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ABSTRACT

At the University of Puerto Rico at Rio Piedras, a central chilled water plant supplies cooling to
several campus buildings, contributing significantly to electricity demand during daytime peak
hours, particularly in the summer months. These operational challenges are exacerbated by Puerto
Rico’s tropical rainforest climate and a power grid vulnerable to frequent disruptions caused by
hurricanes and tropical storms. This study presents a techno-economic analysis of the existing
chilled water plant serving four representative campus buildings and introduces a conceptual
alternative: a hydro-geologically connected Seawater Air Conditioning (GeoSWAC) system.
GeoSWAC leverages stable low temperatures of deep ocean water (~1 km depth) which can
provide an unlimited heat-sink, hydraulically connected to an inland well, to deliver cooling
without the use of vapor-compression refrigeration. Using modeled annual cooling loads and
chiller performance data, capital costs, energy consumption, and levelized cost of cooling (LCOC)
were evaluated for both chiller-based and GeoSWAC-based scenarios. While GeoSWAC showed
higher capital costs than the chiller-based scenario, operational costs were significantly lower at
$26k—$53k annually, resulting in a lower LCOC between $2.3/MWh and $8.2/MWh compared to
$30.2/MWh-$33.6/MWh for the chiller scenario. These results suggest that the GeoSWAC system
offers a promising, low-energy, and climate-resilient alternative for large and/or district-scale
cooling of residential, commercial or industrial buildings in tropical coastal environments, with
significant potential to reduce peak electricity demand and improve long-term system reliability.

1. Introduction

Puerto Rico, a Caribbean island located approximately 1,600 km (1,000 miles) southeast of Miami,
Florida, is an unincorporated territory of the United States. The island frequently experiences
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intense tropical storms and hurricanes due to its geographic and climatic characteristics, including
high sea surface temperatures, elevated humidity, prevailing wind patterns, and its location along
common hurricane pathways from the Atlantic basin to the Caribbean Sea (Figure 1(a)). These
extreme weather events often severely damage Puerto Rico’s energy infrastructure, which relies
heavily on imported fossil fuels (Pokhrel et al., 2019; Baggu et al., 2024). For example, Hurricane
Maria, which made landfall in 2017 as a Category 4 storm and rapidly intensified to Category 5
(most intense), caused the longest power outage in U.S. history, lasting 328 days, and resulted in
approximately 3,000 excess deaths (Santos-Burgoa et al., 2018; Baggu et al., 2024). In response,
Puerto Rico passed the Energy Public Policy Act in 2019, committing to achieve 100% renewable
energy production by 2050 (Puerto Rico Legislative Assembly, 2019). The subsequent Puerto Rico
Grid Resilience and Transitions to 100% Renewable Energy Study (PR100)—a two-year
multinational laboratory collaboration—outlined potential pathways incorporating solar, wind,
and hydropower (Baggu et al., 2024), while geothermal energy was not included to highlight the
study gap.
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Figure 1. Climate conditions in Puerto Rico: (a) Puerto Rico hurricanes map (Murphy and Stallard 2012) and
(b) annual ambient temperature and relative humidity profiles obtained from TMY3 dataset for San
Juan (Bianchi and Fontanini 2021)

San Juan, the capital and most populous municipality of Puerto Rico, has a tropical rainforest
climate with persistently high temperatures and humidity throughout the year (Figure 1(b)).
Typical Meteorological Year (TMY3) data collected at the San Juan—Luis Mufoz Marin
International Airport from 1973 to 2005 show that ambient temperatures range from 20.6 °C to
35 °C, while relative humidity varies between 40% and 100% (Bianchi and Fontanini, 2021).
These climatic conditions result in substantial and year-round cooling demands, making air
conditioning an essential and energy-intensive requirement for buildings across the region. To
meet cooling demand, the University of Puerto Rico at Rio Piedras (UPR-RP)—the largest
university in Puerto Rico—operates eight chilled water plants, consisting of electric-driven water-
cooled vapor compression chillers, circulating pumps, and distribution loops. While the chilled
water plants enable efficient centralized cooling and operational coordination, their reliance on
grid electricity highlights the importance of enhancing energy resilience, particularly during
extreme weather events that can disrupt the power supply.

Recently, seawater air conditioning (SWAC) systems have gained attention as a sustainable
alternative to electricity-intensive conventional air conditioning in tropical coastal regions (Coony
and Johnson, 2024). These systems utilize cold seawater, typically drawn from depths of 500 to
1,000 meters where temperatures range around 4—6°C, to supply cooling demand in buildings
(Figure 2(a)) (Hunt et al., 2019 & 2022). The cold seawater is pumped using intake pipeline(s),
often extending one to several kilometers offshore, and circulated through heat exchangers that
transfer the cold energy to a freshwater distribution loop connected to buildings. As the SWAC
system relies primarily on pumping energy and does not require refrigeration cycles, electricity
consumption can be reduced by as much as 75-90% compared to traditional air conditioning
(Lilley et al., 2015). Over the long term, this reduction in electricity consumption leads to
substantial operational savings, up to 82% relative to conventional air conditioning (Makai Ocean
Engineering, 2008). However, the implementation of SWAC systems remains limited due to their
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high capital costs and the technical and regulatory challenges associated with installing long
offshore intake pipelines in coastal environments.

Legend:

1 — Deep seawater inlet

2 — Warm seawater outlet
3 — Heat exchanger

4 — District cooling system

o Central Chilled Water Plant
Injection Well

Production Well

i
- -

(b)

Figure 2. Seawater air conditioning (SWAC) system schematic: (a) conventional SWAC system consisting of
two pipes (Hunt et al., 2019) and (b) geo-seawater air conditioning (GeoSWAC) system where cold
seawater is hydro-geologically connected to inland well. Not to scale. (Image Credit: Joshua Bauer at
National Renewable Energy Laboratory)

To address the limitations associated with conventional SWAC systems, this study proposes a
novel adaptation: geo-seawater air conditioning (GeoSWAC). The GeoSWAC concept harnesses
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the virtually inexhaustible cold energy of deep ocean water, typically found at depths of around
1,000 meters, for building cooling. Rather than relying on long offshore pipelines, like traditional
SWAC systems, the GeoSWAC concept employs inland wells that are hydrologically connected
to deep seawater through permeable geologic formations (Figure 2(b)). This inland configuration
may eliminate the need for extensive marine infrastructure and may present a more feasible
solution in regions where offshore construction is technically, environmentally, or economically
challenging. The concept leverages established directional drilling technologies that have been
developed over decades in the oil, gas, and geothermal industries. Although still in the early stages
of conceptualization and development, GeoSWAC offers streamlined system architecture,
featuring minimal moving parts, no refrigerants, and significantly lower electricity consumption
compared to conventional vapor-compression systems, which suggests strong potential for reliable
and resilient operation in regions subject to grid instability or extreme weather events. This
preliminary study evaluates the techno-economic feasibility of a conceptual GeoSWAC system
designed to meet the cooling demands of four representative campus buildings at the University
of Puerto Rico at Rio Piedras (UPR-RP). An hourly cooling load profile was generated using
EnergyPlus and scaled against the system capacity of a reference building. Economic metrics,
including the levelized cost of cooling (LCOC), were then estimated and compared with those of
the existing central chilled water plant.

2. Central Chilled Water Plant at the University of Puerto Rico at Rio Piedras
2.1 System Configurations and Building Characteristics

The UPR-RP operates eight chilled water plants across campus, including a central chilled water
plant, with a combined maximum installed cooling capacity of approximately 10,600 tons of
refrigeration. The central plant distributes chilled water to about 30 buildings via three main
distribution lines that serve the Facundo Bueso building, general academic buildings, and the
Sports Complex (Figure 3). The plant includes key mechanical components including water-
cooled vapor-compression chillers, cooling towers, circulation pumps, chemical treatment
systems, and supply and return piping loops, forming a closed-loop distribution system for
campus-wide space cooling.
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Figure 3. Location of central chilled water plant at the University of Puerto Rico at Rio Piedras campus (Map
data ©2025 Google)

The campus building stock served by the central plant is functionally diverse, ranging from
general-purpose academic buildings to specialized facilities, such as medical buildings, theaters,
and athletic complexes. Each building has distinct operational schedules, internal load patterns,
and cooling requirements, resulting in highly variable and often complex load profiles. This
diversity presents a significant challenge for energy performance evaluation and system-level
optimization, as no single building typology can fully capture the range of operational conditions
across the campus. Moreover, while design and operational cooling capacity data were collected
during a site visit, measured hourly load data were not available, limiting the capability to analyze
detailed energy demand, water consumption, and economic parameters.

2.2 Building Energy Modeling

To address the data gap and support techno-economic analysis, this study employed a simulation-
based approach to generate time-resolved cooling load profiles. Given the limited availability of
detailed data on occupancy, internal loads, and envelope characteristics, a prototype college
building model developed by Oak Ridge National Laboratory (Bae et al., 2022) was used with
EnergyPlus, a whole-building energy simulation tool, rather than developing a custom model for
a specific campus building. The prototype model—representing typical characteristics of U.S.
higher education buildings as classified in the 2012 Commercial Building Energy Consumption
Survey (CBECS) (EIA, 2016)—includes a functional mix of spaces, including classrooms,
laboratories, faculty offices, and support areas, each with distinct internal loads and occupancy
schedules. While the original prototype complied with ASHRAE Standard 90.1, including mass
wall construction, built-up roofing, and metal-framed windows (Bae et al., 2022), this study
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modified the building envelope to reflect pre-1980 construction standards (Deru et al., 2011),
better matching the age and thermal characteristics of the UPR-RP campus. The HVAC system
was modeled as a variable air volume (VAV) system served by a central gas boiler and electric
water-cooled vapor-compression chillers, aligned with the existing chilled water infrastructure at
UPR-RP. For climate input, Typical Meteorological Year 3 (TMY 3) data at San Juan International
Airport in San Juan (World Meteorological Organization# 785260) was used to represent local
climatic conditions (Figure 1(b)). These modifications and modeling inputs establish a realistic
basis for generating hourly cooling load profiles for a representative campus building, which are
used in the subsequent techno-economic analysis.

2.3 Annual Cooling Load Profile

Figure 4(a) shows the modeled hourly cooling loads generated for the prototype college building
over the first 30 days of the year, while Figure 4(b) presents daily aggregated loads across the full
annual simulation period. The hourly load profile showed strong weekday-weekend variation as
well as strong diurnal variation. On weekdays (Monday through Friday), hourly peak loads reached
approximately 1,200 kW during daytime, corresponding to active classroom and laboratory use.
In contrast, weekend daytime hourly peaks were significantly lower, around 400 kW, reflecting
reduced occupancy and minimal instructional activity. Similarly, the daily load profile in Figure
4(b) showed seasonal variability alongside the weekday-weekend trends. Despite a constant
cooling setpoint throughout the simulation, the annual trend in cooling demand followed a similar
pattern to the ambient temperature profile shown in Figure 1(b). This pattern implies that ambient
temperature contributed to seasonal variation, as maintaining a fixed indoor temperature required
more energy on hotter days. However, the relatively small variation in moving average temperature
(approximately 2—3°C) indicates that occupancy-driven internal heat played a more significant
role. Therefore, the seasonal patterns in cooling loads were more closely tied to academic
schedules and space usage. During the spring months (February—March), daily peak loads were
slightly lower, around 12—-13 MWh, likely due to milder temperatures and reduced cooling
demand. From April through mid-June, peak daily loads increased to approximately 16—17 MWh,
while those slightly decreased to around 15 MWh during the summer. The peak loads rose again
to 16-17 MWh during the fall semester from September through mid-December. These patterns
align with occupancy schedules developed by Bae et al. (2022), based on actual class reservation
data collected from multiple U.S. universities, representing typical academic-year operations with
reduced activity during weekends and summer months.
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Figure 4. Modeled cooling load profiles using EnergyPlus: (a) hourly cooling load profile (in kW) for the
prototype college building over the first 30 days, (b) daily cooling load profile (in MW) for the
prototype building over a full year, and (c) hourly cooling load profile (in kW) over the first 30 days
(720 hours), scaled to represent four Facundo Bueso buildings at University of Puerto Rico at Rio
Piedras

To align the simulated cooling load profile with actual campus infrastructure, the Facundo Bueso
building was selected as a representative case study. Functionally similar to the prototype model
(e.g., classroom, laboratory, and administrative spaces), the modeled load profile provides a
reasonable basis for scaling. In addition to the functional similarity, the prototype building’s peak
cooling load was approximately 341.3 tons (1,200 kW), closely matching the Facundo Bueso
building’s design maximum capacity of 350 tons and average operational load of 223.8 tons,
obtained from the site visit. Using a scaling factor of 1.03, the prototype load profile was adjusted
to reflect Facundo Bueso’s load magnitude. To evaluate system performance and cost-
effectiveness at a district scale, the adjusted profile was further multiplied by four, representing a
cluster of similar buildings (Figure 4(c)). This approach offers a practical and scalable method for
comparing the existing chilled water plant with the proposed GeoSWAC concept under realistic,
aggregated demand conditions.

2.4 Economic Metrics

This section presents a preliminary assessment of the capital and operational costs, along with the
LCOC, for the central chilled water system at UPR-RP. The analysis boundary encompassed
chiller units, cooling towers, circulating pumps, and connecting piping between chiller units and
cooling towers, as well as between chillers and campus loop. Capital and operational costs
associated with the broader distribution network and in-building systems (e.g., air-handling units)
were excluded to reduce uncertainty and maintain focus on core system components. These air-
side components were assumed to remain unchanged across both the chiller-based and GeoSWAC
scenarios and thus do not affect comparative assessment of the central chilled water system.
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2.4.1 Capital Cost

Capital cost estimates for the key components were developed using the EnergyPlus modeling
results (scaled to represent campus-level loads) and cost correlations obtained from the literature,
market research, and the information collected from the site visit:

Chiller Units: Two cost scenarios were evaluated for the range of installed chiller costs
based on data collected from the site visit: $1,071/ton and $1,686/ton. For the modeled
peak cooling load of 1,400 tons (4.9 MW in Figure 4(c)), the estimated total capital costs
for chiller units ranged from $1.5 million to $2.36 million.

Circulating Pumps: Capital cost for pumps was estimated using a correlation of $1,000
per kW of pump power (Oh et al., 2025). The required pump capacity, based on the
modeled peak power consumption of 52.7 kW, resulted in a total capital cost of $52,700.

Cooling Towers: A cost of $300/ton was used based on current market estimates for water-
cooled cooling towers with similar thermal and flow specifications of a case study (P2S
Engineering, 2011). For a maximum rejected thermal load of 1,646.4 tons through cooling
towers, the capital cost of the cooling tower was estimated at $493,920.

Piping Infrastructure: Piping costs were estimated using reference values reported in the
Los Angeles Valley College Central Plant case study (P2S Engineering, 2011). For a
representative 500-foot length of 18-inch diameter pipe (sized to accommodate flow rates
exceeding 5,250 GPM while maintaining velocity below 2.5 m/s), the installed cost was
estimated at $699/foot, resulting in a total piping cost of $349,500. This estimate includes
labor, material, and insulation.

Initial Water Fill: Initial water cost was estimated based on the cooling towers’ peak flow
rate (4,083.1 GPM). Assuming a conservative fill duration of 5 hours—representing the
time required to fully charge the loop volume at peak flow—the total water volume was
estimated at approximately 1.22 million gallons (4,637 m?). Using the bulk water rate of
$3.56/m? set by the Puerto Rico Aqueduct and Sewer Authority, the total one-time capital
water cost was estimated at $16,507.

2.4.2 Operational Cost

Operational cost estimates were based on hourly electricity and water consumption, estimated
using the EnergyPlus simulation outputs scaled to represent the Facundo Bueso-equivalent system,
a cluster of four similar buildings as described in Section 2.3.

Electricity Costs: Electricity consumption from chillers, circulation pumps, and cooling
tower fans were directly extracted from the simulation results and scaled appropriately.
Costs were calculated using the Puerto Rico Electric Power Authority (PREPA)’s time-of-
use (TOU) rate structure, which applies to customers with peak demand exceeding 1 MW,
aligned with the modeled system performance (PREPA, 2019):

o Peak hours (9:00 AM — 10:00 PM): $0.05779/kWh
o Off-peak hours (10:00 PM —9:00 AM): $0.01879/kWh
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The TOU rate structure significantly affected the cost profile, particularly for chiller
operation, which aligns with peak daytime hours. The total annual electricity cost for the
central cooling system, including chillers, cooling towers, and circulation pumps, was
estimated at approximately $150,000, with chillers accounting for 75.3% of the total
electricity consumption, primarily due to the mechanical cooling relative to the other
components.

o Water Costs: Water consumption during operation arises primarily from cooling tower
evaporation losses and associated blowdown, a standard process in which a portion of
water is intentionally discharged to remove dissolved solids that accumulate due to
evaporation. This blowdown water is replaced with fresh makeup water to maintain system
performance and prevent scaling, corrosion, and other operational issues. Hourly cooling
tower flow rates (in GPM) were estimated by converting hourly thermal load rejection (in
tons) using a conversion factor of 2.48 GPM per ton, estimated based on the system flow
rate and cooling tower capacity (the information obtained from the site visit). An
evaporation loss rate of 2% was applied, reflecting typical values and Puerto Rico’s climate
conditions. Blowdown was estimated as an additional 0.5% of circulating flow, assuming
a cycles-of-concentration value of 5, which represents standard practice for treated
municipal water. The total water loss was used to calculate hourly makeup water volume.
The water consumption was priced using a tiered pricing structure based on Puerto Rico
Aqueduct and Sewer Authority rates:

o Upto 100 m*: $2.68/m?
o 101-200 m?: $3.34/m?
o Above 200 m?: $4.38/m?

Hourly water volumes evaporated were multiplied by the applicable rate based on the
consumption tier. The estimated annual water cost was approximately $241,193.

2.4.3 Levelized Cost of Cooling (LCOC)

The estimated capital and operational costs were used to calculate the LCOC, a standardized metric
for evaluating the long-term economic performance of a cooling system over its operational
lifetime. The LCOC is defined as the ratio of total life cycle system costs to the total cooling energy
delivered over the lifetime:

Coam,t
Ccapex+2%£1 d t
LCOC = ———F 2 (1)
=1(1+ayt

where LCOC is levelized cost of cooling ($/MWh), Ccapex is capital expenditure ($), Cogn ¢ 1S
operational cost in year ¢ ($), d is the real discount rate (unitless), which was 5% in this study (Oh
et al., 2024), LT is the system lifetime (years), which was 20 years in this study, and E; is annual
net amount of cooling produced in year ¢t (MWh).

As discussed earlier, two capital cost scenarios were considered for chillers to account for cost
variability in chiller procurement: installed chiller unit costs of $1,071/ton and $1,686/ton. Under
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these assumptions, total capital cost for the central cooling system was estimated at $2.41 million
and $3.27 million, respectively. Annual operational costs, comprising electricity and water costs,
were estimated at $390,946. With an annual cooling energy output of 19.1 GWh, the resulting
LCOC was calculated to be $30.2/MWh under the lower-capital-cost scenario and $33.6/MWh
under the higher-cost scenario. These results serve as the base case for the GeoSWAC economic
comparison presented in the following section and will also inform future extended analyses that
explore alternative configurations, including an open-loop ground heat exchanger system for
subsurface thermal energy rejection, as well as conventional cooling tower systems.

3. Techno-Economic Analysis of the GeoSWAC System

3.1 Subsurface Geology in the San Juan Area, Puerto Rico

The island of Puerto Rico lies at the tectonically complex boundary between the Caribbean and
North American plates, forming part of the Puerto Rico—Hispaniola microplate. Tectonic uplift
associated with the subduction of the North American plate beneath the Caribbean plate exposed
the island’s arc basement (Van Gestel et al., 1999). The northern margin of the island is bordered
by the Puerto Rico Trench, which accommodates mainly left-lateral strike-slip motion with a
component of subduction (Hayes et al., 1986), while the Muertos thrust belt to the south reflects
compressional forces in the opposite direction (Van Gestel et al., 1999). Sedimentary sequences
composed of carbonate and terrigenous deposits accumulated in the northern forearc basin from
the Oligocene onward, following a long period of volcanic activity during the early Cretaceous to
mid-Miocene (Hayes et al., 1986). These sequences dip gently northward due to regional Pliocene—
Holocene tectonic tilting and tend to be thinner toward the eastern part of the basin, where the San
Juan structural arch limits their thickness to less than 100 meters in some areas (Renken et al.,
2002).

In the San Juan Metropolitan Area (SJMA), sedimentary units are thinner, more variable, and more
heavily influenced by structural and depositional transitions than in the broader North Coast basin
(Figure 5(b)). The area is predominantly covered by Quaternary surficial deposits, with limited
exposures of Tertiary formations such as the Aymamon and Aguada Limestones, which are more
intact further south near Guaynabo and Bayamon (Kaye, 1959). The aquifer system in the SIMA
is distinct due to this geologic complexity, along with anthropogenic factors like urbanization and
historical groundwater use. The upper aquifer is often poorly developed due to erosion and
karstification and is typically brackish or saline (Anderson, 1976). The middle confining unit,
consisting of clay-rich facies of the Cibao Formation, is locally leaky, allowing some vertical water
movement (Renken et al., 2002). The lower aquifer, primarily composed of the Mucarabones Sand
and lower Cibao Formation, offers variable but generally modest yields of groundwater, with
salinity increasing eastward beyond Rio Piedras (Figure 5(c)). Recharge occurs mostly near
outcrop zones, and the aquifer’s productivity is influenced by both lithological and structural
heterogeneity (Anderson, 1976; Renken et al., 2002).
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map showing the location of NC wells on the North Coast (modified from Gomez-Gomez, 1987) and (b)
cross section B-B' showing the configuration of aquifers and formations in San Juan area (Gomez-Gomez
et al., 2014)

A key hydrogeologic investigation within the SJTMA was the drilling of test hole NC-3 in 1986 on
the University of Puerto Rico’s Rio Piedras campus (Figure 6). This well reached a depth of 375
feet (114.3 m) and encountered, from top to bottom, surficial Quaternary deposits, the Cibao
Formation, the Mucarabones Sand, and undifferentiated volcanic basement rocks of early Tertiary
or Late Cretaceous age (Rodriguez-Martinez et al., 1991). The Cibao Formation displayed
significant heterogeneity, including packstones, claystones, and quartz-rich sandstones with
fossiliferous components (Rodriguez-Martinez et al., 1991). The Mucarabones Sand, consisting of
conglomeratic quartz sandstone and claystone, reflects the fluvial-deltaic sedimentation that once
dominated this area during the early Miocene (Monroe, 1980; Scharlach, 1990). Seven artesian
zones were identified within NC-3, located across the surficial deposits, Cibao Formation, and
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Mucarabones Sand, producing brackish water with specific conductance between 610 and 900
puS/cm. Yields ranged from 20 to 90 gallons per minute, with the most productive intervals in the
mid-depth Cibao Formation (Rodriguez-Martinez et al., 1991). The measured water temperature
in the well was 76°F (24.5°C). These results emphasize the hydrogeologic importance of the
Mucarabones Sand and Cibao Formation as confined, artesian aquifers in the structurally uplifted
eastern portion of the North Coast basin.
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Figure 6. Lithology, water level, specific conductance, and flow data for NC-3 (Rodriguez-Martinez et al., 1991)

Although the NC-3 borehole drilled on the UPR-RP campus encountered undifferentiated igneous
basement at depths of 300-375 feet (91-114 m), this classification—common for Upper
Cretaceous to Lower Tertiary basement units in northeastern Puerto Rico—does not preclude the
presence of interbedded sedimentary formations such as limestone or sandstone. For instance,
Lower Tertiary formations in other regions of the island, including the Cibao and San Sebastian
formations, contain significant carbonate sequences. Given this regional geologic variability, and
in the absence of deep site-specific data, it would be unjustified to assume a uniformly crystalline
or impermeable basement at depths approaching 1 km beneath the SIMA. Based on this broader
geological context, the preliminary GeoSWAC assessment in this study assumes the potential
presence of permeable sedimentary units, such as sandstone or fractured limestone, at the target
depth. The viability of this concept depends on hydraulic connectivity to cold seawater in the
adjacent ocean basin at depth. Therefore, future site-specific investigations, including deep
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exploratory geophysical surveys and drilling, would be required to confirm subsurface conditions
and assess the feasibility of long-term GeoSWAC operation. For this preliminary analysis,
economic metrics were estimated under the assumption that hydraulically connected, permeable
formations exist at approximately 1 km depth.

3.2 Economic Metrics

The conceptual GeoSWAC system consists of heat exchangers, circulating pumps, and surface
piping connected to the campus distribution loop. Instead of chillers and cooling towers in the
central chilled water plant, GeoSWAC relies on two inland wells: a deep production well (~1 km)
to access cold water and a shallower injection well (~200 m) for discharge. This asymmetrical well
configuration benchmarks the well-established SWAC systems, where cold seawater is extracted
from great depths and discharged at shallower levels to reduce infrastructure costs and
environmental impact (Figure 2(a)). This approach also helps lower capital cost, by reducing deep
drilling requirements, and simplifies subsurface engineering in this preliminary GeoSWAC design.
Meanwhile, this configuration raises important questions, such as maintaining hydraulic balance,
managing thermal dispersion, and evaluating potential thermal plume migration, especially in
heterogeneous coastal aquifers. These subsurface dynamics will be addressed through
comprehensive future hydrogeologic modeling, while this study presents a best-case conceptual
scenario. In this scenario, it was assumed that 4 °C cold water is continuously available at
approximately 1 km depth, based on a simplified hydraulic equilibrium model in which the inland
production well is statically connected to cold seawater at or near sea level. This connection
implies that cold water at depth is under sufficient hydrostatic pressure to rise within the well
column (the production well), enabling the pumping from a shallower depth, assumed in this study
as 100 m, instead of lifting cold water from the full 1 km. This assumption significantly reduces
energy demand for pumping and associated operational costs. In addition, as the cold groundwater
is circulated through heat exchangers and returned to the subsurface without net consumption, no
water costs were included in the capital or operational estimates. Instead, water savings associated
with the avoided evaporative losses in conventional cooling towers were incorporated as revenue.

3.2.1 Capital Cost

¢ Drilling: Drilling cost was estimated using an empirical correlation of $1 million for 1-
km-deep production well (Lowry et al., 2017) and $200/m for 200-m-deep injection well
(Oh et al., 2025). Similar to the two chiller capital cost scenarios, this study considered two
GeoSWAC configurations, single doublet or two doublets, to address uncertainties in deep
geological conditions (e.g., in-situ fracturing pressures, flow constraints). Total drilling
costs were estimated at $1,040,000 for the one-doublet system and $2,080,000 for the two-
doublet system.

o Heat Exchangers: Capital cost of the heat exchangers required to meet the peak cooling
load of 4.9MW in Figure 4(c) was estimated at $391,902, using $140/GPM (Oh et al.,
2025) and the peak flow rate of 2,799.3 GPM (176.6 kg/s).

o Piping: Surface piping between the well field and the central plant was assumed to span
500 m (250 m for each of supply and return lines). At a unit cost of $519.8/m (Oh et al.,
2025), the total piping cost was estimated at approximately $259,900.

o Pumps: The peak system flow rate and associated pressure drops were used to estimate the
peak pumping power. Using the pumping power and $1,000/kW (Oh et al., 2025), the
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capital cost was estimated at $391,373 for the single-doublet system (391.4 kW) and
$195,767 for the two-doublet system (195.8 kW). Pressure drops included:
o Friction losses in surface and well piping, calculated using the Darcy-Weisbach
equation:

_1p. v
AP =1 fp- L (1)

where f = Darcy friction factor, p = fluid density (kg/m?), v = fluid velocity (m/s),
L = pipe length (m), and D = hydraulic diameter

o A constant reservoir impedance of 0.01 GPa/(m?/s), representing subsurface
resistance between injection and production wells.

3.2.2 Operational Cost

Operational costs were based solely on electricity consumed for pumping, as GeoSWAC
recirculates groundwater without any evaporative losses, as discussed earlier. Hourly flow rates
were estimated from the required cooling load (Figure 4(c)) using:

__0
m= CpAT 2)

where m = mass flow rate of working fluid (kg/s), @ = hourly-varying cooling loads (kW), C, =
specific heat of water assumed to be a constant of 4,186 J/kg-K, and AT = difference in
temperatures at inlet and outlet of the heat exchanger. A constant temperature difference of 6.7°C
(12°F) was assumed, corresponding to the campus design supply temperature of 42°F (5.56°C)
and return temperature of 54°F (12.22°C). This assumption is conservative during low cooling
demand periods, as variable frequency drives can reduce pump flow while maintaining the desired
AT, thereby lowering energy use. At high loads, flow rates increased to meet the loads, while the
system was assumed to maintain the consistent AT, representing an idealized but balanced estimate
for techno-economic comparison. The calculated hourly-varying flow rates were then incorporated
into the frictional losses and reservoir pressure drop calculations for hourly pumping power (kW).
Using the TOU discussed earlier in 2.4.2 section, annual pumping costs of the single-doublet and
two-doublet systems were estimated at $52,700 and $26,360, respectively. Compared to the
chiller-based scenario, GeoSWAC eliminates the high electricity costs associated with
refrigeration cycles in chillers, which were estimated at $115,442 per year. While GeoSWAC’s
pumping costs may be higher due to the need for groundwater circulation (compared to $11,815
per year in the chiller-based case), the overall operational cost is significantly lower due to the
avoidance of energy-intensive chillers and evaporative water losses. Particularly, when the water
cost of $241,193/yr is considered as operational revenue, the net operational cost for GeoSWAC
becomes negative, estimated at -$188,492 for single-doublet system and -$214,832 for two-
doublet system.

3.2.3 Levelized Cost of Cooling (LCOC)

The LCOC of GeoSWAC with the two configurations was calculated using the same methodology
described in Section 2.4.3: a 20-year system lifetime, 5% discount rate, and an annual cooling
energy output of 19.1 GWh. Capital costs were estimated at $2.1 million for the single-doublet
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system and $2.9 million for the two-doublet system (Table 1). Annual operational costs were
$52,702 and $26,361, respectively, which were significantly lower than $390,946 for the chiller-
based scenario. The resulting LCOC values for GeoSWAC were $11.1/MWh (single) and
$13.1/MWh (double), without the water savings revenue. GeoSWAC achieved significantly a
lower LCOC than chiller-based systems ($30.2/MWh to $33.6/MWh), primarily due to much
lower electricity consumption and the elimination of water losses. While the capital cost for
GeoSWAC was 11-14% lower than that of chiller-based systems, operational cost of GeoSWAC
was approximately 90% lower on average, resulting in an overall LCOC reduction of 62%. When
the avoided cooling tower water cost of $241,193 per year is considered as revenue, the net
operational cost becomes negative (-$188,492 and -$214,832, respectively), and the LCOC drops
below $0.50/MWh. These results highlight the strong economic potential of GeoSWAC, even
without considering revenue benefits. However, further analysis is required to address
uncertainties related to subsurface connectivity, long-term performance, and site-specific
feasibility.

Table 1. Summary of economic metrics for chiller-based and GeoSWAC systems

Chiller-Based GeoSWAC Percentage Decrease
Capital Cost | $2.4 million to $3.3 million |  >2'! mrgﬂﬁggo $2.9 10.6% to 13.6%
Opeéi"sifnal $390,946 $26,361 to $52,702 86.5% to 93.3%
LCOC $30.2 t0 $33.6/MWh T$11.1 to $13.1/MWh 61% 10 63.2%

'Note: When water savings of $241,193/yr are considered as operational revenue, the 20-year
LCOC drops below $0.5/MWh

4. Conclusion

This study demonstrates the potential of the GeoSWAC system as a resilient and energy-efficient
alternative to conventional SWAC and electricity-intensive chiller-based cooling at a tropical,
coastal university campus in Puerto Rico. GeoSWAC achieved substantially lower operational
costs and LCOC, driven by reduced electricity consumption and elimination of evaporative and
blowdown water losses. Although GeoSWAC still requires electricity for pumping, its lower
energy demand enhances system resilience, as the system can be sustained for longer periods with
backup power sources, such as diesel generators or battery systems, offering continued cooling
capacity during grid outages.

The GeoSWAC concept benefits from two key assumptions: 1) access to an effectively infinite
heat sink provided by deep seawater, and 2) a favorable natural hydraulic gradient, which enables
cold seawater to rise to sea level with minimal pumping. Pumping is only required from sea level
to the building infrastructure, further reducing energy demand. Functionally similar to
conventional SWAC, GeoSWAC reconfigures the system vertically using inland wells instead of
horizontal seabed pipelines. This design shifts constraints from ocean bathymetry to subsurface
hydraulic connectivity offering potential advantages such as greater geographic flexibility and
reduced sensitivity to weather during construction. However, these benefits come with
uncertainties, particularly related to subsurface conditions and potential flow rate limitations due
to borehole diameter constraints. Future research should focus on validating key assumptions
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through site-specific performance modeling, geological surveys, and feasibility-level techno-
economic analysis to quantify LCOC sensitivity to these variables.

Overall, GeoSWAC represents a promising cooling solution for regions prone to power
disruptions, where long-term resilience, water conservation, and reduced dependence on electricity
are critical. Continued exploration of site feasibility, geological suitability, and operational
performance will be essential to unlocking its full potential.
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