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Executive Summary

This study is an evaluation of the potential for using cold seawater to provide air
conditioning for areas in Hawaii that have high demand concentrations. Presently air
conditioning (A/C) is provided in these areas by conventional cooling systems (CCSs)
that use electric power to chill water that is distributed throughout the building to pick up
heat and transfer it to the outside air. The conventional A/C system consumes around
40% of the total electrical power used in such buildings. A seawater A/C district cooling
system (SDC) consists of a cold seawater supply line, a heat exchanger (at the
shoreline), and a closed cycle fresh water distribution system, all with appropriate
pumps. The electrical energy required by an SDC system is only to run the pumps.
This amounts to about 10%, or less, of what is needed for the conventional A/C system.

The costs associated with an SDC system are primarily related to the initial
capital expenditure. This, in turn, is related to the distance to cold water, to the
temperature of that water, to the extent and location of the on shore distribution loop,
and to the sizes of all pipelines. Operating costs are related to amount of pumping
power required. This is related to the amount of water to be pumped and to the size
and length of the pipelines.

An SDC system can be evaluated and optimized on the basis of overall minimum
cost or on minimum energy. Both of these methods were used in this study.

Evaluations were conducted for six areas on Oahu, and four on the neighbor
islands using a common set of economic parameters (base case analyses). On Oahu
the primary demand areas are along the shores of Mamala Bay where it is difficult to get

to the 3,300 foot (1,000 meter) depth required for 39°F (4°C) water. However, the



1,600-foot (500 meter) depth contour is within reach and consequently 45°F (7°C) water
is available.

Each of the six case study SDC systems was further analyzed to determine the
impact of changes in various parameters involved the economics of SDC systems and
CCSs. The impact of combinations of changes in two, or more, of these parameters
was also investigated. Summaries of the results for sensitivity analyses for each of the
six case studies are also presented in this report, as is a summary of the benefits of
SDC systems.

The results of these sensitivity analyses show that SDC systems in the Waikiki,
Kakaako, and Honolulu Waterfront areas are very cost effective, even in the base case
analyses. On a weighted average basis, case study systems (West Waikiki, Kakaako,
and Honolulu Waterfront) have base case levelized costs that are 18.4% less than
CCSs. Best case scenarios show potential levelized cost savings greater than 58%.
Even for some of the other non-Oahu case studies, various incentives would make them
cost effective when compared to CCSs.

Savings of these magnitudes could justify a significant reduction in cooling costs
to SDC system customers, while still providing developers with a good return on
investment. In fact, any incentives provided may have to be limited in order to prevent
developers from receiving “windfall” profits. This may have to be decided on a case-by-
case basis.

SDC systems save more than 90% of the energy used for CCSs. On a weighted
average basis, the West Waikiki, Honolulu Waterfront, and Kakaako case studies saved

92.5% of the energy typically used in CCSs. (Similar reductions in future utility



electricity generation capacity are also provided.) This is equivalent to 4,526 kWh/rated
ton-yr, or 8.43 Bbl of imported crude oil/rated ton-yr.

The Waikiki, downtown Honolulu, and Kakaako areas have the potential for a
total capacity of more than 50,000 tons of cooling provided by SDC systems. Based on
this potential, more than 226,000 MWh, and 420,000 Bbl of imported crude oil can be
saved each year (4,530,000 MWh, and 8,420,000 Bbl of imported crude oil over the 20-
year life of these systems). And, this does not include electricity transmission and
distribution losses.

Other benefits of such a large reduction in imported fossil fuels use include
significant greenhouse gas reduction and other air and water pollution benefits. An SDC
system also does not use potentially harmful working fluids (such as the ones used in
many CCSs) and greatly reduces the water and toxic chemical use and disposal
associated with cooling towers.

The method of evaluation used in this study is conservative in that it does not
consider site specific characteristics, the possible use of off peak ice production (or
other thermal storage), or such economic factors as tax credits or carbon trading. An
example of the use of some site specific information and the inclusion of thermal
storage is included in this report for Kakaako. A follow-up project to evaluate the
“Integration of Energy Storage With Seawater Air Conditioning (SWAC) Systems” is
currently underway.

Another consideration for federal facilities (and more recently for state facilities)
is the requirement to reduce the dependence on fossil fuel by 30%. An SDC system for

such facilities would go a long way to meeting this requirement.



The next phase of an evaluation of the possible use of SDC systems in Hawaii is
to conduct site-specific evaluations for each of the positive and marginal sites identified
in this study. Such "Phase II" evaluations would essentially be business plans with
preliminary designs and economic evaluations that consider site specific information as
well as timely economic factors and legal requirements.

Section 1 of this report discusses the background and objectives of this study.
Areas in with potential for seawater air conditioning are also identified. Operational
considerations and conditions required for a cost effective (SDC) system are also
discussed.

Section 2 describes the technical process involved in this study. Of particular
interest are the costs (capital and operation and maintenance [O&M]) of the:

(1) seawater supply and effluent disposal system; (2) heat exchanger and district
cooling systems; and (3) conventional cooling systems (CCSs). The Electric Power
Research Institute Technology Assessment Guide (EPRI TAG) method was used for
economic analyses.

Section 3 identifies six large-scale SDC systems and uses them as case studies
to evaluate the economics of SDC systems in Hawaii.

Section 4 provides the results of a number of sensitivity analyses to determine
the impacts of changes in various parameters on the economics of SDC systems and
CCSs. These parameters include: (1) system lifetimes; (2) estimated percent
replacement for competing CCSs; (3) real interest rates; (4) contingency costs;

(5) changes in electricity costs; (6) changes in real annual escalation rates for electricity;

(7) combined State and federal income tax rates; (8) federal investment tax credits;



(9) various depreciation methods; (10) utility rebates; (11) State of Hawaii Energy
Conservation Income Tax Credits; (12) various production incentives; and
(13) combined property tax and insurance rates. Summaries of the results for sensitivity
analyses for each of the six case studies are also presented.

Section 5 provides a preliminary marketing plan for such systems.

Finally, Section 6 provides a number of conclusions and recommendations
regarding the potential for development of SDC systems in Hawaii, and for technology

export to other areas.
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1. Background and Obijectives

Over the past decade, a growing number of scientists and engineers have
become concerned about global climate change. This phenomenon shows a strong
correlation to human use of fossil fuels. A century’s exponential growth in the build-up
of combustion products trapped within Earth’s atmosphere is implicated as the primary
cause of the “Greenhouse effect” (Marland, 2001). Furthermore, one of the main fossil
fuels, petroleum, is a finite resource and has been a focus of international conflict for
nearly the same period. The other significant greenhouse gas producer is the burning
of coal. While there is an abundant supply of coal, its contribution to global warming is
the most intense of all fossil fuels per unit energy generated (USDOE, 2000).

Recently, the official viewpoint of the United States on “global warming as
fostered by human activity” has shifted from unknown to confirmed. As a national
member of the “Climate Change Partner” program initiated by the U.S. Environmental
Protection Agency, Hawaii is expected to: “.....take an active and immediate role in
addressing greenhouse gas emissions.” (Alber, 2000).

Moreover, Hawaii’s economy is “overly dependent on oil” (Alber, 2000). The
State’s energy needs are more than 90% dependent on imported fossil fuels
(Rezachek, 2002). Sudden surges in the oil price result in significant economic
damage, while no economical by-products result from expenditure money for imported
fuels (Alber 2000). Hawaii’s dependence on imported fossils fuels can be reduced by

utilizing the nearby cold ocean waters for district cooling.
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Out of the research and experimentation that has been conducted on ocean
thermal energy conversion (OTEC), one easily implemented and economically viable
technology has emerged: seawater air conditioning (SWAC). It is both technically and
economically feasible today, and, once installed, the energy supply is inexhaustible,
renewable, and without adverse environmental impacts.

SWAC is identical in all aspects, save one, to any other air conditioning system
used in a modern major building. That one aspect is that instead of providing the cooling
effect with a mechanical/chemical system, it is provided rather through a heat
exchanger with the typical chilled water system on one side and cold sea water on the
other. The seawater is supplied either from an OTEC or from dedicated piping and
pumps.

Throughout the world’s oceans, seawater temperatures decrease with depth. At
depths exceeding 1,500 feet, these temperatures are equivalent to chilled water
temperatures required for space cooling. In Hawaii, the coupling of year-round space
cooling demand, high electricity rates and district locations near steep coastal
bathymetries provides one of most opportune circumstances for seawater district
cooling in the world. A seawater district cooling utility is a demand-side management
technology with the potential to avoid more than 90% of the energy consumption and
carbon emissions typical for conventional air-conditioning systems. The cold-water
resources surrounding the island-chain are abundant and sustainable, and their proper
use does not produce environmental harm and often can be shown to have an

environmental benefit.
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Allislands in Hawaii have some shorelines that have good access to deep, cold
seawater. Figures 1, 2, 3, and 4 show the proximity of deep, cold water to each of the
major Hawaiian islands. All islands have some shorelines that have good access to
deep cold seawater. Notable areas are southern Kauai, west Oahu and the southern
60% or more of the Big Island. Other sites, such as Honolulu, already have huge A/C
requirements but significant distribution challenges and relatively long distances to cold
water offshore. The large size and resulting economy-of-scale in Honolulu can probably
overcome the obstacles associated with longer pipelines and onshore distribution

(Rezachek, et al., 2000).
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Figure 1 Optimum SWAC Sites for the Island of Oahu
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Figure 3 Optimum SWAC Sites for the Islands of Kauai and Niihau
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Figure 4 Optimum SWAC Sites for the Islands of Maui, Molokai, Lanai, and Kahoolawe

Essentially, an SDC system pumps up cold ocean water from below 1,500 feet to
cool a freshwater loop supplying chilled water equivalent to that produced by a
building’s centralized air-conditioning plant. On average, the pumping of the cold liquids
is far less energy intensive than producing the equivalent cold liquids by conventional

refrigeration. A seawater district cooling system in Hawaii consists of the following main

components:
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e large diameter cold-water supply pipe of several miles length;

e heat exchanger resistant to corrosion by seawater for chilling the freshwater
distribution medium;

e network of distribution pipes within the district to supply chilled water to
centralized air-conditioning systems; and

e possible secondary utilization of cold seawater and/or a seawater return line.

A simplified schematic is illustrated in figure 5.
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Figure 5 SDC system schematic
In the United States, the concept of district cooling using conventional air-

conditioning has been cost-effectively demonstrated in 40 districts distributed among 16
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states. Cornell University (Ithaca, New York) has become the first institution in the
United States to construct and operate a district cooling system that utilizes its local
deep cold water resource in place of conventional air-conditioning systems (Pierce,
2002). Large-scale implementation of SDC system’s potential in Hawaii can provide an
economical solution for meeting state, national and international requirements for local
action on reducing climatic impact due to energy consumption.

As an initial step in this local development and future technology export, this

project will:

e |dentify potential areas for SWAC applications (such areas include the
downtown Honolulu area, Waikiki, Ala Moana Center, and large hotels or
hotel clusters on each of the islands with good access to cold deep
seawater);

e Update previous feasibility studies for SWAC (e.g., West Beach, Waikiki);

e Conduct preliminary technical and economic feasibility analyses for other
promising locations in Hawaii;

e Prioritize these locations for further technical and economic analysis;

e Develop a marketing plan to allow private sector development of one, or
more, of these Hawaii projects; and

e |dentify types of assistance that can be provided by the State of Hawaii (e.g.,
Special Purpose Revenue Bonds) and other government sources.

This study investigates Hawaii’s potential use of the surrounding deep cold

oceans for seawater district cooling (SDC) applications ranging from resorts on the

neighbor islands to the central business district of downtown Honolulu, as well as
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federal and state facilities. Economic summaries and marketing methods for each

district demonstrating technical viability are presented.

The evaluation of potential districts within Hawaii began with constructing a

generic district model and its associated seawater supply system. Based on

geographical information system (GIS) databases and facility surveys, real district

values parameterized the models to determine economic outcome. Economic viability

was measured by the difference in levelized cost of cooling using conventional

mechanical methods versus the proposed cold seawater utilization alternative. The

following major variables determine system economics:

1.1

Financing methods (type of ownership, interest rates);
Local bathymetry (district location);

District Characteristics (size and demand density);
Electricity rates (consumer costs); and

Seawater system utilization (secondary utilization).

The effects of each variable are briefly discussed below.

Financing Methods

The financing method will have a significant impact on the economics of an SDC

system (see Section 4.3 for a further discussion of this impact). The two competing

parameters between an SDC utility and the complementary set of air-conditioning plants

are the differences in capitalization and operating costs. Higher electricity rates favor

an SDC system; however, the capitalization costs are greater for the SDC system.

Since the cost of the cold water pipe and the installation of the district chilled water
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distribution system are so significant with regard to the total capitalization cost of an
SDC utility system, it is important to recognize that these components have a
significantly longer life than the average facility air-conditioning plant. The longer life
cycles are attributed to the fact that most of the capital is invested in high-density
polyethylene plastic (HDPE) pipe and its deployment. A minimum of 50 years of service
is expected from this pipe. The cost of SDC system operation is an order of magnitude
less than the sum of the individual facilities’ air-conditioning plants. The competitive
advantage of an SDC utility depends on this and the financing and ownership of the
SDC system. Additionally, SDC system is an undeveloped but promising demand-side
management technology could justifiably be a candidate for an investment tax credit or
other type of support. It also is an indigenous renewable energy technology that uses

abundant deep cold seawater.

1.2 Local Bathymetry

The most critical physical variable is the local bathymetry near the district of interest.
The local bathymetry determines the length, and thus the cost and capacity of the cold-
water pipe (CWP). Gradual bathymetric changes require longer pipes and demand
more pumping power for equivalent cooling capacity. Only high cooling density and
large districts may attain economic success near gradual bathymetries. Ultimately, a
maximum CWP length limitation exists that economically and/or technically prohibits
SDC system development using conventional economic analysis. This economic limit
can be expanded if various incentives are provided that recognize the demand
reduction, energy savings, renewable energy use, and environmental benefits of this

technology.
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1.3 District Characteristics

District characterization encompasses cooling demand, chilled water supply
temperature, demand density, and construction cost rates. These variables must be
considered separately and in detail. However, due to significant inter-dependency, the
characterizing variables can be summarized in concert. Total district demand affects
the CWP construction and operational costs in an inverse manner. As district demand
increases, the cold water flow rate in the CWP must increase for a fixed temperature
change through the seawater-side of the heat-exchanger. This relationship is
compounded by a decreasing in buckling resistance of larger pipes, thus the tendency
is towards greater unit expense for the CWP as the demand increases. This effect is
somewhat compensated by relatively lower operational (pumping) costs. In conjunction
with relatively lower operational costs, some scale-invariant aspects of the CWP
capitalization costs produce an economy of scale tending to favor larger district
demands. As the district size/demand is varied, a minimum levelized cost of cooling is
achieved representing an optimum district size.

The installation of a chilled water distribution system is also a major cost of an
SDC system. The tendency towards favoring denser districts is tempered by
significantly higher unit construction costs in urban scenarios. This implies that dense
districts must also have large demands (tall buildings), which is usually, but not
necessarily correlated. Some districts can have urban-like traffic/streets, yet lack
volume in air-conditioning demand due to a predominance of low-rise buildings.

Furthermore, this also implies that relatively small resort scenarios in rural settings may
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have good prospects. The material cost of the distribution piping itself tends to be less

significant than the installation costs (Valentine, 2001).

1.4 Electricity Rates

The cost of electricity provided to facilities with a demand greater than 300 kW,
principally involves two variables, demand charge and energy charge. The demand
charge is determined from the highest 15-minute average of demand experienced by a
facility in the billing month, and often constitutes one quarter of a building’s electricity
bill. This demand is called the billing demand, and very large users will experience a
discount for volume of demand. Additionally, billing demand also affects the energy
charge. The energy charge accumulates over the billing month, and experiences a
volume discount that is proportional to the ratio of average demand over the billing
demand. Thus, the billing demand can affect the total electric bill by as much as 10%
due to increased energy charges. This type of billing structure approximates first degree
price discrimination, which is an idealized concept of being able to charge every
customer at exactly the unit price that they would be willing to pay (demand price).
Price discrimination occurs when a supplier is not restricted by competition; the supplier
is free to charge as if it were a monopoly. In the situation of a public utility, the demand
price is set by the public utility commission.

Two sample tables (tables 1 and 2) of electricity rate determination are shown
prior to SDC system implementation, and following the loss of A/C load to the SDC
system provider when metering on secondary voltage. In all cases, the facility energy
rates increase as the customer’s purchase quantity shifts lower resulting increased unit

pricing due to price discrimination.
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The price discrimination schedule can be idealized in two steps, an “industrial”
rate yielding an average electricity rate of $0.0986/kWh, or a “commercial” rate yielding
an average electricity rate of $0.1040/kWh. The classification depends on how the
voltage is transmitted to the customer (secondary, primary, or transmission). The
University of Hawaii Ocean & Resources Engineering (UH-ORE) program (developed
by Ennis Patterson) determined the electricity rates for each district per schedule under
the assumption of single point metering. An “industrial” rate of $0.105/kWh and a
“commercial” rate of $0.112/kWh was provided to Makai Ocean Engineering by UH-

ORE, representing fair rates to apply to both system due to demand-price shifts.
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Table 1 Electricity bill and load profile prior to an SDC system

time Facility AIC total
23:00 168 137 305
0:00 168 137 305
1:00 168 137 305
2:00 201 165 366
3:00 243 199 442
4:00 344 281 625
5:00 453 370 823
6:00 461 377 838
7:00 469 384 854
8:00 469 384 854
9:00 478 391 869
10:00 478 391 869
11:00 486 398 884
12:00 520 425 945
13:00 562 460 1021
14:00 562 460 1021
15:00 562 460 1021
16:00 562 460 1021
17:00 562 460 1021
18:00 486 398 884
19:00 411 336 747
20:00 344 281 625
21:00 268 219 488
22:00 201 165 366
328
PS schedule factors Charges
Peak Demand (kW) 1021
Daily energy consumption (kWh) 17498
Customer $320
1st Demand ($10*kWmax) 500 $5,000
2nd Demand ($9.5*kWmax) 521 $4,952
over Demand ($8.5*kWmax) 0 $0
1st level ($0.072087/kWh) 204244 $14,723
2nd level ($0.064104/kWh) 204244 $13,093
3rd level ($0.06101/kWh) 125198 $7,638
Energy cost adjustment ($/kWh) 0.0178 $9,500
Power factor adjustment (80%) $182
Monthly energy consumption 533686
(kWh)
Total $55,407
average $/kWh $0.1038
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Table 2 Electricity bill and load profile after an SDC system

time total
23:00 168
0:00 168
1:00 168
2:00 201
3:00 243
4:00 344
5:00 453
6:00 461
7:00 469
8:00 469
9:00 478
10:00 478
11:00 486
12:00 520
13:00 562
14:00 562
15:00 562
16:00 562
17:00 562
18:00 486
19:00 411
20:00 344
21:00 268
22:00 201
PS schedule present factors Charges
Peak Demand (kW) 562
Daily energy consumption (kWh) 9624
Customer $320
1st Demand ($10*kWmax) 500 $5,000
2nd Demand ($9.5*kWmax) 62 $586
over Demand ($8.5*kWmax) 0 $0
1st level ($0.072087/kWh) 112334 $8,098
2nd level ($0.064104/kWh) 112334 $7,201
3rd level ($0.06101/kWh) 68859 $4,201
Energy cost adjustment ($/kWh) 0.0178 $5,225
Power factor adjustment (80%) $100
Monthly energy consumption (kWh) 293527
Total $30,731
average $/kWh $0.1047
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1.5 Seawater System Utilization

The utilization of an air-conditioning system is directly related to the daily and
seasonal variations of cooling required. In Hawaii, a typical air-conditioning system
would experience an annual average utilization of 60% (MOE, 1994), mostly due to
daily demand variation (day and night). The utility of the cold-water delivery system can
be improved by diverting excess flow potential at night to storage tanks (space
permitting), then allowing the stored cold-water to augment daytime flow. Otherwise,
the excess night flow can be used as a heat-sink for an ice-making process, where the
ice is used during the day to reduce the chilled water temperature (increase the
temperature differential). Either method can accomplish the same results; the choice of
method is dependent on space availability among other factors. Other factors that
determine this choice could be related to energy savings incentive. In such cases
where space-availability is not a decision factor, stored cold-water could be the better
option as it would be less energy intensive.

Use of a TES system in conjunction with an SDC system would allow greater
utilization of the SDC system by increasing its capacity factor. The viability of a thermal
energy storage (TES) system is determined by a levelized cost comparison between a
larger-diameter CWP and the proposed TES system. Otherwise, a TES system could
be used to expand the network of SDC system customers.

Economically and environmentally beneficial uses of the exhausted seawater
may also be possible, as the seawater is still relatively cold at 55° F to 57° F. Realizing
secondary uses for the exhausted seawater reduces the total capital required for an

SDC system as by-product utilization reduces the cost of an effluent pipe (and, in some
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cases, may provide additional income). Without secondary use, isothermal return of the
seawater would require an effluent pipe that extends to the 800-foot contour; the
effluent pipe would cost approximately half the amount of the supply pipe. However, a
shorter seawater return pipe and shallower (150 feet) discharge depth can often be
justified because of environmental conditions related to the vertical excursion of the
thermocline in an active internal wave field. A minimum of 150 feet is suggested to
bring discharge below standard scuba diving depths to avoid impact on recreational
diving.

In general, the effluent water can be used at a marine biotechnical industrial
park/facility, as auxiliary cooling water for conventional power plants or industrial
processes, for cooling of grounds, e.g. parks and golf courses. In ground cooling, the
cold pipes (effluent) are buried a couple feet underground. The condensation of humid
air occurs through the ground, thus watering the grounds. Furthermore, the effluent
may also be discharged into brackish bodies of water, estuaries, canals and harbors to
provide flushing and improvement in water quality (Krock, 1997).

The full environmental impact of such applications varies with the site
considered. The opportunity for each site requires detailed inspection and in some
cases may be unique. For example, if Pearl Harbor Naval Shipyard used an SDC
system, the seawater exhaust has potential use as a preservation medium for the USS
Arizona memorial. This method of preservation is used on the HL Hunley, a civil war
submersible located in Charleston, South Carolina (Murphy, 2001).

The HL Hunley is actually contained in a tank where the aqueous medium is

carefully controlled. Providing a cold and oxygen poor aqueous environment for the
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USS Arizona might be accomplished by a bottom-mounted encircling pipe outfitted with
numerous vertical discharge spouts (a diffuser). The continuous flow and distribution of
the exhausted heat-exchanger seawater would create a protective shroud around the
memorial that may be more effective than the oxygen consumption attributed to local
microbial action. On average, the seawater would have a half-day residence time, and
would ultimately have negligible impact on the entire Pearl Harbor water body. The

chemical properties of surface and deep ocean water are compared in table 3.

Table 3 Chemical properties of surface and deep ocean water

Components Surface Deep
Salinity (%o) 34.8 34.2
pH 8.2 7.5
Nitrate & Nitrite (mg/L) 0.2 39
Phosphate (mg/L) 0.16 3
Silica (mg/L) 3.09 75
Ammonia (mg/L) 0.36 0.2
Organic Nitrogen (mg/L) 4.3 1.8
Organic Phosphor (mg/L) 0.24 0.1
Oxygen (ml/L) 7 1.2
Carbon (mg/L) 0.77 0.36
Solids (mg/L) 0.6 0.25
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2. Technical Process

The SDC system technical evaluation method begins by outlining coastal regions
where the 1,600-foot bathymetric contour lies less than 5 miles from shore. For this
purpose, bathymetry maps were obtained from the University of Hawaii's Mapping
Group. Given outlined regions, each area is inspected for air-conditioning demand by
either determining the total floor area (sum of all buildings’ floor spaces) or directly
contacting building managers to obtain air-conditioning data. The first method was
utilized for approximately 50% of Honolulu’s region, while the second method was
exclusively used for neighbor island investigations.

Once a region is chosen as a scenario of study, a piping schematic is
constructed connecting the district loads and the cold-water supply pipe via a heat
exchanger. Computer programs are used to optimize the piping network for best ratios
of capital expenditure versus displaced electricity, which is the driving variable. The
displaced electricity is determined by the difference between electricity consumption of
the district using conventional centralized building cooling and district supplied chilled
water. The programs require many empirically derived inputs and coefficients. The

details of the generation of these inputs and coefficients are discussed next.

2.1 Cost of Seawater Supply System

The seawater supply system consists of the cold-water pipe (HDPE pipe) and
associated ballast and anchoring, the sump facility, and the seawater pump. The
effective life-cycle of the seawater supply system depends largely on the life-cycle of
HDPE pipe, which is a function of accumulation of stresses. Manufacturers of HDPE
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pipe give a 50-year life for low impact vacuum conditions (KWH, 2001). However, the
pipe could last hundreds of years since it is shielded from ultra-violet radiation by the
overlying seawater. There are presently no data on the expected maximum life. By
design, the flow rates would be limited to reduce stresses and achieve maximum pipe
life.

The capital cost of the seawater supply system varies predominately with the
capital cost of the CWP, which depends on its length and diameter. The strategy for
optimizing the cost of the seawater supply system for a particular scenario is to
minimize its material and construction costs against the minimization of operational
costs. Decreasing the CWP diameter will reduce its capital cost, but increase pumping

power and sump depth (¢, ), thus increasing those components of the total cost of the

seawater supply system. Equation 1 contains model costs of material, fabrication,
mobilization, deployment, sump construction, pump cost, and route inspection and
insurance. The equation is valid for pipes from 16 to 63-inch diameters with wall-
thickness in the 3-inch range (DR=17). Wall thicknesses range from 2.4 inches to 3.3
inches; a small amount of error occurs about the 3-inch mean, which becomes
negligible in the final analysis. The power requirements for the seawater supply are
determined by the sum of the pumping heads:

Sump depth =
Land crossingloss = ¢
Seaside Heat exchanger loss = £,

and determine the pump’s cost given by Equation 2 (units are in meters).
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C, =134exp[0.03038 * DL
L(ft) = Length in feet Equation 1
D(in.) = Diameter ininches

[$6466] Qpa(¢r + &, + &) .\ $12,200

W . . ¢ Equation 2

Cost of pump and sump =

In most cases unstiffened pipes suffice, as the tendency of the program is to
minimize diameter, which strengthens the pipe. Only loads in excess of 11,000 tons
required stiffening rings for the larger pipes or digging deeper sumps for smaller and
stronger pipes; such loading is available in Waikiki and downtown Honolulu. Equation 3
expresses the allowable length for a particular section of CWP as a function of radius,

wall thickness, and demanded flowrate (metric units).

E s Y(0.54862cR> )™
L =— : I T Equation 3
i (Z(R, +5)J { J CORR q

Qr
where the modulus of elasticity £ is 32,000 psi (223MPa) at 73 degrees
Fahrenheit. The temperature correction factor can be used when ambient conditions

are different. In the case of cold water flow originating from 1,600-foot depths, the
material will be approximately 12% to 18% stronger. The CWP is composed by
summing all lengths of CWP sections required to cover the entire length for intake to

sump, see equation 4 (in S.1. units):

3 1.851
54867CR2"
L=Y i[ J J (05 86mCR, j Teore Equation 4
~| pz | 2(R, + ) O; ‘

The systematic approach begins at the source with all pipe diameters made

available; the program sequentially reduces the pipe diameters availability until one of

four thresholds is met:
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e minimum levelized cost is found;
e maximum sump depth is reached;
e sum of pipe lengths equals total length; or
e seawater temperature at input of heat exchanger equals maximum allowable
per district characteristics.
In the program illustrated in figure 2, the pipe dimensions are given in inches.
However, in the program execution, all dimensions are first converted to mks system

(S.1.).
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2.2 Cost of Operating the Seawater Supply System
Equation 5 is used to determine the electric cost of operations of the system over a
year at a specified utilization percentage determined by the district average (48 to 60%).

dr+dL +§Hx)_er
n

Cost of pumping = 8760 ng(

u Equation 5

Additionally, maintenance costs are included, see equation 6:
Cost of Maintenance= ($4 per ton)(total tonnage)+$60,000

Equation 6

2.3 Cost of Heat Exchanger and District Cooling Loop

The total capital for a chilled water distribution system is dominated by the cost of
the piping system installation, rather than the cost of the material itself (~10% of total in
urban areas). In urban areas, trenching costs are necessarily high due to the additional
planning and management required in reducing effects on daytime traffic. The low
traffic in suburban and rural areas reduces these costs significantly (cost of piping ~45%
of total).

Micro-tunneling can mitigate traffic disruption during business hours. However,
micro-tunneling has other requirements that restrict its application in congested urban
areas. For example, prior to the horizontal drilling phase, the drill bit must travel at a
slant that covers a significant distance. Additionally, the pipe is installed as a completed
unit in one continuous motion, to prevent hydraulic lock with the soil. This implies that a
roadway of length equal to the total pipe to be inserted must be clear prior to insertion

(Fawner, 2001).
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The high costs of trenching or the impracticalities of micro-tunneling have
resulted in negative economic analyses of potential district cooling systems for
downtown Honolulu in the past, particularly with regard to the use of large pipe
(Valentine, 2001). Installing supply and return lines of 24-inch pipe within the same
trench prohibits the use of steel plates to cover work in progress due to trench breadth,
thereby significantly increasing the total district distribution system cost (Valentine,
2001). Smaller pipes transmitting equivalent volumes at higher velocities can be
installed in the same trench.

The principal competing costs are installation (capital) versus operation (O&M).
Decreasing the radius in distribution pipes reduces installation costs, while increasing
pumping costs (both materially and energetically). For all cases of flow variation, an
optimum radius exists. The major concern in high flow rate systems is sudden demand
changes or surges that lead to “water hammer” and its possible effects must be
considered in high velocity applications (KWH, 2001). This can always be overcome by
requiring valve designs and pump controllers that limit the rate of transition. Equations
7 and 8 describe the in-place cost for pipes with 3-inch wall thickness from 16 to 42-inch

diameters; the derivation is presented in appendix B:
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Cc = 716exp[0.0162(R + 6,5 I
L =lengthin feet

Urban Equation 7
R =radiusininches
o =insulation thickness ininches
Cc = 88exp[0.0572(R + &,y IL

Rural L =lengthin feet Equation 8

R =radiusininches
o =insulation thickness ininches

The cost of the heat exchanger, its housing facility and associated chilled water
pump are determined as follows by equations 9 and 10 respectively:

Cost of Heat exchanger and facility = $513 - Tons + $59,600 Equation 9
Cost of chilled water pump = $465 - Power [kW |+ $57,900 Equation 10

In a programmatic approach, the pipe lengths and flowrates are determined by
the district layout and demand, respectively. The objective is to find the lowest cost-to-
benefit ratio, where benefit is evaluated in terms of electricity displaced by chilled water
flow and cost is evaluated in terms of the capital and operational expenditures required.
Obtaining the lowest ratio guarantees the lowest levelized cost. The simplest method is
to test individual sections of pipe for a given flowrate. While varying the radius, a
minimum can be found for that length and flow. Upon collecting a set of pipe radii as a
function of length and flow, a function is generated that is applied to each section of

pipe (where length and flow is specified).

2.4 Cost of Operating the District Cooling Loop

The chilled water loop pumping costs are determined by the same equations as
were used for the seawater pump. The total pumping power of the loop is the sum of

pumping powers required for each section, which were determined in the previous
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section (benefit-to-cost ratio), plus the pumping power required to flow through all heat
exchangers (supply and load). Once the total pumping power for the loop is
determined, the equation for pumping cost for the seawater pump can be applied to the
chilled water pump. The maintenance costs of the heat exchanger and distribution
system can be estimated by equation 11 given the total demand (tons):

Cost of district maintenance = ($22 per ton |total rated tonnage )+ $150,000 Equation 11

2.5 Cost of Conventional Cooling Equipment

The capitalization of the conventional air conditioning system is taken as $1,700 per
ton over a twenty-five year life cycle as determined from a sampling survey (appendix
B). The actual capitalization cost for a specific building can vary from this unit cost by
50% due to building work required to replace the conventional unit (DeSmit, 2002).

Additionally, an assumed value of only 30% of the district’s total capital for
conventional cooling equipment is used. This value is a conservative estimate of the
number of customers that are ready to change out their systems based on willingness to
convert within 4 years of an SDC system start-up (i.e., an 8-year span) due to an
average 25-year conventional cooling life cycle. If the capital required for a 100%
conventional cooling systems replacement cost were used, then the evaluation would
ignore the fact that these systems are already in place, partially or completely
amortized, and with significant remaining life. This method of capital cost evaluation for
the status quo technology presents a real competitive barrier to the “disruptive”
technology.

Equivalently, the customer base can be determined by assuming Gaussian

probability densities function given a 15.7 year mean life and a dispersion of 9 years
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about this mean. Approximately 30% of the conventional systems will be greater than
20 years of life based on those statistical values derived in appendix (under

conventional cooling data).

2.6 Cost of Operating Conventional Cooling Equipment

The electrical demand required per ton of air-conditioning is assumed to be 0.9 kW,
which includes chillers and condensers that would be replaced in the SDC system
scenarios. The electricity cost per building can be determined by the product of rated

demand in kW and total actual operating hours in a year.

2.7 Programmatic Approach Using EPRI TAG method

All the costs and cost rates collected are passed to the EPRI TAG method illustrated
in figure 3. Additionally, inflation rates for money and electricity can be adjusted in the
program. All scenarios were evaluated at constant dollar and 1% real inflation per year
in the electricity rate, and an interest rate of 7%.

Furthermore, a 20% contingency cost is added to the total capitalization costs

based on the sum of the costs of all components.
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3. Case Studies

All islands were investigated, however, based on the assumptions used in this
analysis, only Oahu has good potential for SDC system application. For Kauai, Hawaii
and Maui, only 4 to 5 districts are technically feasible, representing 5-6% of the State’s
total potential. However, in general, these sites would require financing plans spanning
the SDC system life-cycle, expected to be in excess of 40 years and/or financial
incentives to make them costeffective. A cost-weighted life-cycle age is given for each
SDC system scenario. The cost-weighted life (CWL) of an SDC system is the sum of
the individual component cost and expected life products divided by total cost. On
average (over 20 year book life) their levelized costs were twice that of conventional
systems. Only Oahu’s summaries are covered in detail here (Kauai’'s scenarios can be
found in Appendix C). The order of appearance of case studies generally coincides with
the potential order of success or priority.

Additionally, the levelized cost analysis is based on competing against
conventional cooling systems on a “30% ready for replacement” basis; this reduces the
viability of a proposed SDC system. Finally, none of these case studies consider the
financial impacts of utility rebates or other incentives that might be provided to such
systems. The impacts of such incentives on SDC systems are discussed in detail in
Section 4.

For Oahu, potential SDC system application is restricted to the southern side of
Oahu and Kaneohe Marine Corps Base Hawaii on the eastern side. The southern

region runs from Pearl Harbor to Waikiki, and may extend inland, for example, as far as
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the University of Hawaii at Manoa. The electricity rates for Oahu are the lowest in the
state, while construction costs in its urban areas are the highest. These unfavorable
attributes are offset by the typically dense districts, which reduce construction costs by
requiring relatively smaller distribution networks. Additionally, the Oahu candidates
typically present a wide diversity of secondary (seawater effluent use) applications.

Kauai’s high electricity rates coupled with low construction costs, and
occurrences of clustered resorts in Poipu, Wailua, and Princeville with good access to
cold-water defined the island as a candidate for small scenarios. Additionally, Kauai is
considered a good island for an NELHA-type facility, though the best site for such a
facility does not occur within the resort areas (OH, 2000). However, book-lives
spanning 40 years would be required in order to achieve economic success.

Bathymetry maps for each area investigated show the minimum and maximum
distances to waters that support the typical district supply temperatures, marke