oceanography. « The Site a Scripps Institute of Oceanography (Scripps) is likely
the mogt environmentally sengitive of the three Stes. Although Scrippsisisolated from urban aressiit is
located not far from the suburbs of La Jolla, a commercid, resdentid, and scenic area of San Diego.
Even so, Scripps maintains a large globa oceanographic research operation including severd research and
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support vessals These ships are sometimes docked aong a 1,000 foot [305 m| pier extending into the
ocean.®

L.

Land Uss Soripps is an gpproved research and devedlopment fadlity and the Indtitute has
responghility for control of land use

Geology, Sails, and Sasmic Hazards  The demondration plant will be located on land neer the
pier S0 that no new land need be developed for the Ste. The fadlity issmdl and the fresh water
produced will be returned to the sea. Much of the equipment will be skid-mounted to permit easy
dismantling of the fadlity with no significant dleanup and restoration required. Seismic hazards
are not asarious problem snce rupture of the equipment piping would not rdease any Sgnificant
amount of HCFC R141B and any materia reeased can be easly recovered or will eveporate.

Groundwater Resources  No groundwater resources are involved in the operdion of the
demondration plant Fresh water produced at the plant will be returned to the sea No wastes
will be discharged to the s0il unless adrum of HCFC R141B were to be accidently ruptured in
trangt. Inthisevent, deanup is easy due to the smal amount of materid rdeased and the quick
evaporaion of any resdud maerid ater deanup. The HCFC R141B is nornHoxic.

Marine Water Qudity: The demonstration plant will receive 1,000 gpm [63.1 liters'second] from
a deep sea pipeline drawing pristine water to the surface. The 25 gpm [ 1.58 liters/second] of fresh
water produced & the demondration plant will be returned to the sea s0 thet the brine
concentration will not be changed.  Any minute quantities of HCFC R141B in the discharged
water will quickly evaporatel

Marine Biodogicd Resources  Although currents in the La Jolla Canyon have not been
investigated, the degp sea pipes draw water from a zone of the ocean that likely has been out of
contact with the surface for centuries Therefore it contains few living plants and animas. Thus,
the pumping of degp seaweter has essentially no effect on marine biological resources

Wae Qudity: Water qudity is not a problem snce the fresh waer product from the
demondration plant is not usad and is discharged with the seaweter.

Noisz The plant is small and generates little noise. It can be located away from occupied
buildings so that noise is nat a problem.

@

Annud Report, Scripps Indtitute of Oceanography, University of Cdifornia, 1989.
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Liquid and Solid wedte: The cogt of the dathrate former makes it economica to recover 99.99
percent of the HCFC R141B. Approximately 0.032 gdlong/day [0.12 liters/day] of HCFC R141B
islogt to the seawaer or the amosphere while the demondration plant isoperating. The HCFC
R141B quickly evgporates, is non+toxic and is not a hazardous wagte. Thus there are essentidly
no liquid or olid wagtes generated by the plant other than a minimum amount of office paper
products.

Energy: Energy requirements for the demonstration plant are small compared to the current power
usage & Scripps.

Hectromagnetic Fidds A minor increese in dectromagnetic fidds will arise from the pumps in
the demondration fadlity; this is inggnificant compared to other sources a the Inditute

Visuds and Aesthetics The Scripps fadility is designed for use as aresearch and demondration
fadlity and its isolated location does not require specid trestment. The perimeter of the fadility
is screened by trees.

73 Commercial Clathrate Desalination Plant

If the demondtration plant is successful and acommercial desalination plant isto be built, it will require
an environmental impact report t0 be prepared. \When altemates of building new dams or agueducts are
consdered, the clathrate desdingtion plant will likdy be shown to have the leest environmenta impect.
No evduaions can be made until dternate locations for the plant are determined.

Locating a plant within or near the Scripps Ingtitute of Oceanography to draw seawater from the La Jolla
Canyon gppearsto be one Stefor condderation.  The fresh water could be pumped to the fresn water
discharge a the nearby waste water trestment plant in Sorrento Valey. The waste water reclamation
fadility is designed to produce potable water to be pumped to fresh weter resarvoirs.

8. THERMODYNAMICS AND SYSTEM ANALYSIS

8.1 Thermodynamics of Clathrate Formation

The formation of a dathrate essartidly devates the freezing temperature of water. Clathrate formation
temperatures Of 40 F. [4.4° C.] or higher are desrable for desalination processesto dlow for bath (1)
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higher temperature seawater to form the clathrate crystals and (2) the relative ease of melting the clathrate
to form fresh water. However, freezing and mdting temperatures are not the only congderation. Not dl
clahrate formers that provide ussful clathrates in the above temperature range meet other requirements
for desgning an economic desdination process

The two clathrate formers evaluated in the main body of this report?, HCFC R141B and carbon dioxide,
have acceptable temperatures of clathrate formation and latent heat of fusion. The clathrate former HCFC
R141B in scawater forms adahraeice a 47.5° F. [8.6° C|] a or above amospheric pressure with a
latent heet of fuson of 137 BTU/pound {319 joules/gram]. Carbon dioxide forms a clathrate a 46.8° F.
[8.2° C] a 595 pounds'square inch gage (psig) [41.8 kg/em?] with a latent heat of fuson of 152
BTU/pound [354 joules/gram]|. This compares with water-formed ice thet freezes a 32° F. [0° C] with
alaent heat of fuson of 144 BTU/pound [335 joules/gram).

To huild a desalination unit where surface ocean water would be used to remove the latent hegt of fusion

of this dahrate ice would increese the cogt sgnificantly.  In thinking about this prablem, Richard A.

McComack, Presdent of Thermd Energy Storage, Inc. (TEST) concalved the idea of producing the
clathrate ice a depth in the ocean He developed the concept of injecting the dlathrate former a oceen
depth through use of a concentric pipe arrangement. The déathrate former in the inner pipe would be

diffused into the seawater flowing upward in the outer pipe a the 2,000 foot {610 m| depth and form

dahrateice asit is pumped to the surface. Thus, both the HCFC R141B and the carbon dioxide would

form dathrate ice & a 2,000 foot ocean depth where the temperature of the water is goproximately 42

F. [5.6° C.] and the pressure is approximatdy 900 psig [63.3 kg/cm?].

One mgjor advantage of the injection of the clathrate former at the 2,000 foot depth is that the latent heet
of fuson to form the dathrate can be rgected during the upward flow of the seawater sturry to the
surface. The second mgor advantege is that larger arysds can be formed due to (1) the increased
retention tune by virtue of the length of the pipe and (2) heet remova over the length of pipe in which
clathrate formation occurs. The amount of seawater required and the pumping power consumed to
produce aunit of fresh water isthus greatly reduced.

For example, if the HCFC R141B dahrateisformed a the surface by pumping 42° F. seawater through
heat exchangers, the yield is one gallon/minute (gpm) [0.063 liters/'second] of fresh water for 26 gpm [ 1.64

()  The dahrate former HCFC R22 is discussed in Appendix A for potertid use in higher
temperature seawater.
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liters/'second] of seawater coolant.® This provides a 3.8 percent yield for the clathrate desalination process
by removing the latent heat of crystal formation by means of a conventiona heat exchanger arrangement.

If the clathrate is formed as the clathrate former travels up the seaweter pipeline it loses heat to the ocean.
This permits the seawater flow to be regulated to a level consistent with requirements of the wash column,
or goproximatdy 25 percent solids concentration. This design requires 4 gpm [0.252 liters/second] of
seawvater flow per one gpm [0.063 liters'second] of fresh water product, thereby increasing theyield to
25 percent. The required seawater flow and pumping power have been reduced by afactor of x. This
is a ggnificant improvement over prior dathrate pilot plants built a Wrightsville Beech, North Cardlina
in the 1960 and 1970 decades. It comes from metching desalination technology with ooeen enginesring
to produce a unique solution.

8.2 The Carhon Dioxide Clathrate

The design concept of injecting the clathrate former a ocean depth enables the designer to utilize carbon
dioxide as the clathrate former if @ means can be developed to inject the carbon dioxide at some paint in

(2)  The seawater cooling water flow, as a function of fresh water output is expressed in the following

expression:
CW = LH * DC * FWTP/ [(T1 - T2) * DCW]
where;
Cw = Seawater Cooling Water Flow, gpm
LH = Latent Heat of Clathrate, BTU/pound
DC = Density of Clathrate, pounds/galion
FWTP = Fresh Water Output, gpm
T = Freeze Temperature of the Clathrate, °F
-2 = Cooling Water Temperature, °F
DCW = Dengty of Cooling Water, pounds/galion,

therefore, the seawater cooling flow for one gpm of product water is

CW = 137 « 8.7 1/ (475 - 42) * 8.33 = 26 gpm
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the seawater pipdine & nommal commerdid pressures. The means of injection has not been developed
asye and currently prevents the continued promoation of carbon dioxide as adathrate former. Even o,
it isinteresting to look at the characteristics of a carbon dioxide process to determine the advantagesin
Seawater desalination it may hold.

The compasition of the carbon dioxide dathrate former, with a Type | dahratestructure, is 7.3 moles of
water per mole of dathrate former.  Carbon dioxide forms a fresh water dahrate at 50° F.[10.0° C] at

a pressure of 44.4 atmospheres equivalent to 653 psig [45.9 kg/em?]. Sdlt water affects the carbon dioxide
dathrate formetion temperature as follows

Temperature Temperahue

Salinity Depression Depression
NaCh °C) (°F)

2 0.99 1.78

4 2.03 3.65

6 313 5.63

8 4.32 7.78

10 5.60 10.08

The dinity of seawater at a 2,000 foot (610 m| depth off the coast of the Island of Hawaii is 3.4 percent
and the water temperature is 42° F. [5.6° C.]. The dahrate formetion temperature & this Hinity is46.8
F. (82" C). At this linity and temperature, the carbon dioxide deathrate forms & a pressure of 40.3
amospheres, or 592 psig [41.6 kg/em?]. Thus the design operating conditions, alowing for a4 F. [2.2°
C.] temperature differentia in forming the clathrate, will be 42.8" F. [6.0° C.] and 610 psig [42.9 kg/cm?].

The molecular weight of the carbon dioxide clathrate is 175.4 and of carbon dioxide is 44.  This requires
2,200 pounds of carbon dioxide/1,000 gdlons [264 kg/liter] of fresh water produced. This is only about
57 percent of the amount required for HCFC R141B. The laient heat of the carbon dioxide dathrateis
152 BTU/pound [354 joules’gram] at 50° F. [10.0° C.] whichisdso higher then HCFC R141B.

8.3 The HCFC R141B Clathrate

The composition of the HCFC R141B clathrate former, with a Type || dathrate structure, is 172 moles
of water per mole of clathrate former. HCFC R141B forms a fresh water clathrate gt 52.9° F. [11.6° C|]
at or above atmospheric pressure. 1n ocean water recovered from the 2000 foot leve, thisforming agent
produces clathrate at 47.5° [8.6° C.]. Thus, the 42° F. seaweter temperature at a 2,000 foot depth provides
as.5° F. [3.1° C.] temperature differertid.
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The molecular weight of the clathrate is 426.5 and of HCFC R141B is 116.9. This requires 3,043 pounds
of HCFC R141B per 1,000 gdlons[365 gramsliter] of fresh water produced. The latent heet of fuson
of the HCFC R141B is 137 BTU/pound [319 joulesigram] dightly bdow thet of water.

The HCFC R141B has an ozone depletion potentia of 0.11_that meansit is nine times less effective in
depleting the ozone layer as CFC R1 1 (dichlorodifluoromethane, CCLF,), the common Freon refrigerant
With the discontinuance of production of CFC R11 due to potentid ozone depletion, HCFC R141B was
approved for production as a replacement to CFC R11 for use in the rigid foam insulaion indudtry.
HCFC R141B is now widdy manufactured in various countries Depending on results from continuing
dudies of the amogphere and the nead for a less-damaging replacement, the U.S. Environmenta
Protection Agency has gpproved the use of HCFC R141B through 2005. Whether the manufacture of
HCFC R141B will be continued after 2005 is not known  All materid manufactured by that date can
continue to be usad in exiging fadlities and sysems Other characteristics of HCFC R141B are shown
in Teble8.1.

84 Crydd Formaion and Growth

Teds paformed by TESI have shown thet there is virtud 100 percent dathrate formetion when the
dathrate former is mixed with an excess of water equa t0 300 percent over Soichiomelric requirements.
In a batch process, such as a thermal energy storage process, this factor increases the size of the storage
vesds subgantidly. In a continuous process, such as the proposed desdlination process utilizing HCFC
R141B asthe dahrate former, its effect isto add to the pumping power and reduce the power required
for recovery of the clathrate former. This iS a desrable trade-off.

Incressing the Sze, or ‘growing” the crystd, is desirable Snce the Sze of the wash column is determined
by crysd sze This rdaionship was determined from tests conducted a the Wrightsville Beach Test

Fadlity. TESI has learned to grow clathrate crystals during their formation stage to much larger sizes than

those developed a Wrightsville Beach Severd factors are invalved in this process, including increased
refention time &t formation temperature, minimized supercooling, adequete rate of heet removal, and
appropriate nudedion.

85 Crystal Washing

Work by the Office of Sdlne Water (0SW) and the Office of Water Research and Technology (OWRT)
has demonstrated that a key element in washing a clathrate crystal was crystal size itself. Thed zeofthe
dahrate former molecule is 5 angdroms.  Ided arydd Szeisin excess of 400,000 angsroms or, Snce
there are 1000 angstroms in a micron 400 microns. Work performed at Wrightsville Beach suffered from
small crystal size on the order of 40 microns, or one-tenth the desired size. Smal crystal size-fosters high
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TABLE 81
COMPARISON OF IMPORTANT PROPERTIES OF HCFC R141B AND WATER

HCFC R141B Water
Molecular  Formula CCLFCH, H,0
Molecular Waght 116.9 18
Ozone Depletion Potentid 0.11 0
Freezing Point of ice °F. 52.9 320
Adjusted Freezing Point of ice °F. 47.5 320
Balling Paint °F. 89.6 212.0
Densty Pounds/foot’ 76.9 62.4
Dendty Pounds/galion 10.3 8.3
Energy Density of Ice BTU/pound 137.0 144.0
Energy Density of Ice BTU/foot’ 9,305 8216
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intersticial water quantities and low yields while large crystals foster high yields approaching 100 percent
for the desalination process. Larger crysta Size is important in the thermal energy storage process as well,
TES has successfully grown aydasiin its Clathrate Test Faality wdl in excess of 400 microns

When the clathrate is formed at 2,000 foot [610 m] ocean depth, the upward flow of the clatbrate crystal
in the seaweter durry will provide a high degree of washing of the st from the aysd from the fluid
efects of the brine and from the tumbling of the arydds againg each other. Thus the arygds should
not be difficult to wesh in the wash column with the bendfit of preweashing in the pipdine and large

crystal S9ze
8.6 Crystal Melting

The dahrate ice isfirst separated from the brine and then mdted. The sameamount of hegt isinvolved
in mdting the aydd in the arysd mdter asin the formation of the aydd a ocean depth  This low-
grade begt, at a temperature at approximately 55° F. [12.8° C.], can be supplied by surface ocean water,
by solar heat, or by removing heet from refrigerant lines from ar conditioning sysems A solar heat
generator proved to be lower in cost compared to the large amount of seaweter that would have to be,
used. The cod of uang the latent heat of fuson for providing air conditioning to locd buildings and
fadlities would depend on the nead and layout of these fadilities a the desalination plant location.

87 Fresh Water Separation

After the arydd ismdted, it is necessary to remove the clathrate former for recyde and to meat potable
water standards for the fresh water. Separating the fresh water from the HCFC R141B will be
accomplished in a decanter. The density of HCFC R141B is greater than that of water, 10.3 pounds/gallon
[ 1.23 kg/liter] and 8.33 pounds/gallon [ 1.00 kg/liter] respectively. If desired to speed the process and/or
to reduce the size of the decanter, a centrifuge can be added.

8.8 Fresh Waer Recovary

The fresh water leaving the decanter is expected to have asmdl resdud concentration of 350 parts per
million (ppm) of HCFC R141B. The ar strippers are desgned to remove 99.7 percent of the HCFC
R141B thusleaving the fresh water with aconcentration level of 1 ppm of HCFCR141B. Thewaer is
then routed to liquid-phase carbon adsorbers where the HCFC R141B will be adsorbed onto the carbon
patides The reault is essatidly zero concentration of HCFC R141B in the fresh water. A HCFC
R141B concentration of lessthan one ppm is thought to meet potable water standards, but this was not
as yet confirmed with the U.S. Environmental Protection Agency a the time of report publication. If the
potable water requires that HCFC R141B requires concentrations of just a few parts per billion, the fresh
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water can be pumped through adeserator.  As the water is pumped to reservoirs for storage, further
dilution, evgporation, and decompaodtion will occur.

8.9 HCFC R141B Recovery

Recovery of the HCFC R141B is important to the economics of the de&nation system. The air strippers
and vapor-phase carbon adsorbers are designed to recover 99.9997 weight percent of the HCFC R141B,
resulting in a loss of gpproximately 3.6 gallons/day [ 13.6 liters/day] for the 3.6 million galons/day [ 13600
m*/day] fadlity. This is equivdent to 0.001 gallons/1,000 gdlons [0.001 liter/m®*). Si HCFC R141B

costs approximately $10.50 per gallon [ $2.77 per liter], the cost of makeup requirements are approximately

$0.01/1,000 gallons[$0.003/m*] of fresh water. Even if the cost of HCFC R141B makeup were ten times
that amount, the cogt of water would remain economic.

The recovered HCFC R141B is recycled and reinjected into the ocean pipeline to form new clathrate ice.

9. PROCESS DESIGN AND EQUIPMENT

9.1 Process Design and Description

The process design isidenticd for both the demondration plant and the commercid sze plant except for
the Sze or cgpadity of equipment to be used. The process design is described for the 3.6 million
gdlonsday commercial Sze plant with comments on equipment differences for the demondration plart.
The 7.2 million galong/'day [27300 m*/day] plant would have a second degp sea pipeline and a duplicate
process line. The process congdts of the fallowing functions

0 Formation of the dathrate ice a an ocean depth of 2,000 feet [610 m;

0 Separation of icecrystals and brine water;

0 Mdlting of the ice arystas and separation of fresh water from the dathrate former;

0 Remova and recovary of dahrate former from the fresh water;

0 Polishing of the fresh water and storage;

0 Discharge of the brine.



Each of these process functions are described in the following sections with a process flow diagram shown
in Drawing PF-1 and a performance summary in Table 9.1. Heat and mass baance diagrams for both the
3.6 million gdlons'day [ 13600 m*/day] commercid plant and the demondration plart are presented in
Table 9.2 and Table 9.3, respectivdly. Also, induded in this Section 9 is a discusson of fresh water
quality, technological risks in the process, and dternate process designs thet could be subdtituted if the
demondration plant shows a need.

92 Formation of the Clathrate lce

For a commercia plant, a 48-inch [ 122 cm] diameter polyethylene pipeline would extend into the sea and
down to a depth of goproximatdy 2,000 feet [610 m| to withdraw pridine water & a temperature of
agoproximatdy 42° F. [5.6° C]. Maca Ocean Enginesring, Inc. (Makal) hes inddled amilar pipdines
with high success a the Naturd Energy Laboratory of Hawali (NELH) on the Big Idand of Hawaii, the
largest being a 40-inch [ 102 cm] pipeline now in use for a variety of research projects. Plans are currently
undeway to inddl a55 inch [140 cm] pipdine for an Ocean Thermd Energy Converson prgect As
shown in Figures 6.2 and 6.3 in Section 6, Malcal floats these pipelines off shore and then submerges and
anchors them a depth. Makai is confident that it could inddl a 48-inch pipdine off the coagt of
Cdifornia or other locations without difficulty.

The pipdine has alarge diameter to minimize the flow pressure drop to gpproximately 15 feet [4.57 m)

of hydraulic heed. The cold water a 2,000 feet is heavier than surface water and that adds another 2 or

3 feat [0.61 to 0.91 m| of hydraulic heed. Since a pump can only lift an equivdent of 34 feet [10.4 m
of water, this provides a factor of hvo margin.

The 48-inch pipdinewould contain asmdler (up to 6-inch [15.3 cm]) diameter concentric pipeto inject
the clathrate former HCFC R141B into the cold seawater in the larger pipe a a depth of 2,000 fedt. The
HCFC R141B forms dathrateice & 47.5' F. [8.6° C.]. Theice erystals thet form congst of 17 parts of
pure water to one part of HCFC R141B. The dissolved solids precipitate from the water as the ice crystals
form. The dinity of the surrounding weter increases as a result of the incressed solids avalladble Since
the seawater is5.5” F. [3.1° C/] colder than that required for ice to form, some hedting of the water and
dahraeiceis permissble during trave to the surface and to the ice-brine separdtion fadilities

The lower sections of the pipdine has a thinner wal section to disspeate the heet of fuson astheice
forms. The water surrounding the ice arydds firg absorbs the heat of fuson and beginsto increase in
temperature.  Even though polyethylene provides some insulation, the colder water on the outsde of the
thinner wall absorbs this heet from the ice slurry to achieve temperature equilibrium. The ice stumy
conggts of 25 percent by weight ice arydds that grow to gpproximetdy 400 micronsin diameter asthe
flow moves upward in the pipe. The other 75 percent is brine water of increased salinity.
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TABLE 9.1

PERFORMANCE SUMMARY

Brine water-ice durry flow - gpm
Brine water flow -
Ice flow (fresh water & chthrete) - gpm

Fresh weter flow = gpm

HCFC R141B flow - gpm

lce crydds- percent

Dengty of ice aydds - pounds per gdlon

Heat of fuson - million BTU per hour
Wegte brine flow from wash column - gpm
Fresh water produced - gpm
Recovered HCFC R141B - gpm
Initid concentration of HCFC R141B in brine weter - ppm
Find concentration of HCFC R141B in brine weter -gpm
HCFC R141B log in brine water
HCFC R141B recovery from brine water « percent
Initid concentration of HCFC R141B in fresh water - ppm
HCFC R141B in fresh water to carbon filter - ppm
HCFC R141B logt in fresh water - gdlons per day
HCFC R141B recovery from fresh water - percent
Totad HCFC R141B log - gdlons per day
Totad HCFC R141B recovery - percent

Physicd properties of HCFC R141B
Mdecula waght
Soedific gravity & 70° F.
Liquid dengty & 77° F. - pounds per gallon
Nonnd bailing point - degrees F.
Vapor pressure at 77° F. - p3a
Vapor pressure & 50° F. - psa
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Demonstration Commercial
Pant Pant
139.6 13960
104.7 10,470
349 3,490
275 2,750
74 740
25 25
8.76 8.76
2.5 251
107.2 10,720
25.0 2,500
74 740
0 0
0 0
0 0
100.0 100.0
350.0 350.0
1.0 1.0
0.032 321
99.7 99.7
0.032 3.21
99.9997 99.9997
116.95
124
10.28
89.7
11.46
6.51



TABLE 9.2 HEAT AND MASS BALANCE - Commercial Plant

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R1418
Conc R141B
Line size
Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Conc R141b
Linasize
Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Conc R141b
Line s&e
Line material

gpm
F

psia
btuftb

ppm
ib/hr

inch dia

gpm
F

psia
btu/lb

ppm
ib/r
inch dia

gpm
F
psia

btuib

ppm
Ibvhr
Inch dia

1
Sea water
supply

13,220
42
860

0
0

Poly

9
Ice to
ice melter

249,072
456,432

Poty

17
Fresh water
to water
sales
2,508

1411

2
R141B

injection

740
45
100

456,432
6'
poly

10
Freshwater
& R141B to

decanter
3,490
50
20

249,072
456,432

Poly

18
Amb air
to air
stripper
24,000 cfm
60

3
Brinefice
slurry at
surface
13,960

43

40

64,543
456,432
24" x .738"
Poly

"
R141B
to storage
tank
739.22
50

455,950
6"
Poly

19
AirlR1418
from air
stripper
24,000 cfm
§0

4477
4857

4
Brinelice
slurryto
wash col
13,960
44
20

64,543

456,432
24" x 738"

Poly

12
Freshwater
tosteam
condenser
2,750
50
50

350

482
14"

Poly

20
AiIr/fR1418
to heater

24,000 cfm
60

4,477
485.7

60

13
Fresh water
8 cond to air
stripper
2,756
60
40

353
487.0
14"
Poly

21
Air/R141B
to carbon
adsorber
24,000 cfm
80

4477
485.7

6
Waste brine
water to
ocean
10,720
45
20

0
0
24-x.736"
Poly

14
Water
to carbon
adsorber
2,756
60
.30

1
1.38

14"
Poly

22
Airfrom
carbon
adsorber
24,000 cfm
80

15

Fresh water
tostorage

tank
2,756
60

0
0
14"
Poly

23
LP steam
to carbon
adsorber
3000 pph
250
30
1164

C.st

16
Rinse water
to
wash col
250
45
25

0

0

411
Poly

24
SteamVR1418
cond to
condenser
6.97
220
20
1131
139,330.

485.7



TABLE 9.2 HEAT AND MASS BALANCE - Commercial Plant Continued

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Conc R141B
Line size

Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R1418
Conc R141B
Line s&e
Line material

gpm
F

psia
blutb
ppm

Ib/tr
inches dia

gpm
F .
psia
btulb
ppm

inches dia

25 26
Steam cond/ Steam cond
R141B 1o to air
decanter stripper
6.97 6.0
70 70
38
139,330 1800
485.7 5.40
Poly
33 34
R141B Steam
Makeup to process
air heater
0.002 500 pph
60 250
30
1164
1.36
Poly c. st

27
R1418
from
decanter
0.78
70

480.3

Poly

35
Steam to
carbon air

dryer
1000 pph

250

30

1164

C.stl

28
Drying air
intake

24.000 cfm

60
14.7

61

29
Orying air
to carbon

adsorber
24,000 cim
140

30
Steam
to ice
melter
450
250

30
1164

31
Condensate
return to
Solar heater
450
50
38

32
R141B

to cooler

740
70
1000

6 sch40
Cst



TABLE 9.3

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Conc R1418
Une size
Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Cenc R141 b
Line slze
Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R1418
Conc R141b
Line size
Line material

HEAT AND

gpm

F

psia
btulb
ppm wt

e
inch dia

gpm

F

psia
btuib
ppm wt
ib/he
inch dia

gpm
F
psia

btunb

ppm wi
Ivhe
Inch dia

MASS BALANCE «

1
Sea water
supply

132.2
42

880

0
0

Poly

9
Ice lo
Ice melter

34.9
45
14.7

249,072
4,564.32

Poly

17
Fresh waler
to water
sales
25.1

2
R141B
injection

4564.32
0y
poly

10
Fresh water
& R1418 to

decanter
34.9
50
20

249,072
4564.32
15"
Poly

18
Amb air
to air
siripper
250 ¢fm
60

3
Brinelice
slurry at
surface
139.6
43
30

64,543
4564.32
3" x 0.318"
Poly

1
R1418
to storage
tank
7.39
50

4,559.50
v
Poly

19
Air/R1418
from air
stripper
250 cfm

50

4298
4.88

Demonstration Plant

4
Brinefice
slurry to
wash col
139.6
44
20

64,543
4564.32
300
Poly

12
Fresh water
to steam
condenser
27.5
50
50

350

4.82
15

Poly

20
Air/R1418
to heater

259 cfm
60

4,298
4.86

62

13
Fresh waler
&condto
alr stripper

27.6

60

40

353
4.87
15
Poly

21
AirlR1418
to carbon

adsorber
250 cfm
80

4298
4.86

8
Waste brine
water lo
ocean
107.2
45
20

]
0

3‘0
Poly

14
Fresh water
to carbon
adsorber

27.6

60

35

!
0.01
1.5
Poly

22
Air from
carbon
adsorber
250 cfm
80

o

15

Fresh water

to storage
tank
27.8
60

23
LP steam
to carbon
adsorber
30 pph
250

1%

C. st

16
Rinse water
o
wash cot
2.5
45
25

0
0
0.5”
Poly

24
Steam/R1418
cond to
condenser
0.07
220
20
1131
139,330
4.86
0.25’
Poly



TABLE 9.3 HEAT AND MASS BALANCE « Demonstration Plant Cont

Stream no.
Fluid

Flow rata
Temperature
Pressure
Enthalpy
Conc R141B
Conc R141B
Line size
Line material

Stream no.
Fluid

Flow rate
Temperature
Pressure
Enthalpy
Conc R141B
Conc R141B
Line size
Une material

gpm

F

psia

btuib
pPm wt
b/
Inches dia

gpm

F

psia
btuib
ppm wt

bitw
inches dia

25 26
Steam cond/ Steam cond
R141B to to air
decanter stripper
0.07 0.06
70 70
38
139,330 1000
4.06 0.05
0.25"
Poly
33 M
R141B Sleam
Makeup to. process
air heater
0.0000 20 pph
60 250
30
1164
0.014

27 28 29 30
R141B Drying air Drying air Hot water
from intake lo carbon lo ice
decanter adsorber melter
0.01 a5
70 256 ®im 2504 &fm 210
14.7 30
4.80
0.25" 2
Poly c.sfl
35
Steam to
carbon air
dryer
20 pph
250
30
1164

63

31
Cold waler
return to
Solar heater

35

70

20

32
R1418
lo cooler

7.4
70
1000



At a proper depth, the thickness of the polyethylene pipe is increased sgnificantly to provide thermal
insulation to prevent the warmer seawater near the surface from melting the ice.  The temperature gain
as the slurry flows to the surface is expected to be less than 3° F. [1.7° C.]. Thetemperatureoftheice
slurry is expected to be no more than 45° F. [7.2° C. ] when it reaches the surface and, thus, 25" F. [ 1.4°
C.] below the melting point of the ice crystals. This provides an adequate margin to insure the ice crystas
do not begin to melt before they are separated from the brine in the wash column

At the surface, the 48-inch pipeline® (1) discharges into an intake structure at the shore. A dlurry pump
transports the slurry through a 24 inch [61.0 cm] polyethylene pipeine (3 and 4) to a wash column, as
pictured in Figure 6.4 of Section 6.

In the demondtration plant, it is planned to avoid the cogt of laying a pipeline by using an exigting pipeline
a the NELH facility. The lowest cost aternate, on which the cost estimate is based, is to insert 3 inch
[7.6 cm] diameter and 0.75 inch [1.90 cm] diameter concentric pipes into an existing 40-inch {102 cm]
pipeline currently in use to permit the injection of HCFC R141B a the 2,000 foot [610 m] depth.

In discussons with Mr. Thomas Daniel, Scientific/Technical Director of NELH, he suggested this
approach since the concentric pipe could be inserted with no obstructions from a sump tank at the surface.
The concentric pipe would extend beyond the end of the 40-inch pipe to ensure no possibility of
contamination Of the pristine water being withdrawn by the larger pipe for other uses. Other  possibilities

ae to use other pipelines not in use but additiond pump ingalaion costs would be involved.
93 Separation of 1ce Crystals from Brine

The ice slurry discharges from the transport pipeline (3 and 4) and enters the bottom of a wash column.
The wash column is a verticad cylindrica tank with screened openings around its circumference
approximately at mid-height An ice scraper and ice paddle are located a the top. The tank is interndly
lined with polyethylene to minimize ice adhering to the walls.

As the ice sturry rises in the wash column the ice crystals consolidate into a bed. This bed continuously
moves upward to the top of the wash column as a porous mass. The brine water moving up from below

the ice bed continuoudy deposits ice crystals to the bottom of the bed and the hydraulic pressure causes

¢ Pipelines are numbered on the process flow drawing PF-1 and referenced in the text to aid in

following the process description These pipe numbers also refer to the heat and mass balances
tebulated in Table 9.2 and Table 9.3.
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the ice bed to float upward. At mid-paint in the column, the brine water flows out of the wash column
through the screened openings aong the circumference of the column

In the upper half of the wash column, the ice bed is sprayed (16) with a portion of the fresh water product
to rinse any remaining film of brine water from the ice. This fresh rinse water trickles down through the
ice mass and exits with the brine water at mid-height of the wash column Most of the rinse water is lost
with the brine water, but some flows out with the ice.

At the top of the wash column a rotary ice scraper shaves 0.125 to 0.25 inch [0.318 to 0.635 cm] thick
dices of the clean ice from the ice mass. A paddle pushes the shaved ice to a chute (9) where the ice
drops into an ice melter.

9.4 Ice Melting and Separation of Fresh Water and HCFC R141B

The ice crystds fal by gravity into the ice melter for conversion to a liquid. The ice melter is a water
bath with an array of heating coils. A solar steam generator provides hot water and steam for circulaion
(30 and 31) through the heeting coils to melt the ice. Some heat may aso be removed from the
refrigerant in the return lines from ar conditioning systems in local buildings and facilities.

The melted ice water and liquid HCFC R141B flow (10) to a decanter for gravity separation. The HCFC
R141B is heavier than water and thus sinks to the bottom of the decanter. The decanter is designed to
provide a residence time of three hours. The fresh water a the top of the decanter is then pumped (12
and 13) to an air dripper for recovery of any dissolved HCFC R141B. The HCFC R141B from the
bottom of the decanter is pumped (11) to a storage tank prior to pumping (32 and 2) down to the 2,000
foot {610 m] depth for reuse in new clathrate ice formation.

9.5 Removal and Recovery of HCFC R141B from the Fresh Water

The cold fresh water from the decanter is pumped (12) to a steam condenser (described in Section 9.8)
where it is preheated prior to entering (13) the fresh water air stripper to remove the remaining dissolved
HCFC R141B. Preheating the water enhances the remova of the HCFC R141B. The concentration Of
the dissolved HCFC R141B is expected to be approximately 350 parts per million (ppm) as it enters the
airstripper. The air stripper is a tall cylindrical fiberglass tower that contains a deep bed of packing. The
fresh water flows down through the packing while air flows up through the packing, carrying with it
vapors that evaporate from the fresh water.

At the top of the tower are a number of spray nozzles that evenly distribute the fresh water over the cross
section of the tower. The fresh water trickles down through the packing that consist of 1.5 inch [3.81 cm]
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diameter polypropylene badls. The fresh water flows around these balls forming a thin water film that
greetly increases the water surface area exposed to the air. Ambient air is delivered (18) to the bottom
of the tower by an air stripper fan aud flows up through the packing. The air becomes more and more
saturated With volatile vapors as it rises through the column packing. Vaporization of the HCFC R141B
is assisted by the increased water surface area of the packing and warmth of the air.

HCFC R141B has a low boailing point of 90° F. [32.2° C.] and a low solubility in water and hence is easy
to remove from the water. The ar stripper is designed to remove 99.7 percent of the HCFC R141B.
Based on an inlet concentration of 350 ppm HCFC R141B, the outlet concentration is only one ppm.

9.6 Polishing of the Fresh Water and Storage

The fresh water draining from the bottom of the fresh water air dtripper with a resdua one ppm
concentration of HCFC R141B may require further processing to meet dtate and federd potable water
standards. If so, the water will be pumped (14) to a set of liquid-phase carbon adsorbers for remova of
the remaining HCFC R141B. As the water entering the liquid-phase carbon adsorbers passes through a
bed of carbon particles, the HCFC R141B is adsorbed onto the carbon particles.  The fresh water that
exhausts through the bottom of the carbon bed will have essentialy a zero concentration of any residual
HCFC R141B and will thus meet potable water standards.

The minute amounts of HCFC R141B collected in the carbon adsorbers is not recovered since the
regeneration of liquid-phase carbon adsorbers is not efficient. There are two carbon adsorbers in paralld,
with one unit in service at all times and the other unit maintained in a standby mode. When a carbon unit
in service becomes saturated with HCFC R141B, that carbon is replaced with fresh carbon and the
saturated carbon it is sent off-gte for reactivation. During reectivation the carbon is heated to a high
temperature in a kiln. The HCFC R141B is driven off as a vapor and not recovered.

The time duration between replacement of the carbon adsorbers is approximately two to four weeks for
a commerciad Sze plant. The time duration between carbon replacements is dependent upon the water

throughput, the inlet concentration of HCFC R141B, and the amount of carbon in the adsorber unit. The

size and cost of the carbon adsorbers is optimized against the frequency of carbon replacement.

The fresh water then flows (15) to a tank for temporary Storage.  Approximately 10 percent of the fresh
water is pumped (16) to the wash column for rinsing the brine water from the ice, as described in Section

9.3. The remaining net output of fresh water is then pumped (17) to a loca reservoir or aqueduct for use
in municipa water systems..
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9.7 Desalinated Water Quality

The fresh water produced will be of exceptiondly high quaity. The total dissolved solids in the water
IS expected to be less than 100 ppm, which is low for typica potable water. The total dissolved solids

in the water will depend on the effectiveness of the rinse water in washing the ice crystas in the wash
column The Size, shape, and strum of the ice crystals will have a strong influence on the effectiveness

of the ice wash process in the wash column If the totd dissolved solids are exceptionaly low, the
quantity of rinse water used in the wash column can be reduced to increase the output of fresh water from
the plant

9.8 Recovery of the Resdual HCFC R141B from the Fresh Water

Due to the cost of the HCFC R141B, it is economica to recover this material for reuse. The recovered
HCFC R141B is reinjected (2) in combinaion with a smal quantity of makeup HCFC R141B (33) into
the seawater at the 2,000 foot [610 m] depth to form new clathrate ice.

Continuing from Section 9.5, the air exiting (19) the top of the ar Stripper containing the HCFC R141B
vapors is a 100 percent relative humidity since some water evaporates aong with the HCFC R141B. The
ar must be reduced to gpproximately 50 percent relative humidity before entering a vapor-phase carbon

adsorber. The carbon in the adsorbers acts as a desiccant and has difficulty adsorbing the volatile organics
a high humidities.

The air from the air stripper is first passed (19) through an air heater to heat the air to approximately 80°
F. [26.7° C] and to decrease the humidity to approximately 50 percent Low pressure steam from the
solar generator (used to melt the clathrate ice in the ice melter) is aso routed (34) to the air heater. As
the warm air passes through the vapor-phase carbon adsorbers, the HCFC R141B vapors adsorb onto the

carbon particles. The carbon adsorbers have an HCFC R141B remova efficiency of 99 percent The air

exhausts (22) through the bottom of the carbon bed essentialy void of any resdud HCFC R141B.

The carbon adsorbers come in parallel sets of two, with one unit in service at all times and the other unit
maintained in a fully regenerated standby mode. When the unit in service becomes saturated witb HCFC
R141B, it is replaced with the fresh unit. Vapor-phase carbon adsorbers, unlike liquid-phase carbon
adsorbers, can be regenerated with steam. The saturated unit is regenerated by passing (23) low pressure
steam, 15 pounds/square inch gage [1.1 kg/cm?], saturated, through the carbon bed in reverse flow. As
the hot steam flows through the carbon bed, the HCFC R141B vaporizes aud is carried (24) with the steam

to a condenser. Subsequently, ambient air is drawn (28) through an air heater by a drying air fan to dry
the regenerated carbon unit.
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The steam flowing (34 and 35) to the two air heaters is also recovered and sent to the condenser. In the
condenser the steam and HCFC R141B are condensed and cooled to approximately 70° F. [21.1° C] by

the cold water circulating (12 and 13) in the tubes. The cold water is the fresh water recovered from the
decanter described in Section 9.5.

The steam condensate and the liquid HCFC R141B flow (25) to a decanter for gravity separation. The
recovered HCFC R141B is pumped (27) to the HCFC R141B storage tank. The steam condensate that
contains dissolved HCFC R141B is pumped (26) to the air stripper for further processing.

93 Digposal of the Brine Water

. It is not considered necessary to remove the HCFC R141B from the brine water due to inggnificant
amount of HCFC R141B remaining in the brine at the time it is discharged (6) to the sea. Testsatthe
Clathrate Test Facility a Thermal Energy Storage, Inc. (TESI) have shown that 300 percent excess water
over stoichiometric requirements results in 100 percent clathrate formation. The process is designed so
that dl HCFC R141B injected will form clathrate ice. Also the process is designed to bring the clathrate
ice to the wash column at a temperature of 45° F. [7.2° C.] which is 2.5° F. [1.4° C| below its mdlting
temperature so that the ice will not melt until after the brine water is separated in the wash column.

If the demonstration plant proves that more than minute quantities of HCFC R141B remain dissolved in
the brine water, this water can be routed to an air stripper (not shown on Drawing PF-1).  The brine water
ar dripper performs like the fresh water air stripper except that it is physicaly larger to accommodate the
larger water throughput The air stripper is designed to remove 98 percent of the HCFC R141B. This
ar would be combined with the air from the fresh water air stripper and routed (19 and 21) to the ar
heater and vapor-phase carbon adsorbers for recovery.

-Based on an inlet concentration of 350 ppm of HCPC R141B, the outlet concentration from the brine
water air sripper would be 7 ppm.  The brine water air stripper could be designed to remove 99.9 percent
of the HCFC R141B, but this would require a larger tower and may not be economica.  The brine water
would flow through the drain at the bottom of the tower and by gravity back to the ocean. This minute
amount of HCFC R141B in the brine water does not impose an environmenta problem since HCFC
R141B is not a hazardous materid. Any minute amounts of HCFC R141B will continue to evaporate in
theocean.

9.10 Technological Risks

Makai and the NELH have extensve experience pumping cold seawater to the surface from depths over
2,100 feet {640 m] through pipelines from 12 to 40 inches [30.5 to 102 cm] in diameter. A new 55 inch
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[ 140 cm] diameter, 10,000 foot [3050 m] long, pipeline is being planned to deliver 27,000 gdlongminute
[ 1700 literg/second] of cold water from a depth of 3,000 feet [914 m] to the surface at a temperature of

40.5° F. [4.7° C]. The pipeline is constructed Of thick wal polyethylene with no additiond thermal
insulation. The temperature gain of the water on its rise to the surface is expected to be a fraction of 1°

F. [0.6° C]. Advancements in pipeline design and polyethylene materias are permitting consideration
of pipeline diameters of 63 inches [160 cm]. From this successful effort since 1979, Makai is confident
that it can lay the 48 inch [122 cm] pipeines proposed in this feaghility study.

Previous experimental research indicates that clathrate ice crystals larger than 200 microns are difficult
to atan Larger crystas up to 400 microns have been grown in the Clathrate Test Facility of TESI and
this size crystd is proposed in the design of the commercia desalination plant The principa conditions
required to grow 400 micron crystals am increased retention time at formation tempereture, adequate rate
of heat remova, minimized supercooling, and appropriaie nuclegtion

The undersea pipeline will be designed to provide for adequate retention time and heat remova. Growing
crystals of this Size is expected to be achieved through the long residence time as the ice crystas flow to
the surface through the deep sea pipe. The sat water will dso cause immediate nucleation and minimum
supercooling, thereby avoiding the use of other nucleating agents. The demondiration plant will prove the
feasihility of growing 400 micron crystls in the pipdine. Somewhat smaller crystals are acceptable since
the crystas will be scrubbed as they rise to the surface. At worst, somewhat smaller crystals may require
more fresh water in the wash column and thus reduce the net production of fresh water.

One mgor problem that arose at the Wrightsville Beach Test Facility was the large qua&ties of fresh
water required to wash the clathrate ice free of salt. The fact that the ice crystals will be approximately
10 times larger than those a Wrightsville Beach and will be scrubbed free of st as they tumble through
the seawater line gives TESI confidence that the amount of fresh water required to wash the crystals will
not exceed 10 percent of the fresh water produced. One of the important results expected in the
demondtration tests is to show that approximately 10 percent of the fresh water is adequate to wash the
crystals.

The technology for recovering compounds such as HCFC R141B from water has been well demonstrated
by the environmenta industry. Air strippers with vapor-phase carbon adsorbers are used extensively for
wastewaterandgroundwatercleanup.  There are a number of these systems being used by the
Environmental Protection Agency a Super Fund gStes with Sres comparable to that required for a
commercid Sze desalination plant Liquid-phase carbon adsorbers for remova of trace quantities of
HCFC R141B are not as well developed and may require further testing.
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911 Other HCFC R141B Recovery Technology

Steam dtrippers were evaluated as au dtemative technique for recovering the HCFC R141B from the fresh
water and the brine. Steam strippers axe used primarily in the petrochemicd industry for digtillation and
removing compounds with high boiling points and high solubilities since they provide a high recovery
efficiency. In a steam stripper, water flows down through a deep bed of packing ingaled in atal column
with steam flowing upward from the bottom. The water is heated to near its boiling point in the process.
The Steam and stripped volatiles exit a the top and flow to a condenser.

The water in a steam stripper would not be required to reach as high a temperature in the desalination
plant snce the HCFC R141B hasa 90° F. {32.2° C] bailing point and a low solubility in weter. Even
SO, the Process is energy intensve. A steam generaior would be required for operation on a continuous
basis. In addition scaling, fouling, and corrosion would present a problem with steam  strippers.

Vacuum didtillation towers were dso evauated on their capability to remove HCFC R141B fiom the fresh
water and the brine, but vacuum distillation should prove unnecessary. A vacuum didtilletion system
congists of a tal tower with a deep bed of packing. A vacuum pump or steam jet air gector is used to
develop a vacuum at the top of the tower to lower the'vapor pressure and thus lower the bailing
temperature of the liquids flowing down the column.

The vapor pressure of the HCFC R141B at the temperature of the water entering the tower, between 40
and 50° F. [4.4 and 10.0° CJ, is quite low. Thus a high vacuum would be required combined with
begting of the water to achieve significant improvement in recovery efficiency. Due the low boailing

temperature and low solubility of HCFC R141B, it is believed that vacuum didtillation would not be
beneficial.
Both of these dternate technologies are avallable, but both involve more expensive equipment and higher

operating costs compared to air strippers. The air Strippers and carbon adsorbers reduce the HCFC R141B
concentration to essentialy zero ppm and that is consdered adequate.

10. CAPITAL COST ESTIMATES

101 Summary of Capital Costs for Demondration and Commercial Plants

The total project costs for the demonstration plant and the two commercia plants are summarized below
and described by cost items in the discusson below:
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0 Demonstration plant at Natural Energy Laboratory
of Hawai (NELH) to produce 36,000 gallons/day
[136 m*/day] or 40 acre-feet/year [49300 m*/year]
if operated continuoudly: $ 1505 million

0 Demongtration plant a San Clemente Idand or Scripps
Institute of Oceanography of same Size, dependent on
cogt of laying deep sea pipeline $2.7 to 35 million

0 Commercid plant a unspecified location to produce
3.6 million gdlons'day [13600 m*day] or 4,000 acre-
feet/year [4.93 million m®/year] $ 9,803,000

0 Commercia plant a unspecified location to produce
7.2 million gdlong/day [27300 m*/day} or 8,000 acre-
feet/year [9.87 million m*/year] $18,160,000

10.2 Estimated Capital Cost for the Demonstration Plant

The demongtration plant is designed to produce 36,000 gallong/day of fresh water or 40 acre-feet/year if

operated  continuoudly. The total project costs for an operational plant a8 NELH based on the process flow
diagram in Drawing PF-1 of Section 9 are estimated as follows:

Equipment cost ingtalled $ 280,000
Deep water pipe indallation 400,000
Engineering and environmental costs 250,000
Ste related codts 75,000
Research and consulting 100,000
Project Development and Management 150,000
Insurance 25,000
Working capital, reserves, and fees 75,000
Project cost before contingency $1,355,000
Contingency __150,000
Totd Edimated Cost $1505,000
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In preparing this estimate, it is important that the costs not be under estimated since these costs will form
a bass for soliciting externa funding. In development programs, projects are often doomed by depleting
funds before the project is operationd. The factor of 2.2 between totd project cost and ingtalled
equipment and pipeline cost is designed to provide conservatism for unexpected costs. Even so, it is likely
prudent to obtain funding for gpproximately $2 million for the Hawaiian demondiration plant to cover two
years of operating costs and unexpected problems. The cost of the demonstration plant can be reduced
by renting the more costly components. The ar srippers and both the vapor-phase and liquid-phase
carbon adsorbers can be rented.

In Table 10.1 each of the equipment items are identified with cost of equipment, freight, and ingtalation
shown separately. The source of the cost is shown with respect to vendor quotes or engineering estimates.
These edimates are supported by the equipment descriptions in the mechanicd equipment list in Table
10.2. The HCFC R141B recovery system is a complete skid-mounted assembly with a vendor quotation
of $195,000, or approximately 69 percent of the cost of the demonstration plant equipment This skid-
mounted assembly will significantly reduce the inddlation cost of the demonstration plant equipment.

The deep water pipe ingtalation is based on inserting a concentric pipe (3 inch and 0.75-inch) [7.6 cm and
1.90 cm] into an existing 40-inch [102 cm] pipeline as described in Section 9.2. The cost of the pipe is
amdl a approximately $4/foot [$1.22/m] and most of the deep sea pipe cost is labor to insert the pipe
from a surface sump to a 2,100 foot [640 m] depth.

The engineering process design and equipment selection has been partialy developed in this study and
that will reduce engineering costs. The skid-mounted HCFC R141B recovery system is delivered as a
complete unit and this reduces engineering costs further. Environmental costs are expected to be minimal
snce the demondtration plant will be installed at a licensed facility with exigting regulations. The small
size of the demonstration plant and the remixing of the fresh water with the brine to retum to the sea
minimizes the environmental concerns. Even so, engineering and environmental costs are estimated at 17
percent of tota project cost.

The site related costs are also expected to be small since the demonstration plant will be located at an

existing facility where space is available for rent and support services are provided at hourly rates. Site
related costs are estimated at 5 percent of total project cost.

It is seldom that a demondtration plant can be built and operated without some problems arising. An

alowance for research and consulting is included &t approximately 7 percent of project costs. TESI has
utilized various types of experts over the years to assist in technical work from fundamental research to
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TABLE 10.1 CAPITAL EQUIPMENT COST ESTIMATE « Demonstration Plant

EQUIPMENT ITEM

Salt Water Slurry Pump
R141B Injeclion Pump
Wash Column

Wash Col Rinse Pump

Wash Col Rinse waler Cooler
Ice Melter

Fresh Water Decanter

Fresh Water Tank

R1414B Storage Tank

Solar Steam Generator

Solar Steam Generator Pump

TOTAL ABOVE COSTS

Equipment  Description

140 gpm @ 30psig. 4 hp

7.5 gpm @ 100 pslg. 1 hp

3 fi dia x 6 ft high, c.stl wf poly liner

2.5 gpm @ 20 psig, 1/4 hp

25.000 btwhr

1000 gal tank w/ heat coil, 2.5 mm blu/hr
6000 gal poly, 3 hr residence

One 12,000 gal poiy. 12 ft dla x 16 R high
One 12,009 gal poly, 12 ft dia x 16 ft high
2.5 mmblwhr hot water.

35 gpm @ 15 psig. 1/2 hp

Refrigerant recovery system, Including

Air Stripper « fresh water
Amblent air blower

Fresh Water Feed Pump-alt stripper

Process Alr Heater
Process Alr Blower

Vapor Phase Carbon Adsorber

Steam/R141B Condenser
Waste Water Decanter
Waste Water Transfer Pump
Air Heater » dtying blower
Drying Alr Blower

Drying Alr Filter

Liquid Phase Carbon Adsorber
Liquid Phase Adsorber Feed pump

Salt Water Shurry Plpeline
Waste Water Plpeline
R141B Pipeline

TOTAL COSTS

500 ft x 3° poly
500 ft x 3" poly
500 ft x 34" poly
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Equipment
cost
$3.230
$1.000
$25,000
$500
$1,000
$5,000
$7.000
$6.550
$8.550
$10.000
$1,000

$70,830

$150,900

$545
$375

$222,295

Freight
Cost
$100

$50
$1,000
$100
$100
$300
incl
incl
incl
$500
$150

$2.300
$10.000

$100
$100
350

$12.550

Installation
Cost
$1.000
$200
$3.000
$100
$100
$600
$1,000
$1,000
$1.000
$1.000
$300

$9.300
$35.090

$300
$300
$200

$45,100

Total
cost
54.330
$1.250
$29.000
$700
$1.200
$5,900
$8,000
$9,550
$9,550
$11.500
$1,450

$82.430
$195,000

$945
$945
$625

$279,945

Cost
Source
Vendor quote
Estimate
Estimate
Estimale
Estimale
Eslimale
Estimate
Vendor Quole
Vendor Quote
Estimate
Estimate

Vendor Quote

Vendor Quote
Vendor Quote
Vendor Quote



TABLE 70.2 EQUIPMENT LIST- Demonstration Plant

salt Water Siurry Pump
R141B Injection Pump

Wash Column

Wash Cot Rinse Pump

Wash Col Rinse water Cooler
Ilce Melter

Solar Steam Generator
Circulating Hot Water Pump
Fresh Water Decanter

Fresh Water Tank
R141 B Storage Tank

Alr Stripper « fresh water
Amblent alr blower
Fresh Water Feed Pump-air stripper
Process Alr Heater
Process Alr Blower

Vapor Phase Carbon Adsorber

Steam/R141B Condenser
Waste Water Decanter

Waste Water Transfer Pump
Alr Heater » drying air blower
Drying Alr Blower

Drying Alr Blower inlet Alr Filter

Liquid Phase Carbon Adsorber

Liquld Phase Adsorber Feed pump
Salt Water Slurry Plpeline

Waste Brine Water Pipeline

R141 B Injection Pipeline

140 gpm @ 30 pslg, 4 hp horizontal centrifugal pump, cast iron const

7.5 gpm @ 100 psig, 1 hp

3 f dia x 6 ft high carbon stl tank w/ polyethylene liner
1 hp Ice scraper. 1/4 hp Ice paddle

2.5 gpm @ 15 pslg, 1/4 hp electric motor, polyethylene
25,000 btuhr

Tank W/ heating coil, 2.5 mmbtu/hr

2.5 mmbtu/hr

35 me @ 15psi, 1 hp

6000 gal, 3 hr resldence time, interface at 20% level

One 12,000 gal polyethylene tanks, 12 ft dia x 16 f high
3” suction, 16" top access hatch, 6 hour storage

One 12,000 gal polyethylene tanks, 12 ft dia x 16 f high
3" suction, 46" top access hatch, 24 hour Storage

16’ dia x 27 ft high, FRP fiberlass shell, poly mist eliminator
packing « 20 ft bed of 1-1/2" dia polypropylene balls
Centrifugal blower, 250¢fm, 1 hp

Centrifugal pump, 25 gpm @ 40 psig, 1 hp, polypropylene
5600 btu/hr

centrifugal blower, 250 cfm, 3/4 hp, carbon stl construction

Dual 4 ft dia x 4 & high stainless steel vessels
450 Ib activated carbon per vessel, 98% removal eff.

50,000 btwhr coil heat exchanger

50 gal poly, 3 hour residence time, interface at 20% level
0.15 gpm at 25 psig, polyethylene construction

25,000 btuhr

250 ¢fm, 3/4 hp centrifugal blower W/ variable inlet damper
250 cfm, 5 micron

Dual 3 ft dia x 6 ft high vessels, c. steel shell w/ poly liner
660 Ib activated carbon per vessel

Centrifugal pump, 25 gpm @ 20 psig, 4/2 hp, poly const

500 ft of 3' dla x 0.318” wall SDR 11 HDPE poly pipe
50 ft lengths, butt fusion ends, 160 psig internal design pres

500 ft of 3” dia x 0.318" wall SDR 11 HDPE polyethylene pipe
50 ft lengths, butt fusion ends. 160 psig internal design pres

500 ft of 3/4" dia polyathelyne pipe



trouble-shooting, including the Canadian Nationd Research Laboratory, Allied Signd Chemicas, Jaeger
Enginearing, and ENPEX Corporation.

Project development and management is based on a project manager from Thermal Energy Storage, Inc.
(TESI) being on Ste to manage the equipment ingtalation and testing. Work would be performed under
subcontracts with Makai Ocean Engineering, Inc. (Makai) and the Natural Energy Laboratory of Hawaii
(NELH). These two organizations have worked together for many years and would form a good team.
Project development and management is estimated at 10 percent of total project cost.

Insurance was estimated a less than 2 percent of total project cost since no high pressure equipment is
involved in the process and the working fluid is not toxic or hazardous. The working capital, reserve, aud
fees may not apply, but since the source of the funding is not known, they are included as if the
demongtration plant were to be a smadl private facility furnishing fresh water to a community of 360

people. These codts are estimated a 5 percent of the total project cost The contingency funds were set
a 11 percent of the tota project cost before contingency.

103 Estimated Capital Cost of the 3.6 Million Gallons/Day [13600 M¥/Day] Commerc ial Plant
One of two commercid plants is designed to produce 3.6 million gallons/day of fresh water or 4,000 acre-

fegt/year 14.93 million m*/year). The total project cost based on the process flow diagram in Drawing PF-
1 of Section 9 is estimated as follows:

Equipment cost $6,479,000
Deep water pipe ingtalation 1,250,000
Engineering and environmental costs 300,000
Site related costs 100,000
Project Development and Management 300,000
Insurance 50,000
Working capitd, interest during construction,

reserves, and fees 897.000
Project cost before contingency $9,376,000
Contingency —427.000
Totd Estimated Cost $9,803,000

In Table 10.3 each of the equipment items are identified with cost of equipment, freight, and instatlation
cost shown separately. The source of the cost is shown with respect to vendor quotations or engineering
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TABLE 10.3 CAPITAL EQUIPMENT COST ESTIMATE - Commercial Plant

EQUIPMENT ITEM Equlpment Description
14,000 gpm@ 30psig, 350 hp

Salt Water Slurry Pump .
740 gpm @ 100 psig, 60 hp

R141B Injection Pump
Wash Column

Wash Col Rinse Pump

Wash Col Rinse water Cooler
Ice Melter

Fresh Water.Decanter

Fresh Water Tank

RI41 B Storage Tank

Solar Steam Generator Pump
Solar Steam Generator

250 gpm @ 20 psig, 4 hp
3.1 mm btuwhr

500,000 gal, 3 hr residence

500,000 gal, c.sti
500 gpm @ 30 psig, 15 hp
250 mm btuwhr, 15 psig sat. steam

TOTAL ABOVE COSTS

Refrigerant recovery system, Including
Air Stripper « fresh water
Amblent alr blower
Fresh Water Feed Pump-air stripper
Process Air Heater
Process Air Blower
Vapor Phase Carbon Adsorber
Steam/R141 B Condenser
Waste Water Decanter
Waste Water Transfer Pump
Air Heater « drying blower
Drying Air Mower
Drying Air Filter

Liquid Phase Carbon Adsorber

Liquid Phase Adsorber Pump 2500 gpm @ 20 psig, 40 hp

Pipelines
Salt Water Slurry 1000 ft x 24" poly
Waste Water 1000 ft x 24" poly
R141B 1000 ft x 6" poly

TOTAL COSTS

Four units - 15 ft dia x 54 ft, c.stl w/ poly lint

Two 500,000 gal. tanks, 50 ft dia x 32 ft higk

Equipment
cost
$125,900
$8,000
$809,000
$8,000
$15,000

50,000 gal tank w/ heat coil, 250 mm btwhe $100,000

$265,000
$530,000
$280,000
$12,000
$500,000

$2,131,000

$2,500,000

$150,000
$15,000

$17,190
$17,190
$3,000

$4,833,380 $176,550 $1,469,000 $6,478,930

Freight
cost
$5,000
$750
$40,000
$1,000
$1,000
$10,000
incl
ind
incl
$1,500
$50,000

$57,750
$100,000

$15,000

$2.000 94,000

$700
$700
$400

Installation

cost
$10,006
$2,000
$240,000
$2,000
$3,000
$35,000
$25,000
$50,000
$25,000
$2,500
$250,000

$392,000

Total
cost
$140,000
$10,750
$1,080,000
$11,000
$19,000
$145,000
$290,000
$580,000
$305,006
$16,000
$800,000

$2,580,750

$1,000,000  $3,600,000

$50,000

$10,000

$10,000

$3,000

$215,000
$21,000

$27,890
$27,890
$6,400

Cost
Source

Vendor quote

Estimate
Estimate
Estimate
Estimate
Estimate
Estimate

Vendor Quote
Vendor Quote

Estimate
Estimate

Estimate

Vendor Quote
Vendor Quote
Vendor Quote



estimates. These estimates are supported by the equipment descriptions in the mechanical equipment list
in Table 104.

The cost of the 48-inch [ 122 cm] deep sea pipeline is based on locating the commercid plant where the
ocean bottom of 2,000 feet [610 m] is reasonably close to shore without a difficult terrain for the pipeline.
When a pecific location for the commercid plant is selected, costs can be adjusted to reflect the specific
dte snce undersea conditions have a ggnificant effect on the cost.

Based on the successful operation of the demongtration plant, the engineering design of the commercid
plant is not complicated, based mostly on Szing and layout of commercidly-avalable equipment. The
environmental costs are based on the preparation of an environmental impact report without strenuous
objections and extra codts associated with meeting environmental requirements. The 9 million gallong/day
[ 34100 m*/day] desdination plant a Santa Barbara, Cdifornia was built without delay from environmenta
concerns, and this plant is only 40 percent as large. Engineering and environmental codts are estimated
a 3 percent of the total project cogt,

The site related costs are based on a seacoast location that does not require extensive development or
codtly buildings. Aesthetics are not of high importance with trees used to screen the ste. These costs are
estimated a 1 percent of the total project cost.

Project development and management is based on an architect-engineer-constructor managing the project
with technica support from TESI. The project management would be conducted by the same firm that
designed the plant to minimize costs. Project development and management is estimated at 3 percent of
tota project cost

Insurance was estimated at approximately 0.5 percent of totdl project costs since no high pressure
equipment is involved in the process and the working fluid is not toxic or hazardous. The working capital,
interest during congtruction, reserves, and fees are based on commercid’ considerations estimated at 9
percent of the total project cost. The contingency funds were set at 4.5 percent of the total project cost
before contingency.

10.4 Estimated Capital Cost of the 7.2 Million Gallons/Day [27300 M*/Day] Commerciial Plant

The second commercia plant is designed to produce 7.2 million galons/day or 8,000 acre-feet/year [9.87

million m3fyear]. The total project cost based on the process flow diagram in Drawing PF-1 of Section
9 are edtimated as follows:
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TABLE 104 EQUIPMENT LIST = Commercial Plant

Salt Water Slurry Pump
R141 B Injection Pump

Wash Column

Wash Col Rinse Pump
Wash Col Rinse water Cooler

Ice Melter

Solar Steam Generator
Solar Stream Generator Pump
Fresh Water Decanter

Steam generator

Fresh Water Tank

R141 B Storage Tank

Alr Stripper- fresh water

Ambient air blower

Fresh Water Feed Pump-air stripper
Process Alr Heater

Process Alr Blower

Vapor Phase Carbon Adsorber

Steam/R141B Condenser

Steam Condensate/R141 B Decanter
Steam Condensate Transfer Pump
Alr Heater - drying alr blower

Drying Al Blower

Drying Alr Blower Inlet Alr Filter

Llquld Phase Carbon Adsorber

Llquld Phase Adsorber Feed pump

Salt Water Slurry Plpellne
Waste Brine Water Plpeline

R141 B Injecti on Plpelline

14,000 gpm @ 30 pslg, 350 hp horizontal centrifugal pump, cast iron const

740 gpm @ 100 psig, 60 hp

Four units = 15 ft dia x 54 A high carbon stl tank w/ poly liner
75 hp Ice scraper, 15 hp ice paddle

250 gpm @ 15 psig, 4 hp electric motor, polyethylene
31 mm biuhr

50,000 gal tank w/ heating coil - 250 mmbtu/hr, 15 minute
residence time for ice to melt.

250 mmbtu/hr 15 pslg sat steam,
500 gpm @ 30 psig, 15 hp
500.000 gal, 3 hr residence time, interface at 20% level

500 pph @ 15 pslg saturated, 600,000 btu/hr

One million gal, c. stl with epoxy lining, 37 ft dia x 32 ft high, 10 hour storage

500,000 gal, ¢. stl with epoxy lining, 26 ft dia x 32 A high, 12 hour storage

dia x 27 ft high, FRP fiberlass shell, poly mist eliminator
packing » 20 ft bed of {-1/2" dla polypropylene balls
Centrifugal blower, 24,000 cfm, 75 hp

Centrifugal pump, 2750 gpm @ 25 psig, 60 hp

054 mm btwhr

centrifugal blower, 24,000 cfm, 50 hp, carbon sti const

Dual stainless steel vessels
10,000 Ib activated carbon per vessel, 99% removal eff.

36 mm btu/hr coil heat exchanger

1250 gal poly, 3 hour residence time, interface at 20% level
6 gpm at 20 psig, polyethylene construction, /4 hp

20 mm btwhr

24,000 cfm, 50 hp centrifugal blower W/ variable inlet damper, ¢ sti const

24,000 ¢fm, 5 micron

Dual vessels, ¢ stl shell w/ polyethylene liner
10,000 Ib activated carbon per vessel, 2 week run

Centrifugal pump, 2750 gpm @ 20 psig, 40 hp,

1000 ft of 24” dia x 0.736” wall SDR 32.5 HDPE poly pipe
50 ft lengths, butt fusion ends, 160 psig internal design pres

1000 A of 24” dia x 0.738” wall SDR 32.5 HDPE poly pipe
50 ft lengths, butt fusion ends, 160 psig internal design pres

1000 ft of 6” dia poly



Equipment cost $11,986,000

Deep water pipe inddlation 2,312,000
Engineering and environmental costs 450,000
Ste related costs 150,000
Project Development and Management 450,000
[nsurance 75,000
Working capitd, interest during construction,

reserves, and fees 1,959,000
Project cost before contingency $17,382,000
Contingency 778,000
Tota Estimated Cost $18,160,000

This cost estimate was not developed from equipment quotations and engineering estimates.  Instead the
deep sea pipeline and process equipment costs were scaled from the cost of the smaler commercid plant
using a scding factor of 1.85. It is expected that two 48-inch [122 cm] pipes would support the flow
requirements for the larger commercial plant. The cost of the pipeline materid is small compared to the
cogt of laying the pipes. Laying two pipes in the same vicinity with the same equipment would reduce
the unit costs. Smilarly, dua process equipment lines would be necessary to handle flow requirements
and the cost of ingtalation of two identical process lines would reduce costs. In some cases larger Size
equipment could serve both process lines to further reduce costs.

Engineering and environmental costs were estimated a 50 percent higher for the larger plant compared
to the smdler plant. This is dso true for the Ste related costs, project development and management
costs, and insurance costs. Working capital, interest during construction, reserves, and fees were more
than doubled for the larger plant while the contingency was increased by a factor of 1.8. The tota project
costs for the larger plant was a factor of 1.85 higher than the smaler plant.

105 Alternate Cost Estimates for the Demondration Plant

The capital cost of the project on San Clemente Idand or at Scripps Institute of Oceanography would be
in the range of $2.7 to $3.5 million due to the added cost of laying a deep sea pipeline. No rdiable
estimates of the deep sea pipeline are possible until underwater temperatures and the routing and length
of the pipeline can be established.

An dternate estimate was made of the equipment costs of the demonstration plant if the vapor-phase
carbon adsorbers are eliminated and the air from the air stripper is discharged to the atmosphere. Since
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the HCFC R141B is not a hazardous compound this is feasible. The equipment cost estimate would
decrease to $123.000 from the $280,000 cost shown in Table 10.1, or more than 50 percent However,
the cogt of lost HCFC R141B showed this was not atractive dependent upon the expected operating time
of the demondtration plant Since it is not desirable to limit the operating hours of the demonstration
plant, this option was not selected.

Anocther dternate was investigated by using the warm surface sea water as a source to melt the ice in the
ice melter. This was not economic due to the higher equipment cost of the demongtration plant of
$391,000 as well as the increased cost of pumping the sea water.

The liquid-phase carbon adsorbers might aso be deleted if the HCFC R141B concentration of one ppm
were acceptable in the potable water. Not currently knowing these limits; this option was also not selected
and no cost estimate was prepared.

10.6 Alternate Cost Estimate for the Commercial Plant
An dternate estimate was made for deleting the vapor-phase carbon adsorbers with the ar from the air
dripper discharged to atmosphere.  Since the HCFC R141B is not a hazardous materid this is feasble.

The equipment cost estimate decreases to $3,676,000. However, as with the demongtration plant, the cost
of lost HCFC R141B showed this was not an attractive aternate for continuous operation of the plant.

11. OPERATING COST ESTIMATES

11.1 Summary of Operating Costs for Demonstration and Commercial Plants

The egtimated annual operating codts for the demonstration plant and the two commercid plants are
summarized below and described by cogt items in the discussion below:

0 Demondration plant at any location to produce
36,000 gallong/day [136 m/day] or 40 acre-feet/year
[49300 m’/year] if operated continuoudy $ 60,000

0 Commercid plant & unspecified location to produce
3.6 million gallons/day [ 13600 m*/day] or 4,000
acre-feet/year {4.93 million m’/year] $1,432,000
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0 Commercid plant at unspecified location to produce
7.2 million gdlons/day [27300 m*day] or 8,000
acre-feet/year [9.87 million myear] $2,303,000

113 Edimated Operating Cods for Demondration Plant

The demondtration plant is designed to produce 36,000 galong/day of fresh water or 40 acre-feet/year if
operated continuoudly. The annua operating costs are estimated as follows:

Electric power, a $0O.10/kilowatt-hour $ 3,895
Make-up HCFC R141B, a $10.50/galion 105
Carbon for liquid-phase carbon adsorbers, a $1.00/pound 2,054
Management and labor, including part-time technician 54,000
Totad Operating Cost $60,054

Electric power consumption is derived from the eectric motor list as shown in the top portion of Table
111, Assuming the demondtration plant is operated continuoudy, injecting the HCFC R141B clathrate
former at the 2,000 foot [610 m| depth consumes 2,997 kilowatt-hours'year and pumping the ice durry
from the 2,000-foot depth consumes 17,012 kilowatt-hours/year. This accounts for over 50 percent of the
annual power requirements of 38,954 kilowatt-hours.

The desalination process recovers 99.99 percent of the HCFC R141B used in the plant. This reduces
make-up requirements to an annual consumption of 10 gallons [ 37.9 liters]. If the carbon adsorbers were
deleted from the process, the desalhation process recovers only 99.87 percent of the HCFC R141B and
that increases the annua cost of HCFC R141B to $36,630 and increases the annual operating costs to

$96,579. This trade-off is not economic based on plans to operate the demondration plant over a two-year
period.

The carbon for the liquid-phase carbon adsorbers is replaced a the rate of 20 pounds [9.07 kg] of carbon

per pound [0.454 kg] of HCFC R141B recovered. This results in the consumption of 2,054 pounds [932
kg] of carbon per year.

Management and labor are both considered part-time activities over the planned two year operating period.
‘The demondiration plant will be operated continuoudy for many months to insure stable reproducible
operating characteristics and proof of yields of both fresh water and recovered HCFC R141B. Depending
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Demonstration Plant

HCFC RI41B injection pump

Ice shurry pump

Wash column rinse pump

Wash column ice scraper

Wash column paddle

Solar steam generator pump

Feed pump - fresh water air stripper
Air blower « fresh water air stripper
Process air blower

Drying air blower

Liquid-phase adsorber feed pump

Totals

Commercial Plant

HCFC R141B injection pump

Ice sturry pump

Wash column rinse pump

Wash column ice scraper

Wash column paddle

Solar steam generator pump

Feed pump - fresh water air stripper
Air blower « fresh water air stripper
Process air blower

Drying air blower

Liquid-phase adsorber feed pump
Steam condensate transfer pump

Totals

TABLE 11.1
ELECTRIC MOTOR LIST FOR DEMONSTRATION AND COMMERCIAL PLANT

Delta
Flow Pressure
(gpm or cfm) (psi)
74 gpm 100
140 gpm 30
25 gpm 15
35 gpm 15
25 gpm 25
250 cfm 0.16
250 cfm
250 cfm
25 gpm 20
740 gpm 100
14,000 gpm 30
250 gpm 15
600 gpm 30
2,750 gpm 25
24,000 cfm 0.18
24,000 cfm
24,000 cfm
2,750 gpm 20
6 gpm 20
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Power
Required
_(HP)
0.54

3.06
0.03

0.38
0.46

0.36

54
306

1
50

40
0.1

Power
Required
(KW)

04
23
0.2
0.6
01
03
03
04
04
01

03

54

403
228
2
42
8
8
37
42
28
28
30
0l

493

Annual
Consumption

_(KW-HR)

2,997
17,012
152
4,166
1,042
2,127
2,532
3,125
3,125
651
2.025

38,954

299,738
1,701,217
15,189
312,453
62,491
62.491
278,473
312,453
208,302
43,39
222,778
304

3,519,285

Connected
Power

(HP)

1
4

025
1

0.25

05

!

0.75

0.75

0.75
05

10.75

60
350
4
7s
1s
1s
60
I6)
)
50



on initia results, other clathrate formers may be demonstrated in the plant Theredfter, the plant will be
used only for demondgtrations to vistors. It is planned that a technician from the Naturd Energy
Laboratory of Hawali (NELH) or Maka Ocean Enginesring, Inc. (Maka) will operate the plant with
technica support from Thermal Energy Storage, Inc. (TESI) as required. If the demongtration plant is

located a San Clemente Idand or Scripps Institute of Oceanography, TESI will supply the technician and
technical support.

To insure adequate funding, the operating costs for two years are combined with the capita costs of the
demondtration plant to determine that the amount of funding required is $1.63 million It is deemed
prudent to seek funding for $2 million.

11.3 Estimated Operating Costs for 3.6 Million Gallons/Day [13600 M*/Day] Commercial Plant

One of two commercia plants is designed to produce 3.6 million gallons/day of fresh water or 4,000 acre-
feet/year [4.93 million m®/year]. The annua operating costs are estimated as follows:

Electric power, at $0.10/kilowatt-hour $ 351,928
Make-up HCFC R141B, a $10.50/gallon 10,489
Carbon for liquid-phase carbon adsorbers, a $1.00/pound 205,376
Management and |abor
One plant manager 97,500
One operations supervisor 91,000
One maintenance supervisor 78,000
Eight plant operators 457,600
Three maintenance technicians 140.400
Totd Operating Cost $1,432,293

Electric power consumption is derived from the electric motor list as shown in the bottom portion of Table
111, Injecting the HCFC R141B clathrate former a the 2,000 foot (610 m] depth consumes 299,738
kilowatt-hourslyear and pumping the ice slurry from the 2,000 foot depth consumes 1,701,217 kilowatt-
hourslyear. This accounts for 57 percent of the annual power requirements of 3,519,285 kilowatt-hours. .

The desalination process recovers 99.99 percent of the HCFC R141B used in the plant This reduces
make-Up requirements t0 an annual consumption of 999 gallons [3780 liters]. If the carbon adsorbers were
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deleted from the process, the desalination process recovers only 99.87 percent of the HCFC R141B and

that increases the annua cost of HCFC R141B to $3,663,000 and increases the annual operating costs to
$5,084,770. This trade-off is not economic.

The carbon for the liquid-phase carbon adsorbers is replaced a the rate of 20 pounds [9.07 kg] of carbon
per pound [0.454 kg] of HCFC R141B collected. This results in the consumption of 205,376 pounds
[93100 kg] of carbon per year.

The management and labor costs represent dightly more than 60 percent of the annua operating codts.
The 14-person management and |abor staff congists of one plant manager, two supervisors, eight operators,
and three maintenance technicians.

114 Edimated Operating Cogts for 7.2 Million GalongDay [27300 M%Day] Commercia Plant

The second commercia plant is designed to produce 7.2 million gallons/day of fresh water or 8,000 acre-
feet/year [9.87 million m’/year]. The annual operating costs are estimated as -follows.

Electric power, a $0.10/kilowatt-hour $ 703,857
make-up HCFC R141B, a $10.50/gallon 20,978
Carbon for liquid-phase carbon adsorbers, a $1.00/pound 410,752
Management and labor
One plant manager 112500
One operations supervisor 101,000
One maintenance Supervisor 90,000
Eight plant operaors 528,000
SiX maintenance technicians 336.000
Total Operating Cost $2,303,087

Electric power consumption, make-up HCFC R141B consumption, and carbon consumption are twice the
costs for the smaller commercia plants.

The management and labor costs a $1,167,500 now represent dightly more than 50 percent of the annual

operating costs. It is expected that the same number of management and operations personnel can operate
the plant and only the maintenance personnel are increased to sSix technicians. However, due to the
increased responsibilities, annua wmpensation is increased for dl personnel. The 17-person management
and labor staff consists of one plant manager, two supervisors, eight operators, and three maintenance

technicians.



12. COST OF FRESH WATER

12.1 Summary of Cogts of Fresh Water

The estimated costs of producing fresh water from the commercid clathrate desdinaion plants are
summarized below with the assumptions discussed in the subsequent sections:

0 Commercid plant a unspecified location to produce
3.6 million gallons/day [ 13600 m®/day] or 4,000
m-feet/year [4.93 million m/year] under public
financing $2.0 11 ,000 gdlons
[$0.53/m”]
0 Commercid plant a unspecified location to produce
3.6 million gdlong/day or 4,000 acre-feet perfyear
under private financing $2.37/1 ,000 gdlons
[$0.63/m’]
0 Commercid plant a unspecified location to produce
7.2 miltion gdlons/day [27300 m*/day] or 8,000
acre-feet/year {9.87 million m*/year] under public
financing $1.70/1,000 galons
[$0.45/m’]
0 Commercid plant a unspecified location to produce
7.2 million galong/day or 8,000 acre-feet per/year
under private financing $ 2.02/1,000 gdlons
[$0.53/m®)

The 7.2 million gdlong/day commercia plant under municipal financing produces fresh water a the lowest
unit cost This cost of $1.70/1,000 gdlons is below the target price of $2/1,000 gallons [$0.53/m®] set
by a public water authority in Southem California to compete with surface water. The 7.2 million
gdlong/day commercid plant under private financing is aso essentialy competitive in this same market
at $2.02/1,000 gdlons. If the plant size were increased to 9 million gallons'day [34100 m*/day], or 10,000
acre-feet/year [ 12.3 million m?], this desalination plant would be even more competitive,

12.2 Assumptionsfor Publicly-Financed Plants

The two publicly-financed desdlination plants producing 3.6 and 7.2 million gallongday of fresh water
would be financed by bonds issued by a municipa or district water authority. The smdler plant could
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be financed by an $1.1.2 million bond issue and the larger plant by a $20.5 million bond issue.  Both bond
issues include one year of operating expenses to provide working capitd. The interest on the bonds is
et at 6 percent with payback over the 30-year life of the plant. The annua capital aud operating cost for
the smdler plant is $2.3 million, and for the larger plant is $3.8 million.

The annua costs, the fresh water produced, and the unit cost of fresh water are as follows:

36 Million 72 Million
Gallons/Day Gdlong/day
Annud cost of debt $ 816,211 $1,486,615
Annud operating costs 1,432,000 2,303.000
Total annua codts $2,248,211 $3,789,615
Annualfreshwaterin
thousands of gdlons 1,116,900 2,233,800
Unitcostoffreshwaterin
dollars/gallon $2.01 $1.70

123 Assumptions for Privately-Financed Plants

The two privately-financed desalination plants producing 3.6 and 7.2 million galong/day of fresh water
would be financed by 18 percent equity and 82 percent debt raised in common stocks and bonds in the
capitdl markets. The smaller plant would be financed by $2.0 million in common stocks and $9.2 million

in corporate bonds for a total investment of $11.2 million, including one year of operating codts to provide
working capital. The larger plant would be financed by $3.7 million in common stocks and $16.8 million

in corporate bonds for a tota investment of $20.5 million, including one year of operating costs to provide
working capitd.

The totd equity return before income taxes is set a 15.65 percent with a 42.5 percent federa and dtate
income tax rate. This provides a 9 percent retum after taxes. The interest on the bonds is set at 9 percent
before taxes with payback over the 30-year life of the plant. The annua capital and opereting cost for
the smaler plant is $2.7 million, and for the larger plant is $4.5 million.

The annud cost, the fresh water produced, and the unit cost of fresh water are as follows:
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36 Million 7.2 Million

Gallons/Day Gallo

Annua cost of equity $ 320,578 $ 583,839
Annual cost of debt 896,731 1,633,271
Annual operating costs 1,432,000, 2,303,000
Totd annud codts $2,649,309 $4520,160
Annudl fresh water in

thousands of gdlons 1,116,900 2,233,800
Unit cost of fresh water in

dollars/gallon $2.37 $2.02

APPENDIX A: WARM WATER DESALINATION

A.1 The Need for a Clathrate Former for Warm Water Applications

In the course of investigating clathrate formers for suitability, attention focused on finding a clathrate
former with the ideal conditions of high temperature clathrate formation at low pressure by a non-toxic

clathrate former. Usualy two of the three combinations could be found in one agent. The best solution

was a compromise wherein HCFC R141B produced the lowest cost water, but the clathrate formation
temperature was low. The principa disadvantage of HCFC R141B is that is not suitable for use in ocean

or seawater with temperatures above approximately 45° F. [7.2° C.]. Thus, the need for a clathrate former
for warm water desdination gpplications was apparent.

A.2 Us of HCFC R22 as a Clathrate Former for Warm Water Applications

Further investigation indicated that the hydrocarbon HCFC R22 might he the most suitable for desalination
of wanner water although recognizing that the cost of fresh water would be somewhat higher than that
usng the HCFC R141B process. HCFC R22 forms a clathrate a gpproximately 55° F. [12.8° C] in
seawater, condderably higher than the 47.5° F. [8.6° C.] formation temperature of HCFC R141B. This

means a Warmer ocean or sea temperature, possibly as high as 50° F [10.0° C.] can be used to form the
clathrate ice.
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This high clathrate formation temperature is a mgor advantage for desalination of Seawater in wanner
bodies of water where the water is shallow or is farther from shore. For example, this application would
be useful for the more-arid countries on the Mediterranean Sea and the Persian Gullf.

The principa disadvantages of HCFC R22 as a clathrate former is that (a) the clathrate ice forms a a
pressure of 97 pounds per square inch gage (psig) [6.82 kg/cm*] and (b) HCFC R22 has a rdlatively high
solubility of 3,000 parts per million a 60° F. [ 15.6° C.] of the agent in water.

The first disadvantage means that the clathrate ice must be maintained a a pressure of approximately 120
psg [8.44 kg/cm*] to prevent the clathrate ice from decomposing as the ice Slurry rises to the surface.
One solution is to use a submersible pump indtaled near shore at a depth of approximately 300 feet.  For
the demondtration plant, this pump will require approximately 15 horsepower [11.2 kilowatts| to lift and
pressurize the ice durry to 120 psg.

The wash column will adso have to be maintained a 120 psig to prevent decomposition of the ice crystals.
After the ice crystals and brine water are separated in the wash column the pressure can be reduced to
amospheric. This reduction in pressure will cause the HCFC R22 to vaporize to separate the HCFC R22
from the fresh melt water. A performance summary for the HCFC R22 process is shown in Table Al.

With the HCFC R22 removal and recovery process equipment operating at amospheric pressure, the
complexity, capital codts, and operating costs will be less than a pressurized system. However, in the
demongtration plant, approximately 6 horsepower [4.47 kilowatts] will be required to recompress the
HCFC R22 vapor to a liquid at 120 psig. The consumption of eectric power increases by a factor of 4.4
over that of a comparable process based on HCFC R141B (refer to the electric motor list in Table A.2
compared to the eectric motor list shown in Table 11.1 for the HCFC R141B demondration plant).
Also, approximately 140 gdlons per minute of cold water a 60° F. [15.6° C.] will be required to remove
the latent heat of condensation and the heat of compression for converting the HCFC R22 vapor to a
liquid. This heat would be removed by the cold brine water. Some of this heat can be rejected to the ice
melter for melting the ice crydtals.

The second disadvantage of HCFC R22 is its solubility in water of 3,000 parts per million a 60° F. [15.6°
C.] and atmospheric pressure. This compares with the solubility of HCFC R141B of 350 parts per million
at these Same conditions. This high solubility increases the complexity and cost of the HCFC R22
recovery system. Also recovery of HCFC R22 might be required from the brine water to improve
economic production of fresh water by recycling this recovered material.

88



TABLE Al
PERFORMANCE SUMMARY - HCFC R22-BASED DEMONSTRATION PLANT

Brine weter-ice sturry flow
Brine water flow
Ice flow (fresh water & clathrate)
Fresh water flow
HCFC R22 refrigerant flow
Ice crystals
Density of ice crysas
Heat of fuson
Heat of fusion to disspate
Temperature of ice sharry at surface
Waste brine flow from wash column .
Fresh water produced
Recovered HCFC R22
Initid concentration of HCFC R22 in brine water
Find concentration of HCFC R22 in brine water
HCFC R22 log in brine water
HCFC R22 recovery from brine water
Initid concentration of HCFC R22 in fresh water
HCFC R22 in fresh water to carbon filter
HCFC R22 log in fresh water
HCFC R22 recovery from fresh water
Totd HCFC R22 lost
Totd HCFC R22 recovery
Physcd properties of HCFC R22
Molecular formula
Molecular weight
Liquid dendity & 65° F.
Specific heat - liquid & 65° F.
Saturated vapor pressure a 65° F.
Specific volume of saturated vapor at 65° F.
Specific heat of vapor a 65° F.
Energy to compress HCFC R22 vapor
Inlet pressure
Discharge pressure
Inlet volume of gas
Ratio of specific heats, n
n/(n-1)
(@-1)/n
Heat of condensing HCFC R22 vapor
Enthalpy of saturated vapor at 65° F.
Enthalpy of saturated liquid & 65" F.
Cooling water required
Cooling water inlet temperature
Cooling water outlet temperature
Energy to pump ice slurry to wash column
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gpm
gpm

percent

pounds per galon
BTU per pound
Million BTU per hour
°F.

gpm

gpm

gpm

ppm

gpm
gdlons per day
percent

ppm
ppm
gdlons per day

percent

gallons per day
percent
Chlorodifluoromethane
CHCIF,

pounds per cubic foot
BTU per pound per °F

psia
cubic feet per pound

BTU per pound per ° F.

horsepower
psa

psa

scfm

BTU per hour
BTU per pound
BTU per pound
gpm

°F.

oF,

horsepower

139.6
104.7
34.9
21.5
7.4
25
8.76
137
2.5
60
107.2
25.0
7.4
0
0
0
100.0
3,00?
0.04
99.9997
0.04
99.9997

86.5
75.93
0.29
126.0
0.4355
0.20
6
14.7
126
32.7
135
3.86
0.26
365,974
1101
28.9
146
60
65
154



TABLE A2

ELECTRIC MOTOR LIST FOR HCFC R22-BASED DEMONSTRATION PLANT

HCFC R22 injection pump

| ce sturry lift pump

[cedurry transfer pump

Wash column rinse pump

Wash column ice scraper

Wash column paddle

Solar steam generator pump

Fesdl pump - fresh water air Sripper
Air blower « fresh water air stripper
Process air blower

Drying air blower

Liquid-phase adsorber fesd pump
HCFC R22 vapor compressor

Totals

Flow

(gpm Or cfm)

7.4 gpm
140 gpm

140

gpm

2.5 gpm

35
25
250
250
250

25

gpm
gpm
cfm
cfm
cfm

gpm

Delta
Pressure

Apsi).

1000
130
30
-15

15
25

20

Power Power Annual
Required Required Consumption
(HP) (KW) (KW-HR)
5.40 4.03 29,974

13.27 9.90 73,719
3.06 2.28 17,012
0.03 0.02 152
0.56 0.56 4,166
0.14 0.14 1,042
0.38 0.29 2,127
0.46 0.34 2,532

0.42 3,125
0.42 3,125
0.42 651
0.28 2,083
6.00 4.50 33,328
23.60 173,036

Connected
Power

—(HP)

6
15

o
~ N~ AN [}
ol o1 o1 o o

(e R R e R e

38.75



From the above description of the HCFC R22 process, it is clear that the cost of fresh water produced by
this process would be higher than that produced by the HCFC R141B process. The capitd and operating
costs for alarge HCFC R22-based desalination plant were not devel oped since the warm water
desahnation application is not a primary need in the United States where cold ocean water is available in
Southern California and other coastal areas to meet the need for additiona fresh water.

A3Usof HCFC R22asa Clathrate Former for Cold Water Applications

If HCFC R22 has application for desdination in warm waters, the question arises on how it would perform
in cold water. A brief review indicates that it would produce fresh water for a lower cost than fresh water
produced by warmer ocean or sea temperatures but at a higher cost than fresh water produced by the
HCFC R141B process.

If HCFC R22 is used as the clathrate former in an ocean or sea pipdine where 40° F. [4.44° C] is
available, the amount of heat transfer Surface area for the liberation of the heat of fuson during clathrate
formation will be approximatdy five times less than if HCFC R141B is used. Some of the heat of fusion
liberated can be absorbed by the ice slurry mass provided the temperature of the ice slurry iS maintained

below the melting point of the clathrate. Also, the temperature differential for heat transfer from the ice
slurry to the surrounding water on the outside of the pipe will be greater. Thus the amount of heat

transfer surface area and the length of the pipe will be less.

The trade-off of less undersea pipeline surface area with the higher capital costs and operating costs

associated with the HCFC R22 clathrate former will likely result in a higher cost of fresh water for the

system usng HCFC R22. Further investigation is necessary to determine how much difference would
exist between the two systems. However, the two systems ate best employed under different ocean or sea
conditions. Cold ocean water close to shore will likely favor the HCFC R141B clathrate former while
warmer sea or bay water will require the use of HCFC R22.

APPENDIX B. LETTER FROM U.S. NAVY

Reproduced on Next Rage
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DEPARTMENT OF THE NAVY
NAVAL AIR STATION
NOARTH ISLAND
. ~REP .
SAN DIECO, CALIFOANIA 921 28-3000 1!10 OLV MEFCR TO:

Ser 183]6 67
2 5SEP 1992

M. Rchard A McCormack, President
Thermal  Energy Storage, Inc.

6335 Ferris Square, Suite E

San Diego, CA 92121

Dear M. McCormack:

In response to your letter of August 27, 1992, Naval Air Station,
North [sland would be willing to coordinate the use of a limted
area of land at MNaval Auxiliary Landing Field, San Cenente
Island for the purpose of suppsfting a~ Federally  sponsored
demonstration project utilizing the clathrate desalination
technology described in your letter.

The determnation of actual support  requirements for ~such a .
project is, of course, essential prior to any specific commtnent

of Navy property to support this effort.

For additional information and coordination of requirenments
regarding this R;oject, the MNaval Ar Sation, North Island point
of contact is . A Langevin (Code 183), Facility Planning
Drector, Saff Qvil Engineer, telephone 545-1126.

o) Clrnt

/  CLEMENTS
By direction
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